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Abstract
In combustion and fire, fuel vapors emerge in the gasification phase. Experimental
studies have shown that the amount of these vapors close to the fuel surface is
considerably high. It, therefore, alters radiative heat flux reaching the fuel and
consequently, the fuel mass loss rate and the combustion mechanism. Due to the
spectral nature of thermal radiation and the strong dependency of spectral radiative
properties of fuel gases on temperature, there is a need for suitable models to account
for the effect of fuel gases in radiative heat transfer. In this work, non-gray thermal
radiation in fuel vapors is studied and novel weighted-sum-of-gray gases models
(WSGG) are developed for Heptane, Methane, Methanol, MMA, Propane, Propylene,
Toluene, Carbon Monoxide and soot. To develop the WSGG models, experimentally
measured high-resolution spectral absorption data are used for Heptane, Methane,
Methanol, MMA, Propane, Propylene and Toluene and line-by-line spectral data
are employed for Methane and Carbon Monoxide. For soot, the complex index of
refraction is calculated by the correlations of Chang and Charalampopoulos. The
soot spectral absorption coefficient is then calculated assuming Rayleigh regime for
soot particles. The obtained WSGG models are validated in five one-dimensional
cases and in a three-dimensional case. The superposition method is employed to mix
WSGG models of different species. In all the cases, the results obtained from the
WSGG modeling are compared with line-by-line integration and they show a good
accuracy. The method increased the number of required solutions of radiative transfer
equation (RTE) up to 2500 in some cases but using premixed WSGG models for
H2O-CO2 mixture, the number of the required RTE solutions decreased to 25 gases.
Compared to the gray solution, the CPU time of the WSGG modeling with 25 gray
gases was 12.9 times higher, however, the average error of heat source decreased from
18.3% for gray solution to 3.93% for WSGG modeling compared to LBL integration.
Keywords Spectral radiative heat transfer, Non-gray modeling, WSGG, Fuel vapor
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Nomenclature

Symbols
a Weight factor
b Polynomial coefficient
C Empirical constant of Rayleigh’s theory
fv Volume fraction
I Total intensity (kW/[m2 sr])
Ib Planck’s function (kW/[m2 sr])
Iη Spectral intensity (kW/[m2 sr cm−1])
ks Imaginary part of refractive index
Ng Number of gray gases
Np Order of polynomial function
NL Half total number of discrete directions
ns Real part of refractive index
P Total pressure (atm)
p Partial pressure (atm)
qr Raduative heat flux (kW/m2)
r Radius (m)
Sr Radiative source term (kW/m3)
T Temperature (K)
x x position (m)
y y position (m)
Y Mole fraction
w The polynomial function in the scalar field Φ

Greek Letters
δ Relative error (%)
ϵ Total emissivity
η Wavenumber (cm−1)
κ Absorption coefficient (m−1)
Φ Arbitrary scalar field

Subscripts
j Gray gas index
m Mixture
n Index of number
p Pressure based
s Soot
st Stoichiometric
η Spectral based
l Solid angle



7

Abbreviations
1-D One-dimensional
3-D Three-dimensional
ADF Absorption distribution function
CW Comulative wavenumber
FG Fuel gas
FSCK Full-spectrum correlated-k-distribution
FSK Full-spectrum k-distribution
GG Gray gas
LBL Line-by-line
MMA Methyl methacrylate
MSFSCK Multi-scale full-spectrum correlated-k
POD Proper orthogonal decomposition
RC Rank correlated
RTE Radiative transfer equation
SLW Spectral-line-based WSGG
WSGG Weighted-sum-of-gray-gases



1 Introduction

1.1 Background and Motivation
In combustion processes, fuel and oxidizer mix together and if the mixture temperature
is high enough, some chemical reactions occur which lead to some identical products
such as H2O and CO2. Generally, flame combustion is divided into two main categories
of premixed and non-premixed. In the premixed combustion, the fuel and oxidizer
first mix at the molecular level and then burn and in the non-premixed combustion,
the mixing and combustion occur simultaneously. In this situation, the flame is
also referred as Mixing-controlled, meaning that the rate of fuel/air determines
the combustion rate. Non-premixed flames include more complex chemistry than
premixed ones as the equivalence ratio defined as

ϕ = mfuel/mox

(mfuel/mox)st

(1)

covers the whole range from 0 (pure air) to ∞ (pure fuel). In Eq. (1), mfuel and
mox are the fuel and oxidizer masses, respectively, and the subscript st refers to
the stoichiometric condition. Rich combustion occurs on the fuel side and lean
combustion on the air (oxidizer) side. The flame front, which is usually characterized
by intense luminescence, is limited to regions near the location of the stoichiometric
composition with ϕ = 1 where there is the highest temperature. Figure 1 shows the
structure of a candle flame as an example of non-premixed flame. As seen, the flame
front has the highest temperature and the reaction rate and the fuel rich region is
inside the flame and fuel and oxidizer meet at the flame front.

Figure 1: The structure of a non-premixed flame
with the highest temperature and reaction rate at

the flame front.
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The non-premixed flames are further sorted in two groups of laminar and turbulent
flames. In practical applications, fuel and air are brought together by convection
where they mix as a result of diffusion. Laminar jet non-premixed flame is a simple
example that requires at least a two-dimensional treatment. However, the laminar
jet is found quit often in the practical cases. Historically, turbulent non-premixed
flames have been employed in the majority of practical combustion systems which is
mainly due to controllability of the flame. A non-premixed flame mainly consists of
certain steps as

– Pre-heating: temperature of the fuel (or fuel-oxidizer mixture) is raised to the
point where gases start to volatilize

– Gasification (or pyrolysis in solid fuels): volatile materials in the fuel are
vaporized

– Flaming: the ignition temperature of the fuel is reached and then combustion
begins

– Transition: fuel is partially consumed by combustion while flaming continues in
portions of the fuel resulting in initiation of smoldering and smoke generation

– Smouldering: combustion of the fuel is essentially complete where oxygen is
available and smoldering continues resulting in smoke generation.

– Glowing: a stage of combustion where oxygen is limited.

The range of fuels is very wide, from the gaseous hydrocarbons to solids of high
molecular weight with great chemical complexity. Some of them are from nature,
such as cellulose, and others are man-made such as polyethylene and polyurethane.
All burn under appropriate conditions, react with oxygen from the air, generate
combustion products and release heat. Flame is a gas phase phenomenon and, clearly,
liquid and solid fuels must first convert into gaseous form. For burning liquids, this
process is normally evaporative boiling at the surface. But, for almost all solids,
chemical decomposition or pyrolysis is necessary to yield products of sufficiently low
molecular weight that can volatilize from the surface and enter the flame. As this
requires much more energy than simple evaporation, the surface temperature of a
burning solid tends to be high (usually 400oC). Exceptions to this rule are those
solids which sublime on heating, i.e., pass directly from the solid to the gaseous phase
without chemical decomposition. One relevant example is hexamethylenetetramine
(also known as methenamine) which in pill form is used as the ignition source in
ASTM D2859-06 (American Society for Testing and Materials, 2006). In addition to
the role of the fuel vapors in gasification, flame formation and propagation, they can
have contribution to the heat flux in that specific region [1].

Thermal radiation is a key heat transfer mechanism in combustion phenomena
such as boilers and fires [2–5]. Compared to conduction and convection, thermal
radiation is more challenging to solve as it depends on direction in addition to
its spatial dependency. Recent progress in computational resources allows for the
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efficient solving of complex physical phenomena using numerical methods. These
are the primary tools for solving thermal radiation and are essentially needed when
analyzing or designing the performance of high-temperature systems [6–8]. The
thermal radiation spectrum of gases may consist of millions of absorption lines. They
are closely located to each other that should be included in solving the integrated
form of radiative transfer equation (RTE) to obtain total radiative heat flux and
heat source, known as Line-By-Line (LBL) integration method. Although the LBL
integration provides solutions with the highest level of accuracy, the huge amount of
data makes radiation modeling computationally expensive and in practice unfeasible
for engineering applications. Therefore, using simplified spectral models in solving
thermal radiation in participating media is inevitable. Several methods have been
proposed in the literature to overcome this issue, which are discussed in the following.

In general, non-gray modeling of thermal radiation can be put into three groups
of 1) narrow-band calculations, 2) wide band calculations and 3) global models.
Narrow-band (NB) model can be compared with the LBL integration in terms of
accuracy. In NB model, the spectral changes of absorption coefficient within the
narrow bands are approximated with some statistical distributions which produce
right spectral transmissivity. A disadvantage associated with NB models is their
limitation for non-homogenoius gases and also, their application is limited to non-
scattering media with black boundaries [9]. Narrow-band Correlated-κ-distribution
is an alternative model to the NB model. In this method, the same absorption
coefficients in a narrow band are reordered. This idea results in a smooth dependence
of absorption coefficient versus an artificial wavenumber varying across the given
narrow band which makes the spectral integration straightforward. However the NB
correlated-κ-distribution model provides a less complicated approach, the limitation
to gray boundaries still exists [9]. Chapters 11 and 20 of Radiative Heat Transfer
book by Michael F. Modest [9] provides comprehensive information and details about
the discussed approaches. The next is wide-band (WB) model which in practice is
based on integrating NB results across an entire band which leads to slightly less
accuracy. In this model, the calculations are relatively simple but are associated
with a poor accuracy.

Global (i.e., spectrally integrated) models aim at accurate solution of the inte-
grated RTE by interpreting the highly complex LBL absorption profiles to smoother
functions. Spectral-line-based WSGG (SLW) [10,11], absorption distribution func-
tion (ADF) [12] and full-spectrum correlated-k (FSCK) [13, 14] models are the most
widely-used global models beside the weighted-sum-of-gray-gases (WSGG) model.
These smoother functions are easier to be integrated and therefore the final solution
is computationally cheaper while accuracy is maintained at a satisfactory level. The
WSGG model is a well-known and perhaps the most widely used global model in
simulation of thermal radiation in combustion systems. This model was proposed
by Hottel and Sarofim [15] in the framework of their zone method. Modest [16]
demonstrated that this model can be applied to any RTE solution method. Instead of
solving RTE for fine spectral intervals over the entire spectrum, as in LBL integration,
the WSGG model approximates the spectrally-integrated RTE with RTE solutions
of only a few gray gases each with a certain weight in the final summation.
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The WSGG model is traditionally used for CO2 and H2O mixtures as the main
combustion gas products participating in thermal radiation. Using the WSGG
model, Bordbar and Hyppänen [17] investigated the capability of the zone method
for simulating a furnace of a boiler and calculated the heat flux on the side walls
and temperature distribution within it. Using the absorption spectra obtained by
exponential wide band model (EWBM), Yin et al. [18] reported WSGG coefficients for
CO2-H2O mixtures in various oxygen-fired combustion conditions. In other researches
for the development of the WSGG model in oxy-fuel and air-fuel combustion scenarios,
Bordbar et al. [19], Johansson et al. [20] and Kangwanpongpan [21] improved the
performance of WSGG model by including the molar fraction ratio of H2O to CO2 (i.e.
MR= YH2O/YCO2) in the formulation of their WSGG models. While Bordbar’s and
Kangwanpongpan’s models were derived from LBL-based emissivity databases using
the spectral database of HITEMP2010, Johansson’s model is based on emissivities
calculated from a statistical narrow band method [22]. Among all of these modern
LBL-based WSGG models, Bordbar’s WSGG model covers the widest range of
thermal conditions and has been found to be the most accurate and efficient WSGG
for practical applications by several other reports [23, 24]. Furthermore, the range of
applicability of this method has recently been extended to the entire range of MR in
combustion systems [25] and the effect of total pressure has also been included in
the model making it suitable to model sub- and super-atmospheric combustion [26].
Dorigon et al. [27] obtained two sets of WSGG coefficients of CO2−H2O mixtures for
molar fraction ratios of 1 and 2. In one of the most recent works on WSGG models,
Coelho et al. [28] reported the WSGG model parameters for Methane combustion
(MR=2) at several super atmospheric pressures.

Besides the WSGG models reporetd for CO2-H2O mixture, there are only a few
other WSGG models developed for other species, namely CO and soot [29–33]. The
spectral radiative properties of soot clouds are derived by assuming very small soot
particles [9] following Rayleigh theory [34] which is applicable for spherical particles
with diameters smaller than thermal radiation wavelengths. Lee and Tien [35],
Dalzell and Sarofim [36] and Chang and Charalampopoulos [37] proposed either
optical parameters or correlations for calculating the refractive index of spectral
soot absorption coefficient. Cassol et al. [31] presented a WSGG model for soot by
assuming wavenumber-independent refractive index for soot. CO is another radiative
participating species in combustion products. Brittes et al. [38] presented their
WSGG model for CO and compared its predictions with the results obtained by
rank-correlated SLW model [39] and line-by-line integration.

1.2 Scope and Objectives
The major scope of this work lays on the non-premixed combustion which is of
interest for fire safety engineering research. However, the results of this work can be
used in any combustion scenario. Pool fires are examples of non-premixed flames
and they are sort of the most common problems in fire safety engineering. A liquid
with a free surface confined within a tray, an open tank, or any other restricting
shape such as a bund, or a depression in the ground where liquid has accumulated is
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referred to as a pool. The word "pool" refers to a liquid with a significant depth – at
least 10 mm – in which heat losses to the ground have only a minor impact on the
rate of burning. However, dumping liquid on flat ground (or into water) will result
in a shallow spill that, if lit, can spread fire and burn for as long as the liquid is
released. In this case, the (initially) liquid fuel evaporates in the gasification process.
Then, the incoming heat fluxes, from the surrounding or an existing flame ignite the
vaporized fuel. As explained, a considerable proportion of these heat fluxes belongs
to the thermal radiation.

While CO2, H2O and soot have the main contribution to the radiative heat
transfer in combustion spaces, effect of other gases could be significant and should
not be ignored [40]. Consalvi and Liu [41,42] studied the fuel vapor in the core of
axisymmetric pool fires. Figure 2 shows the concentration of different species and as
seen, concentration of the fuel vapor on the surface of the pool, due to the gasification
process, is considerable. This amount of fuel vapor can contribute in the radiative
heat flux reaching the surface of the pool. Due to the lower temperature of the vapor,
it absorbs the radiative heat flux emitted from the flame and so, the burning rate
decreases in the actual case and it should be considered in the simulations. In Figure
2, the horizontal axis is normalized height z∗ = z/Q̇

2/5 where z is actual height and
Q̇ is heat release rate and the vertical axes are molar concentration and temperature
difference ∆T = T − T∞ where T∞ is the ambient temperature.

Figure 2: Concentration of the gaseous specious
along vertical centerline the pool surface [42].

In addition to the fuel vapors and CO, Consalvi et al. [42] also reported the soot
volume fraction along the vertical centerline. Figure 3 shows soot concentration and
its variation along the centerline. As seen, the soot, as a radiative participating
species, had considerable volume fractions and it should be included in the non-gray
modeling.

In the fire simulations, the gray assumption has been almost the most common
approach for calculation of thermal radiation in gas phase but in some cases, it
is associated with considerable errors [43]. Non-gray modeling of radiative heat
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Figure 3: Soot volume fraction along vertical
centerline of the pool surface [42].

transfer could significantly increase the accuracy of the simulations. As explained
here, in addition to H2O and CO2 as the main combustion products, non-gray models
are needed for fuel vapors, soot and CO to calculate radiative heat transfer within
the gasification region where their concentration is considerable. To date, the only
available numerical tool for non-gray radiative modeling of the fuel vapors is the
Narrow Band database of Consalvi et al. [22].

The present work provides a way for more detailed spectral modeling of thermal
radiation in fires through generating verified new WSGG models for Heptane (C7H16),
Methane (CH4), Methanol (CH3OH), Propane (C3H8), Propylene (C3H6), MMA
(C5H8O2) and Toluene (C7H8). Moreover, new WSGG models for CO and soot were
compared with their previously published counterparts in [31, 38, 44]. To achieve
full combustion products, the new WSGG models are coupled with the previously
published WSGG models for CO2 and H2O mixtures by applying the superposition
approach [10, 31]. The models were further verified and validated through one-
and three-dimensional simulations. The WSGG models reported here, as a fully
numerical/computational work, can be used to model the radiative participation
of the fuel vapors in the numerical modeling of the fires. The models were further
verified and validated through one- and three-dimensional simulations.

The structure of the thesis is as following. In Section 2, the methodology of
the thesis is described and then it is followed by results and discussion in Section 3.
Summary of publications and results are presented in section 4 and 5, respectively,
and finally, Section 6 presents the conclusion of the thesis.
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2 Methodology

2.1 Radiative Transfer Equation (RTE)
Radiative heat transfer in participating media is described by the radiative transfer
equation. Assuming a pencil of ray shown in Figure 4, we can make an energy
balance on the radiative energy traveling in the direction of ŝ within it. Therefore,
the contributions of emission, absorption, scattering away and scattering into the
direction ŝ in a spacial form can be written as

Iη(s + ds, ŝ, t + dt) − Iη(s, ŝ, t) =

jη(s, t)ds − κηIη(s, ŝ, t)ds − σsηIη(s, ŝ, t)ds + σsη

4π

∫︂
4π

Iη(ŝi)Ωη(ŝi, ŝ)dΩids (2)

where I is intensity, κη is spectral absorption coefficient, Ωη is scattering phase
function, σsη is scattering coefficient for scattering from the pencil of rays under
consideration into all other directions and jη is termed the emission coefficient. In
Eq. (2), we are following a ray from s to s + ds and since the ray is travelling at the
speed of light c, ds is dependent to dt as ds = cdt. The outgoing intensity can be
written as a truncated Taylor series as

Iη(s + ds, ŝ, t + dt) = Iη(s, ŝ, t) + dt
∂Iη

∂t
+ ds

∂Iη

∂s
, (3)

so, Eq. (2) may be written as

1
c

∂Iη

∂t
+ ∂Iη

∂s
= jη − κηIη − σsηIη + σsη

4π

∫︂
4π

Iη(ŝi)Φη(ŝi, ŝ)dΩi (4)

In Eq. (4), all the quantities may be dependent on location in space, time and
wavenumber while the intensity and the phase function also depend on direction ŝ [9].
The Eq. (4) is further simplified through assuming homogeneous and non-polarizing
medium with a constant index of refraction. The emission coefficient reduces to
jη = κηIbη [9]. Therefore, at local thermodynamic equilibrium, the proportionality
constant for emission is the same as for absorption. Similar to absorptivity, emissivity
of an isothermal medium can be defined as the amount of energy emitted over a certain

Figure 4: A pencil of ray indicating the radiative
energy balance [9].
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path s that escapes into a given direction compared to the maximum possible. The
radiative transfer equation for an emitting-absorbing and a non-scattering medium
is explained as

dIη

ds
= κη(s) [Ibη(s) − Iη(s)] (5)

where the first term of the right-hand side is augmentation due to emission at spectral
blackbody intensity Ibη and the second term is attenuation due to absorption. In LBL
calculations, Eq. (5) should be solved for hundred thousands of spectral absorption
coefficients. In this work, the numerical calculations and analysis were conducted
using MATLAB software. The spectral absorption coefficients used in this research to
achieve the WSGG models are from LBL databases and experimental measurements
which are explained in the following sections.

2.2 Spectral Absorption Data
2.2.1 Experimental Data

In this research, the high resolution spectral absorption coefficients needed for
generating the new WSGG models’ parameters were taken from different sources.
For Heptane, Methanol, MMA, Propane, Propylene and Toluene, the experimental
measurements of Wakatsuzi [45] were employed. Wakatsuki [45] measured the
spectral absorption coefficients of several fuel vapors using high-resolution FTIR
at seven tempratures. Figure 5 shows the experimental database used in this work
for six fuel vapors of Heptane, Methanol, Propane, Propylene, MMA and Toluene.
In the Wakatsuki’s measurements [45], the wavenumber ranged from 700 cm−1 to
4000 cm−1 with 0.5 cm−1 resolution. Here, the experimental data were interpolated
and extrapolated whenever needed for 300K to 1400K. Wakatsuki [45] showed that
for the abovementioned six fuel gases, the contribution of the weak absorption lines
outside the main absorption bands could be safely ignored. Figure 5 shows that
the absorption spectra of some fuel gases such as Methanol, MMA and Propane
are in the same order of magnitude. Also, the similar atomic structure led to the
same position of the absorption lines on the spectrum. Accordingly, it is expected
that they have almost the same values of total emissivity followed by close WSGG
coefficients.

2.2.2 Spectral Absorption Coefficients

The needed high-resolution absorption spectra of H2O, CO2, CO and Methane were
obtained by line-by-line calculations. The widely used HITEMP2010 database [46]
was employed for H2O, CO2 and CO and the absorption coefficients were generated
for temperatures between 300K and 3000K. The spectral absorption data of Methane
were obtained from HITRAN2008 [47] for the temperatures from 300K to 2450K.
Here, a uniform spectral resolution of 0.02 cm−1 was chosen for the spectrum from
150 cm−1 to 15000 cm−1. Chu et al. [48] reported that this resolution is optimum for
the LBL calculations in combustion applications. The details of the LBL calculations
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Figure 5: Experimental spectral absorption data
of the fuel vapors at T=300K [45].
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can be found in [49]. Figure 6 shows the line-by-line spectral absorption coefficients
of different gas species at the temperature of 300K.

In this work, soot is another species for which non-gray modeling is presented.
Assuming Rayleigh regime [50] for a cloud of sufficiently small soot particles, the
spectral absorption coefficient of soot, κsη, is given by

κsη = Cηfvη (6)
where fv is the volume fraction of soot. In general, spectral absorption coefficient
of soot is calculated using two approaches of linear and non-linear functions of
wavenumber. When κsη is assumed to be a linear function and Cη is assumed to
be constant (= C). Different fuel dependent values of C have been reported in the
literature. For instance, 4.0 for acetylene, 4.1 for methane flames, 4.9 for propane,
6.3 for oil combustion and 3.7-7.5 for coal combustion [31, 51]. However, constant C
is only a simplifying assumption, Cη has been reported to vary with wavenumber [9].
Following Rayleigh’s theory, Cη is calculated as

Cη = 36πnsks

(n2
s − k2

s + 2)2 + 4πn2
sk

2
s

(7)

where ns and ks are the real and imaginary parts of soot refractive index, respectively.
Chang and Charalampopoulos [37] fitted two correlations over their experimental
data of ns and ks as

ns = 1.811 + 0.1263 ln(104/η) + 0.027 ln2(104/η) + 0.0417 ln3(104/η) (8)

ks = 0.5821 + 0.1213 ln(104/η) + 0.2309 ln2(104/η) − 0.01 ln3(104/η) (9)
These correlations have been widely used for calculating of soot spectral absorption
coefficient [41, 42, 52, 53]. To reach a better understanding of the variations of Cη,
Figure 7 shows the Planck-mean of Cη versus temperature calculated as

C̄η =
∫︁ ∞

0 IbηCηdη∫︁ ∞
0 Ibηdη

(10)

As seen in Figure 7, none of the mentioned constant values of C can accurately
estimate Cη. For further evaluation, Figure 8 illustrates soot absorption coefficient
for fv = 10−5 calculated using linear and non-linear functions. As it can be seen in
Figure 8, there is an uncertainity in predicting the spectral absorption coefficient of
soot using the different constant values of C. Although Chang conducted experiments
for a propane burner, the constant C = 4.9 which was proposed for propane could
not exactly predict Cη. In this work, non-linear soot absorption coefficients, as shown
in Figure 8, were calculated using Eq. (6) and by employing Chang’s correlations,
i.e., Eqs. (8) and (9).
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Figure 6: Line-by-line spectral absorption data of
Methane, CO, CO2, H2O.

Figure 7: Variation of C̄η versus temperature.

2.3 WSGG Modeling
The WSGG model replaces the continuous behavior of the absorption spectrum by
a finite number of gray gases with constant pressure-based absorption coefficient
κp, plus transparent windows [28]. Each gray gas covers a portion of the spectrum,
∆ηj, which is not necessarily continuous [28]. This model also assumes that κp is
independent of the temperature.But, the temperature dependency is rooted from the
temperature dependent weighting coefficients, aj(T ). Based on the assumptions of
the WSGG model, the integration of the RTE over the portion of the spectrum ∆ηj

related to the j-th gray gas is given as
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Figure 8: Spectral absorption data of soot.

dIj

dx
= κp,j(x) [aj(x)Ib(x) − Ij(x)] (11)

where κp,j is the pressure-based absorption coefficient of gas j, Ib is the total blackbody
intensity, and T is the local temperature in position x. As can be understood from
Eq. 11, aj, the temperature dependent weighting coefficient, represents the fraction
of the total blackbody emission in the spectrum portion, ∆ηj, related to the j-th
gray gas [28].

To use the WSGG model, it is needed to determine the pressure absorption
coefficients, κp,j , as well as aj(T ). This can be done by fitting a function on the total
emittance along a certain path distance x in the medium at some given temperature
and composition [28]. The total emittance is defined as

ϵ =
∫︁ ∞

0 Ibη(1 − e−κpηpL)dη∫︁ ∞
0 Ibηdη

(12)

in which pL is the pressure pathlength. Based on the assumptions of the WSGG
model, the total emittance can be written as

ϵ =
Ng∑︂
j=0

aj(Tr)(1 − e−κpjpL) (13)

where Tr = T/Tref and the reference temperature was Tref = 1400K, here. The
temperature dependent coefficients are represented by polynomial functions of the
temperature as

aj(T ) = max(
Np∑︂

n=0
bj,nT n

r , 0) (14)
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where bj,n is the n-th order polynomial coefficients of gas j. Therefore, applying the
WSGG model needs determination of the model coefficients. In general, they consist
of Ng pressure absorption coefficients and n + 1 polynomial coefficients of bj,n. In
the next section, the procedures were followed to determine the coefficients of the
WSGG model will be discussed.

The superposition method is used to mix different species. The formulation
described in this section has historically been named superposition method in the
framework of the WSGG model (see, e.g., [25,31]). Similar methods with different
names have been applied for the treatment of mixtures of participating species with
other global models. For instance, in the SLW model, the method is called Multiple
Integration method (or the Double Integration method [10]), whereas the name
superposition method denotes a different approach for dealing with mixtures.

2.4 Gray Assumption
In this work, the gray assumption was used to treat the radiative heat transfer of soot.
In this assumption, the spectral absorption coefficient is replaced with a constant
value which can be calculated from different approaches. Here, the planck-mean
absorption coefficient was used as

κ̄ =
∫︁ ∞

0 Ibηκηdη∫︁ ∞
0 Ibηdη

. (15)

Due to the smooth variation of κη for soot, as shown in Figure 8, it might be expected
that gray assumption is an accurate-enough treatment for soot. Assuming only soot
as the radiative participating species, Figure 9 compares the RTE solution (Eq. (5))
for a 1m line-of-sigh problem obtained from LBL integration and the gray assumption
for temperature and soot volume fraction defined as T = 300 + 1100 × sin(πx)2 and
Y = fv,max × sin(2πx)2, respectively. As seen in Figure 9, the gray assumption was
not able to predict the intensity accurately. The reason of this can be figured by
analyzing the RTE. In the LBL format, the RTE is written as∫︂ ∞

0

dIη

ds
dη =

∫︂ ∞

0
κηIbηdη −

∫︂ ∞

0
κηIηdη (16)

After replacing κη with κ̄, the emission term is written as∫︂ ∞

0
κηIbηdη = κ̄

∫︂ ∞

0
Ibηdη = κ̄Ib (17)

and the RTE can be rewritten as

dI

ds
= κ̄Ib −

∫︂ ∞

0
κηIηdη (18)

but in practice, the gray assumption solves

dI

ds
= κ̄Ib − κ̄I (19)
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Figure 9: Intensity values in the line-of-sight
problem based on gray assumption for soot

absorption coefficient at (a) fv,max = 10−6 and (b)
fv,max = 10−5.

As seen in Eq.(19), the spectral absorption term is replaced with an integrated value
but, κ̄I ̸=

∫︁ ∞
0 κηIηdη. This indicates that, as seen in Figure 9, the gray assumption is

accurate in the emission-dominant regions but has significant errors where absorption
is strong, i.e., in low temperature and/or low concentration regions. To suppose
a convenient way for gray calculation of soot, Eq. (20) was fitted to the volume-
based Planck-mean absorption coefficient of soot shown in Figure 10. The spectral
absorption coefficient calculated by Eq. (6) was used to derive the equation. The
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achieved correlation is written as

κ̄s = a T 3 + b T 2 + c T + d (20)
where a = 2.156 × 10−5 K−3 m−1, b = −0.2889 K−2 m−1, c = 1804 K−1 m−1 and
d = −2.012 × 105 m−1.

Figure 10: The Planck-mean absorption coefficient
of soot calculated by the LBL integration and Eq.

(20) at fv = 1.
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3 Results and Discussion

3.1 WSGG Models
The WSGG model coefficients, κp,j and βj,n were calculated using the LSQCURVEFIT
function in MATLAB software. An iterative procedure was applied to the calculations
to increase the accuracy of the model coefficients and the limitations of κp,j ≥ 0 and
aj(T ) ≥ 0 were considered. For the fuel vapors and CO, the WSGG coefficients were
calculated for 0.01 < pL < 10 atm.m and for soot, the coefficients were calculated
for 10−8 < fvL < 10−5. The coefficients were calculated for temperature range of
300 < T < 1400K for Heptane, Methane, Methanol, MMA, Propane, Propylene and
Toluene and 300 < T < 3000K for CO and soot. Figure 11 shows the emissivity
charts calculated from LBL integration (Eq. (12)) and WSGG model (Eq.(13)).
Figure 12 shows the emissivity chart for CO calculated by the present model, LBL
integration and the model of Brittes et al. [38]. As shown, the fifth-order polynomial
weight function was more accurate than the fourth-order polynomial used by Brittes
et al. [38]. Figure 13 shows the emissivity charts for soot in which the present model
was compared with the WSGG models of Cassol et al. [31] and Coelho et al. [44]
as well as with LBL integration. As seen in Figure 13, the Cassol’s model with two
gray gases had the least accuracy and higher the number of gray gases up to four,
the higher accuracy but in general, they showed lower accuracies compared to the
present and Coelho’s model. Besides, the present model showed a better performance
compared to Coelho’s model which can be due to employing fifth-order polynomial
in the present work.
Figure 14 shows the uncertainty statistics of the fitted emissivity charts including 2%
and 5% cut-off deviations in which LBL integration was considered as the reference
value. As seen in Figure 14, the curve fitting was conducted with a satisfactory
accuracy, with some exceptions for Propane and Toluene which could be due to the
weakness of polynomial functions for predicting the actual total emissivities.



24

Figure 11: Total emissivity of the fuel vapors.
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Figure 12: Total emissivity of CO calculated by
the present model and the WSGG model of

Brittes et al. [38].

Figure 13: Total emissivity of soot; comparison of
the present study and the results of Cassol et

al. [31] and Coelho et al. [44].
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Figure 14: Regression plot of the fitted total
emissivites calculated from WSGG models

compared to LBL integration.

The calculated model coefficients are reported in Tables 1-9.

Table 1: The WSGG model coefficients for Heptane

j κpj(atm−1m−1) bj0 bj1 bj2 bj3 bj4 bj5
1 1.5370 -7.2135×10−2 7.8347×10−1 -2.6215 4.0712 -3.0270 8.7282×10−1

2 3.6421×101 -1.0995×10−2 -5.2129×10−1 5.1012 -1.1597×101 1.0527×101 -3.4280
3 2.0309×102 -9.1656×10−2 9.7741×10−1 -3.0661 5.1726 -4.3797 1.4266
4 1.0552×101 -1.8973×10−1 1.9247×10−1 -5.7570 8.5436 -6.3066 1.8305

Table 2: The WSGG model coefficients for Methane

j κpj(atm−1m−1) bj0 bj1 bj2 bj3 bj4 bj5
1 1.6352×10−1 -2.5429×10−1 1.8623 -1.0442 -1.4615 1.5196 -3.7806×10−1

2 1.7250×101 -1.4355×10−1 1.2361 -2.5390 2.2398 -9.2219×10−1 1.4638×10−1

3 1.2668×102 -1.2161×10−2 2.7405×10−1 -7.3582×10−1 7.7714×10−1 -3.6778×10−1 6.5290×10−2

4 2.3385 -2.4021×10−1 1.8795 -3.2156 2.2964 -7.3711×10−1 8.5605×10−2

Table 3: The WSGG model coefficients for Methanol

j κpj(atm−1m−1) bj0 bj1 bj2 bj3 bj4 bj5
1 8.8782×10−1 -8.0570×10−1 9.3065 -3.5664×101 6.1553×101 -4.9448×101 1.5073×101

2 4.8043×101 -1.6725×10−1 2.2709 -6.9218 1.4289×101 -1.5321×101 6.0186
3 3.6315×102 -8.4146×10−2 1.4266 -4.5617 6.0885 -3.6752 8.1627×10−1

4 1.0724×101 -5.3521×10−1 4.1538 -5.8363 -3.4190 1.1388×101 -5.6415

Table 4: The WSGG model coefficients for MMA

j κpj(atm−1m−1) bj0 bj1 bj2 bj3 bj4 bj5
1 8.8704×10−1 2.9493×10−1 -2.0848 7.3177 -1.2811×101 1.0668×101 -3.3742
2 3.9451×101 -8.9431×10−1 9.2090 -2.9388×101 4.6127×101 -3.5605×101 1.0702×101

3 1.9847×102 -4.2836×10−1 5.3939 -1.4825×101 1.6010×101 -6.6940 5.6874×10−1

4 7.7937 -5.2268×10−1 5.0183 -1.5707×101 2.5272×101 -2.0392×101 6.4346
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Table 5: The WSGG model coefficients for Propane

j κpj(atm−1m−1) bj0 bj1 bj2 bj3 bj4 bj5
1 9.0342×10−1 4.0493×10−1 -2.8307 8.4037 -1.2895×101 1.0320×101 -3.3724
2 2.9729×101 -2.7372×10−1 2.4634 -5.5543 5.2753 -1.8980 5.4603×10−2

3 1.7891×102 2.4708×10−2 -1.2564×10−1 1.9339×10−1 6.7240×10−1 -1.4062 6.7638×10−1

4 6.7645 -7.6421×10−1 6.3217 -1.7276×101 2.4754×101 -1.8816×101 5.8805

Table 6: The WSGG model coefficients for Propylene

j κpj(atm−1m−1) bj0 bj1 bj2 bj3 bj4 bj5
1 7.4676×10−1 -8.3629×10−1 8.5443 -2.7740×101 4.0924×101 -2.8509×101 7.6318
2 2.8174×101 -1.0268 9.1590 -2.4929×101 3.0986×101 -1.8302×101 4.1608
3 1.1871×102 2.4668×10−1 -1.1281×10−2 -3.5468 8.7861 -8.1240 2.6538
4 5.8714 8.1020×10−2 -1.0218 6.7291 -1.3141×101 1.0272×101 -2.8401

Table 7: The WSGG model coefficients for Toluene

j κpj(atm−1m−1) bj0 bj1 bj2 bj3 bj4 bj5
1 1.0561 -1.7092 2.0121×101 -8.0686×101 1.4556×102 -1.2147×102 3.8226×101

2 4.1888×101 2.7170×10−1 -3.5907 1.9529×101 -4.0309×101 3.5981×101 -1.1782×101

3 2.7454×102 9.6399×10−3 6.7764×10−1 -3.1934 5.6735 -4.5133 1.3530
4 1.0422×101 6.7483×10−1 -9.4967 4.8507×101 -9.8544×101 8.7479×101 -2.8508×101

Table 8: The WSGG model coefficients for CO

j κpj(atm−1m−1) bj0 bj1 bj2 bj3 bj4 bj5
1 1.7920×10−1 -5.3582×10−3 -1.4397×10−3 4.0604×10−1 -5.7254×10−1 2.8282×10−1 -4.7820×10−2

2 1.2953×101 -5.7642×10−2 4.2020×10−1 -7.6297×10−1 6.0302×10−1 -2.2181×10−1 -3.1122×10−2

3 1.2900×102 -1.6152×10−2 1.2220×10−1 -2.2207×10−1 1.7430×10−1 -6.3464×10−2 8.8012×10−3

4 1.7918 -6.7961×10−2 4.2204×10−1 -5.4894×10−1 2.8819×10−1 -6.2318×10−2 3.7321×10−3

Table 9: The WSGG model coefficients for soot

j κfvj(m−1) bj0 bj1 bj2 bj3 bj4 bj5
1 1.4530×105 1.8613 -7.7857 1.2809×101 -1.0158×101 3.8717 -5.6880×10−1

2 2.0836×106 2.5975×10−1 -2.9708 9.6830 -9.7681 4.1073 -6.3057×10−1

3 7.5475×105 -1.1374 1.0625×101 -2.1665×101 1.8750×101 -7.4578 1.1219
4 4.2113×106 -3.8367×10−2 4.2159×10−1 -1.4101 1.7225 -7.5889×10−1 1.1454×10−1

3.2 One-dimensional Validation
As explained, the WSGG model be used employed in any method to integrate the
RTE spatially. In the present study, the discrete ordinates method was used to solve
the radiative heat transfer equation. A one-dimensional slab shown in Figure 15
was assumed. As shown in Figure 15, the participating medium is bounded by two
parallel black surfaces. According to the discrete ordinates method, the spectral
intensities in the forward and backward directions, i.e., I+

η,l and I−
η,l [27]. As shown in
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Figure 15: One-dimensional medium slab.

Figure 15, they are determined from the solutions of the radiative transfer equations
as

µl

dI+
η,l

dx
= κm,η(x)

[︂
Ibη(x) − I+

η,l(x)
]︂

(21)

−µl

dI−
η,l

dx
= κm,η(x)

[︂
Ibη(x) − I−

η,l(x)
]︂

(22)

where µl = cos(θl) is the direction cosine and I+
η,l and I−

η,l are the spectral radiative
intensities propagating along direction l in the forward and backward directions,
respectively (shown in Figure 15). Here, the 8th order Discrete Ordinate (DO)
method was used to discretise the spatial domain. Solving Eqs. (21) and (22) for
all the directions and integrating over the spectrum, the radiative heat flux, qr, and
radiative source term, Sr, are calculated as

qr(x) =
NL∑︂
l=1

∫︂
η

2πwlµl

[︂
I+

η,l(x) − I−
η,l(x)

]︂
dη (23)

Sr(x) =
NL∑︂
l=1

∫︂
η

2πκη(x)wl

[︂
I+

η,l(x) + I−
η,l(x)

]︂
− 4πκη(x)wlIbη(x)dη (24)

where wl is the quadrature weight for direction l with the values gathered from [9]
and NL is the half number of discrete directions. Applying the discrete ordinates
method to Eq. 11, the RTE is obtained as

µl

dI+
mj,l

dx
= κmj

(x)
[︂
amj

(x)Ib(x) − I+
mj,l

(x)
]︂

(25)

−µl

dI−
mj,l

dx
= κmj

(x)
[︂
amj

(x)Ib(x) − I−
mj,l

(x)
]︂

(26)

The radiative heat flux and source term in the frame work of WSGG model are
obtained as

qr(x) =
NL∑︂
l=1

Ng∑︂
j=0

2πwlµl

[︂
I+

mj,l
(x) − I−

mj,l
(x)

]︂
(27)
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Sr(x) =
NL∑︂
l=1

Ng∑︂
j=0

2πκmj
(x)wl

[︂
I+

mj,l
(x) + I−

mj,l
(x)

]︂
− 4πκmj

(x)wlamj
(x)Ib(x) (28)

where I+
mj,l

and I−
mj,l

have the same definition as spectral intensities, but for gray
gas j of the mixture. The accuracy of the solutions was compared with the LBL
integration as

δ(x) = | ϕW SGG(x) − ϕLBL(x) |
max(| ϕLBL(x) |) × 100% (29)

where ϕW SGG(x) and ϕLBL(x) are representatives of radiative heat flux or radiative
heat source obtained from WSGG model and LBL integration in position x, respec-
tively. Table 10 includes the test cases and their conditions studied for validation of
the WSGG models.

Table 10: 1-D test cases.
Case κ (atm−1m−1) T (K) Fuel Radiatively active components Mole / Volume fraction (mol/mol) (m3/m3)
1 κ(η) 1000 - Soot fv = 10−5

2 κ(η) 1000 Methanol, MMA, Propane Fuel gas, H2O, CO2, CO, soot YF G= 0.04, YH2O= 0.1, YCO2= 0.05, YCO= 0.04, fv = 10−7

3 κ(η, x) T (x) Heptane, Propylene, Toluene Fuel gas, H2O, CO2, CO, soot YF G= 0.04, YH2O= 0.1, YCO2= 0.05, YCO= 0.04, fv = 10−7

4 κ(η, x) T (x) Methane Fuel gas, H2O, CO2 YF G(x), YH2O(x), YCO2(x)
5 κ(η, x) T (x) Propane, Propylene, Toluene Fuel gas, H2O, CO2, CO, soot YF G(x), YH2O(x), YCO2(x), YCO(x), fv(x)

3.2.1 Test Case 1

In the first test case, the one-dimensional medium slab was considered at the constant
temperature of 1000K containing soot as the only radiative participating species.
The present model was compared with the models of Cassol et al. [31] and Coelho et
al. [44] with different number of gray gases. Besides, the gray model with Planck-
mean absorption coefficient (Eq. (15)) was employed for further comparison. The
LBL integration was conducted by assuming the constant value of C = 4.1 in Eq.
(7) and using the correlation of Chang and Charalampopoulos (Eqs. (8) and (9)).
Figure 16 shows comparison of radiative heat flux and source term. As seen, the
present model with four gray gases was able to predict the LBL integration well,
but, the models of Cassol et al. [31] had deviations. In this comparison, Coelho’s
model was accurate compared to the LBL integration with the linear approximation
for absorption coefficients but it had deviations compared to the LBL integration
calculated by Chang’s correlation.
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Figure 16: Results of the test case 1; comparison
between the present models and the models
reported by Cassol et al. [31] and Coelho et

al. [44].

3.2.2 Test Case 2

In the second test case, the fuel vapors of Methanol, MMA and Propane were
considered as the radiative participating gases at the constant temperature of 1000K
and the species’ concentrations described in Table 10. Figure 17 shows the profiles
of radiative heat flux and source term calculated by the present WSGG models and
LBL integration.

Figure 17: Results of the test case 2.

3.2.3 Test Case 3

In test case 3, the one-dimensional medium slab was considered with a temperature
distribution as

T (x) = 300K + 1100K sin2(πx) (30)
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and at constant species concentrations as the test case 2. Figure 18 includes the
profiles of temperature and species’ concentrations considered in this validation and
other cases. Here, Heptane, Propylene and Toluene were considered as the radiative
participating gases.

Figure 18: The profiles of temperature, mole
fraction of species and soot volume fraction used
in different test cases. The subscripts indicate the

case number.

Figure 19 shows the results obtained for this case. As seen, the WSGG models
were able to predict the LBL integration with a good accuracy.

Figure 19: Results of the test case 3.
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3.2.4 Test Case 4

The fourth case represents complete combustion of Methane. In this case, in addition
to the temperature distribution defined as

T (x) = 400K + 1000K sin2(πx) (31)

the gaseous species had distributions as

YMethane(x) = 0.03 sin2(πx) (32)

YH2O(x) = 0.12 sin2(2πx) (33)

YCO2(x) = 0.06 sin2(2πx) (34)
Here, the present WSGG model of Methane was used in combination with the WSGG
models of Bordbar et al. [25] for CO2 and H2O and the superposition method was
used to mix the species. Figure 20 shows the comparison radiative heat flux and
source term in test case 4.

Figure 20: Results of the test case 4.

3.2.5 Test Case 5

In this case, the combustion of Propane, Propylene and Toluene were considered with
the maximum possible number of combustion products including fuel vapor, CO2,
H2O, CO and soot and the gaseous mixture was modeled using the superposition
method. The temperature and species’ distributions were defined as

T (x) = 300K + 1100K sin2(πx) (35)

YF G(x) = 0.04 sin2(πx) (36)
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YH2O(x) = 0.1 sin2(2πx) (37)

YCO2(x) = 0.05 sin2(2πx) (38)

YCO(x) = 0.04 sin2(2πx) (39)

fv(x) = 10−7 sin2(2πx) (40)
Figure 21 shows the results obtained for this case. As seen, the results obtained from
the WSGG modeling were in a good agreement with the LBL integration.

Figure 21: Results of the test case 5.

3.3 Three-dimensional Validation
To evaluate the WSGG models obtained in this work, a three-dimensional uncoupled
case was studied using the time-averaged scalar fields of a pre-simulated 2-m Heptane
pool fire of Bordbar and Hostikka [54]. Here, a 2.4 × 2.4 × 4.7m3 enclosure with
boundaries at ±1.2m in x and y directions and at 0.25m and 5m in z direction.
The Open boundary was considered at the side walls and the upper boundary was
considered to be at the constant temperature of 473K, i.e., the average medium
temperature at z = 5m. The 3-D uncoupled scalar fields for temperature and species
concentration were carried out, from the curve fitting, as

ΦH2O,CO2,CO,soot,T (r, z) = max
⎛⎝ 4∑︂

j=1
wj(r)(1 − e−cjz), l

⎞⎠ (41)

ΦHeptane(r, z) = min
⎛⎝max

⎛⎝ 4∑︂
j=1

wj(r)(1 − e−cjz), l

⎞⎠ , 1
⎞⎠ (42)
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where
wj(r) =

4∑︂
n=0

bj,nrn ; r = min(
√︂

x2 + y2, 1.2m) (43)

In Eqs. (41) and (42), Φ represents temperature with l = 293.15K and species’
concentrations with l = 0, respectively. Figure 22 shows the fitted curves on the
results obtained from the CFD simulation at different heights. The coefficients, bj,n

and cj, are reported in Tables 11-16.

Figure 22: Comparison of the fitted correlations
and the calculated scalar fields.
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Table 11: 3-D profile coefficients for H2O
j cj(m−1) bj0(m−1) bj1(m−2) bj2(m−3) bj3(m−4) bj4(m−5)
1 4.83369950888859 -45.4183903077146 207.520501667280 1308.78631024042 -2533.18943227628 1100.83993541154
2 89.7406474065145 0.104358171997472 -2.35208352362674 -2.73241407938704 9.26286100548538 -4.48315723382295
3 0.130414300395918 0.0614102996237949 -0.473062633853121 2.14671723789815 -2.59947995625785 0.918234940884834
4 4.81003154380251 45.3966481340503 -204.863438902823 -1307.71315501106 2525.89052803827 -1097.05291610239

Table 12: 3-D profile coefficients for CO2

j cj(m−1) bj0(m−1) bj1(m−2) bj2(m−3) bj3(m−4) bj4(m−5)
1 3.01642949876554 -0.135581740056667 4.26445903362457 -18.2804049746972 22.5688816339567 -8.52118831824259
2 6.60007062717780 0.376390250806248 -7.56414169858682 34.4449052764868 -44.2003158516455 17.1252768277067
3 0.240590806935068 0.100566720864732 -0.865473263633969 2.83939793322812 -3.13723531175224 1.09515160897571
4 68.8225811897622 -0.237657521292915 3.90942933824436 -18.3723313134367 24.0495672462375 -9.44033431732454

Table 13: 3-D profile coefficients for CO
j cj(m−1) bj0(m−1) bj1(m−2) bj2(m−3) bj3(m−4) bj4(m−5)
1 2.15945078998510 1.25933956001295 10.3157225154377 -75.7165741465910 110.110481773630 -45.9137423105262
2 88.7106994277095 -0.0942385586002653 2.12179674764034 -19.8126963383394 31.5789812447823 -13.7845706446015
3 11.7153268528063 0.0666961363663398 -2.52202234198902 23.2876983615641 -36.9045303560429 16.0619976371957
4 2.08759304304498 -1.21530855918155 -9.92817568763522 72.1692529922646 -104.666968510003 43.5873481186482

Table 14: 3-D profile coefficients for Heptane

j cj(m−1) bj0(m−1) bj1(m−2) bj2(m−3) bj3(m−4) bj4(m−5)
1 1.86058084508000 135.063514701867 -776.330001668283 905.206563454137 121.860239924745 -357.630286928144
2 112.260137050129 11.8979702941785 -46.7911966283841 129.532630536039 -100.561909218538 13.5172956800249
3 1.84369700946972 -134.234541007791 766.621955329639 -887.087615303635 -129.832382267588 356.766111260115
4 9.56090722635469 -12.6677246261884 56.3701986764812 -147.581137161693 108.521762103360 -12.6445438771843

Table 15: 3-D profile coefficients for soot
j cj(m−1) bj0(m−1) bj1(m−2) bj2(m−3) bj3(m−4) bj4(m−5)
1 10.0886242515777 1.51229239991709e-05 -0.00166119927509343 0.0154577408912835 -0.0243583210983226 0.0105531718233832
2 6.24714960817725 8.23983371546778e-06 0.000183614717564579 -0.00173287189521033 0.00270578553828496 -0.00116558746766627
3 0.237969648946843 -8.29953889840999e-07 -4.28961637891563e-06 3.00227291488156e-05 -4.19897158721817e-05 1.70907903763342e-05
4 10.9098689880697 -2.17996601726668e-05 0.00147998885696234 -0.0137494815152930 0.0216872853928242 -0.00940165162042168

Table 16: 3-D profile coefficients for temperature

j cj(m−1) bj0(m−1) bj1(m−2) bj2(m−3) bj3(m−4) bj4(m−5)
1 4664.74122541374 -3165.10473950106 67392.6543905640 -301363.056289393 383102.403315692 -147288.257468992
2 0.210072431323855 1203.24171735589 -9798.76868179257 31348.4664493848 -33779.9331570168 11464.5415568891
3 6.67190142493502 6149.68226144286 -140568.767911782 613743.909559609 -766110.222649197 290489.935933031
4 3.58716736913414 -2544.45353359079 79750.6876530367 -335957.473611559 408178.833603675 -151668.920493191

Figure 23 compares the scalar fields calculated from the fitted correlations and
the simulation results at y = 0m. As seen, the fitted correlations finely predicted
the scalar fields of Heptane and H2O molar fraction. They also closely predicted CO
and CO2 molar fractions, soot volume fraction and temperature. Figure 24 shows
the source term values achieved from the 3-D uncoupled solution using LBL and
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the present WSGG models at y = 0m. The high-temperature regions at the flame
tip and the flame front where fuel meets oxidizer have lower source terms indicating
emission of thermal radiation and at other regions where the gas temperature is
lower, the source term has zero or positive values indicating absorption-dominant
regions. The comparison in Figure 24 shows a good agreement between the WSGG
and LBL results for an actual CFD case.

Figure 23: Comparison of the time-averaged scalar
fields obtained from FDS simulations and the

fitted correlations.

The negative radiative heat source indicates energy loos due to emission at high-
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temperature region and the positive sign indicates absorption. As Figure 24 shows,
there is an absorption dominant region on the pool surface where fuel vapors exist.

Figure 24: Comparison of radiative heat source
obtained from LBL integration and WSGG model

in the 3-D validation case.

Figure 25 shows radiative heat source and radiative heat flux calculated using
LBL integration and WSGG models at the side walls and center of the domain. As
seen, the WSGG modeling performed accurately on the centerline where according
to Figure 24, emission is strong. The negative sign for radiative heat flux indicates
the direction meaning that in Figure 24 (b), the heat flux is downwards at the pool
surface. Accordingly, the positive sign of the heat flux in Figure 24 (c) indicates the
walls are exposed to the heat flux.
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Figure 25: Comparison of (a) radiative heat source on the
centerline, (b) radiative heat flux on the pool surface and (c)

radiative heat flux on right side wall obtained by the LBL
integration and the present WSGG models in the 3-D

validation case.
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4 Performance Analysis
The low computational cost and good accuracy is the main advantage of the WSGG
model and the global models, in general. However, implementing superposition
method increases the number of RTE solutions which leads to more expensive
computations. For instance, in the second, third and fifth 1-D cases, the mixture of
the gases contained 2500 gray gases which is a considerably high number. Since the
non-gray modeling is a replacement for gray assumption in engineering applications,
in this section, the CPU time is defined as

CPU time = tW SGG

tGG

(44)

where tW SGG and tGG are the computational time of WSGG modeling and the gray
solution, respectively. Table 17 presents the CPU times of each case as well as the
corresponding error. According to the reported values, the CPU time increases from
Case 2 onward in which the superposition method was employed. Using premixed
WSGG models is a survey to decrease the computational costs. This approach was
examined in Case 4 in which a premixed WSGG model for H2O-CO2 mixture was
employed. Table 17 also reports the results of the gray assumption in Case 1 which is
considerably higher than the WSGG modeling, as expected. It is worth noting that
Case 1 includes only soot which causes the case to behave more like a gray medium
and therefore, the WSGG model can not show its best privilege in terms of accuracy
compared to the gray assumption.

The computations of the present work were conducted using a computer with a
Core i7-10750H CPU @ 2.60 GHz and 16 GB RAM. With this computer, the tGG

for the 1-D and 3-D cases were 0.012s and 3.8s, respectively. As Table 17 reports,
the CPU time of the 1-D simulations with 4 gray gases were around 3 times of the
gray solution. Employing 4 gray gases could decrease the average error from 18.3%
to 0.3% which is considerably lower. Keeping the considerable errors of gray solution
in mind, the mixing of gases in the 3-D case led to 500 gray gases with CPU time of
225 (i.e., 855s).
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Table 17: The maximum and average relative errors and the CPU time

Case Ng δmax(%) δaverage(%) CPU time
qr Sr qr Sr

1 1
2 ( [31])
3 ( [31])
4 ( [31])
4 ( [44])
4

15.43
10.22
3.93
7.98
0.57
0.85

48.51
11.59
9.41
17.01
17.26
16.49

13.58
3.39
1.56
3.62
0.13
0.13

18.30
1.98
1.48
2.12
0.26
0.29

1(a)

1.9
2.4
2.9
2.9
2.9

2 2500 3.03 2.96 1.34 1.22 1076

3 2500 5.13 6.44 2.93 3.81 1076

4 25 ( [27])
25 ( [19])
125

4.39
5.11
5.29

8.28
5.32
3.63

1.95
1.61
1.10

3.93
3.40
1.85

12.9
12.9
62.5

5 2500 5.66 3.12 1.51 1.74 1076

3-D 500 5.50 2.01 0.56 0.08 225(b)

(a) tLBL/tGG = 90909, (b) tLBL/tGG = 52631

5 Summary
This study reported new WSGG models for six hydrocarbon fuel vapors of Heptane,
Methane, Propane, Propylene, MMA, Toluene and CO at 300-1400K and 0.01 <
pL < 10atm.m. Based on the Rayleigh theory, a new WSGG model was developed
for soot at 300-3000K and 0.01 < fvL < 10m by implementing the correlations of
Chang and Charalampopoulos [37] for the spectral complex index of refraction of
soot.

The new models were based on experimental and LBL databases of spectral
absorption coefficients. Each model was comprised of four gray gases and one
transparent gas. The models employed fifth-order polynomials to represent the
temperature dependence of the weighting functions. The accuracy of the models was
determined by comparing the total emissivity of WSGG with that obtained from
LBL integrations. To evaluate our models, we tested each model for solving different
uncoupled radiative heat transfer problems. The benchmark solutions included a one-
dimensional medium slab and an uncoupled three-dimensional problem representing
a 2-m Heptane pool fire for validation. To examine different conditions, the 1-D
cases had various levels of complexity in terms of temperature, species molar fraction
distributions, and the mixture of the gases. In the 3-D case, the scalar fields were
modeled by fitting curves to the time-averaged results from CFD simulation of the
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pool. The superposition method was employed to mix the WSGG models of gases.
In all cases, the WSGG models showed good agreement with the predictions of LBL
integration method. The WSGG model for soot presented in this work provided
better performance over the existing WSGG models of soot. A simple correlation was
reported for the Planck-mean absorption coefficient of soot for gray calculations using
the same data of spectral absorption coefficient. In most of the cases, especially with
moderate to high soot load, a gray assumption for soot showed sufficient accuracy.

In addition to the WSGG models, this work also reported 3-D correlations
predicting the scalar fields of temperature and species concentrations in a Heptane
pool fire. The correlations were fitted to the time-averaged scalar fields of temperature
and species molar fraction. These profiles can be used in future studies to validate
radiative heat transfer as an uncoupled problem.



43

References
[1] D. Drysdale, An introduction to fire dynamics, John wiley & sons, 2011.

URL https://www.wiley.com/en-gb/An+Introduction+to+Fire+Dynamics,
+3rd+Edition-p-9780470319031

[2] M. H. Bordbar, T. Hyppänen, Multiscale numerical simulation of radiation heat
transfer in participating media, Heat transfer engineering 34 (1) (2013) 54–69.
doi:10.1080/01457632.2013.695210.

[3] J. Consalvi, Y. Pizzo, B. Porterie, J. Torero, On the flame height definition
for upward flame spread, Fire Safety Journal 42 (5) (2007) 384 – 392. doi:
10.1016/j.firesaf.2006.12.008.

[4] J. Consalvi, R. Demarco, A. Fuentes, S. Melis, J. Vantelon, On the modeling
of radiative heat transfer in laboratory-scale pool fires, Fire Safety Journal 60
(2013) 73 – 81. doi:10.1016/j.firesaf.2012.10.010.

[5] H. Sadeghi, H. Bordbar, S. Hostikka, AN ASSESSMENT OF WSGG MODEL
FOR CALCULATION OF RADIATIVE HEAT FLUX IN FDS, in: Procceedings
of the 18th Brazilian Congress of Thermal Sciences and Engineering, ABCM,
2020. doi:10.26678/abcm.encit2020.cit20-0212.

[6] M. H. Bordbar, K. Myöhänen, T. Hyppänen, Coupling of a radiative heat
transfer model and a three-dimensional combustion model for a circulating
fluidized bed furnace, Applied Thermal Engineering 76 (2015) 344–356. doi:
10.1016/j.applthermaleng.2014.11.008.

[7] M. H. Bordbar, T. Hyppänen, The correlation based zonal method and its
application to the back pass channel of oxy/air-fired CFB boiler, Applied Thermal
Engineering 78 (2015) 351–363. doi:10.1016/j.applthermaleng.2014.12.
046.

[8] B. Kruljevic, I. Stankovic, B. Merci, Large eddy simulations of the UMD line
burner with the conditional moment closure method, Fire Safety Journal 116
(2020) 103206. doi:10.1016/j.firesaf.2020.103206.

[9] M. F. Modest, Radiative heat transfer, Third Edition, Academic Press, Boston,
2013. doi:10.1016/B978-0-12-386944-9.50011-X.

[10] M. K. Denison, B. W. Webb, A spectral line-based weighted-sum-of-gray-gases
model for arbitrary rte solvers (1993). doi:10.1115/1.2911354.

[11] V. P. Solovjov, B. W. Webb, A local-spectrum correlated model for radiative
transfer in non-uniform gas media, in: ICHMT DIGITAL LIBRARY ONLINE,
Begel House Inc., 2001. doi:10.1615/ICHMT.2001.RadiationSymp.190.

https://www.wiley.com/en-gb/An+Introduction+to+Fire+Dynamics,+3rd+Edition-p-9780470319031
https://www.wiley.com/en-gb/An+Introduction+to+Fire+Dynamics,+3rd+Edition-p-9780470319031
https://www.wiley.com/en-gb/An+Introduction+to+Fire+Dynamics,+3rd+Edition-p-9780470319031
https://doi.org/10.1080/01457632.2013.695210
https://doi.org/10.1016/j.firesaf.2006.12.008
https://doi.org/10.1016/j.firesaf.2006.12.008
https://doi.org/10.1016/j.firesaf.2012.10.010
https://doi.org/10.26678/abcm.encit2020.cit20-0212
https://doi.org/10.1016/j.applthermaleng.2014.11.008
https://doi.org/10.1016/j.applthermaleng.2014.11.008
https://doi.org/10.1016/j.applthermaleng.2014.12.046
https://doi.org/10.1016/j.applthermaleng.2014.12.046
https://doi.org/10.1016/j.firesaf.2020.103206
https://doi.org/10.1016/B978-0-12-386944-9.50011-X
https://doi.org/10.1115/1.2911354
https://doi.org/10.1615/ICHMT.2001.RadiationSymp.190


44

[12] P. Riviere, A. Soufiani, M. Perrin, H. Riad, A. Gleizes, Air mixture radia-
tive property modelling in the temperature range 10,000–40,000 k, Journal
of Quantitative Spectroscopy and Radiative Transfer 56 (1) (1996) 29–45.
doi:10.1016/0022-4073(96)00033-7.

[13] M. F. Modest, H. Zhang, The full-spectrum correlated-k distribution for thermal
radiation from molecular gas-particulate mixtures, J. Heat Transfer 124 (1)
(2002) 30–38. doi:10.1115/1.1418697.

[14] H. Zhang, A multi-scale full-spectrum correlated-k distribution for radiative
heat transfer in inhomogeneous gas mixtures, in: ICHMT DIGITAL LIBRARY
ONLINE, Begel House Inc., 2001. doi:10.1615/ICHMT.2001.RadiationSymp.
180.

[15] H. Hottel, A. Sarofim, Radiative transport, McCravv Hill, New York (1965).
URL http://www.aihtc.org/pdfs/IHTC-2-Hottel.pdf

[16] M. F. Modest, The weighted-sum-of-gray-gases model for arbitrary solution
methods in radiative transfer (1991). doi:10.1115/1.2910614.

[17] M. H. Bordbar, T. Hyppänen, Modeling of radiation heat transfer in a boiler
furnace, Advanced Studies in Theoretical Physics 1 (12) (2007) 571–584.
URL http://m-hikari.com/astp/astp2007/astp9-12-2007/
bordbarASTP9-12-2007.pdf

[18] C. Yin, L. C. Johansen, L. A. Rosendahl, S. K. Kær, New weighted sum of
gray gases model applicable to computational fluid dynamics (cfd) modeling
of oxy- fuel combustion: derivation, validation, and implementation, Energy &
Fuels 24 (12) (2010) 6275–6282. doi:10.1021/ef101211p.

[19] M. H. Bordbar, G. Wecel, T. Hyppänen, A line by line based weighted sum of gray
gases model for inhomogeneous co2–h2o mixture in oxy-fired combustion, Com-
bustion and flame 161 (9) (2014) 2435–2445. doi:10.1016/j.combustflame.
2014.03.013.

[20] R. Johansson, B. Leckner, K. Andersson, F. Johnsson, Account for variations in
the h2o to co2 molar ratio when modelling gaseous radiative heat transfer with
the weighted-sum-of-grey-gases model, Combustion and Flame 158 (5) (2011)
893–901. doi:10.1016/j.combustflame.2011.02.001.

[21] T. Kangwanpongpan, F. H. França, R. C. da Silva, P. S. Schneider, H. J. Krautz,
New correlations for the weighted-sum-of-gray-gases model in oxy-fuel conditions
based on hitemp 2010 database, International Journal of Heat and Mass Transfer
55 (25-26) (2012) 7419–7433. doi:10.1016/j.ijheatmasstransfer.2012.07.
032.

[22] J. Consalvi, F. Liu, A database of narrow-band parameters for fuels commonly
encountered in fire applications, Fire Safety Journal 78 (2015) 202 – 218. doi:
10.1016/j.firesaf.2015.10.002.

https://doi.org/10.1016/0022-4073(96)00033-7
https://doi.org/10.1115/1.1418697
https://doi.org/10.1615/ICHMT.2001.RadiationSymp.180
https://doi.org/10.1615/ICHMT.2001.RadiationSymp.180
http://www.aihtc.org/pdfs/IHTC-2-Hottel.pdf
http://www.aihtc.org/pdfs/IHTC-2-Hottel.pdf
https://doi.org/10.1115/1.2910614
http://m-hikari.com/astp/astp2007/astp9-12-2007/bordbarASTP9-12-2007.pdf
http://m-hikari.com/astp/astp2007/astp9-12-2007/bordbarASTP9-12-2007.pdf
http://m-hikari.com/astp/astp2007/astp9-12-2007/bordbarASTP9-12-2007.pdf
http://m-hikari.com/astp/astp2007/astp9-12-2007/bordbarASTP9-12-2007.pdf
https://doi.org/10.1021/ef101211p
https://doi.org/10.1016/j.combustflame.2014.03.013
https://doi.org/10.1016/j.combustflame.2014.03.013
https://doi.org/10.1016/j.combustflame.2011.02.001
https://doi.org/10.1016/j.ijheatmasstransfer.2012.07.032
https://doi.org/10.1016/j.ijheatmasstransfer.2012.07.032
https://doi.org/10.1016/j.firesaf.2015.10.002
https://doi.org/10.1016/j.firesaf.2015.10.002


45

[23] V. Kez, F. Liu, J. Consalvi, J. Ströhle, B. Epple, A comprehensive evaluation
of different radiation models in a gas turbine combustor under conditions of
oxy-fuel combustion with dry recycle, Journal of Quantitative Spectroscopy and
Radiative Transfer 172 (2016) 121–133. doi:10.1016/j.jqsrt.2015.11.002.

[24] V. Kez, J. Consalvi, F. Liu, J. Ströhle, B. Epple, Assessment of several gas
radiation models for radiative heat transfer calculations in a three-dimensional
oxy-fuel furnace under coal-fired conditions, International journal of thermal
sciences 120 (2017) 289–302. doi:10.1016/j.ijthermalsci.2017.06.017.

[25] H. Bordbar, G. C. Fraga, S. Hostikka, An extended weighted-sum-of-gray-gases
model to account for all co2-h2o molar fraction ratios in thermal radiation,
International Communications in Heat and Mass Transfer 110 (2020) 104400.
doi:10.1016/j.icheatmasstransfer.2019.104400.

[26] H. Bordbar, F. R. Coelho, G. C. Fraga, F. H. França, S. Hostikka, Pressure-
dependent weighted-sum-of-gray-gases models for heterogeneous co2-h2o mix-
tures at sub- and super-atmospheric pressure, International Journal of Heat
and Mass Transfer 173 (2021) 121207. doi:10.1016/j.ijheatmasstransfer.
2021.121207.

[27] L. J. Dorigon, G. Duciak, R. Brittes, F. Cassol, M. Galarca, F. H. França, Wsgg
correlations based on hitemp2010 for computation of thermal radiation in non-
isothermal, non-homogeneous h2o/co2 mixtures, International Journal of Heat
and Mass Transfer 64 (2013) 863–873. doi:10.1016/j.ijheatmasstransfer.
2013.05.010.

[28] F. R. Coelho, F. H. França, Wsgg correlations based on hitemp2010 for
gas mixtures of h2o and co2 in high total pressure conditions, International
Journal of Heat and Mass Transfer 127 (2018) 105–114. doi:10.1016/j.
ijheatmasstransfer.2018.07.075.

[29] N. Bressloff, The influence of soot loading on weighted sum of grey gases
solutions to the radiative transfer equation across mixtures of gases and soot,
International journal of heat and mass transfer 42 (18) (1999) 3469–3480. doi:
10.1016/S0017-9310(99)00031-9.

[30] V. P. Solovjov, B. W. Webb, An efficient method for modeling radiative transfer
in multicomponent gas mixtures with soot, J. Heat Transfer 123 (3) (2001)
450–457. doi:10.1115/1.1350824.

[31] F. Cassol, R. Brittes, F. H. França, O. A. Ezekoye, Application of the weighted-
sum-of-gray-gases model for media composed of arbitrary concentrations of h2o,
co2 and soot, International Journal of Heat and Mass Transfer 79 (2014) 796–806.
doi:10.1016/j.ijheatmasstransfer.2014.08.032.

https://doi.org/10.1016/j.jqsrt.2015.11.002
https://doi.org/10.1016/j.ijthermalsci.2017.06.017
https://doi.org/10.1016/j.icheatmasstransfer.2019.104400
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121207
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121207
https://doi.org/10.1016/j.ijheatmasstransfer.2013.05.010
https://doi.org/10.1016/j.ijheatmasstransfer.2013.05.010
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.075
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.075
https://doi.org/10.1016/S0017-9310(99)00031-9
https://doi.org/10.1016/S0017-9310(99)00031-9
https://doi.org/10.1115/1.1350824
https://doi.org/10.1016/j.ijheatmasstransfer.2014.08.032


46

[32] F. R. Centeno, R. Brittes, F. H. França, C. V. da Silva, Applica-
tion of the wsgg model for the calculation of gas–soot radiation in a turbu-
lent non-premixed methane–air flame inside a cylindrical combustion cham-
ber, International Journal of Heat and Mass Transfer 93 (2016) 742–753.
doi:10.1016/j.ijheatmasstransfer.2015.09.054.

[33] F. R. Centeno, R. Brittes, L. G. Rodrigues, F. R. Coelho, F. H. França,
Evaluation of the wsgg model against line-by-line calculation of thermal radiation
in a non-gray sooting medium representing an axisymmetric laminar jet flame,
International Journal of Heat and Mass Transfer 124 (2018) 475–483. doi:
10.1016/j.ijheatmasstransfer.2018.02.040.

[34] L. Rayleigh, X. on the electromagnetic theory of light, The London, Edinburgh,
and Dublin Philosophical Magazine and Journal of Science 12 (73) (1881) 81–101.
doi:10.1080/14786448108627074.

[35] S. Lee, C. Tien, Optical constants of soot in hydrocarbon flames, in: Symposium
(international) on combustion, Vol. 18, Elsevier, 1981, pp. 1159–1166. doi:
10.1016/S0082-0784(81)80120-8.

[36] W. Dalzell, A. Sarofim, Optical constants of soot and their application to
heat-flux calculations (1969). doi:10.1115/1.3580063.

[37] H.-c. Chang, T. Charalampopoulos, Determination of the wavelength depen-
dence of refractive indices of flame soot, Proceedings of the Royal Society of
London. Series A: Mathematical and Physical Sciences 430 (1880) (1990)
577–591. doi:10.1098/rspa.1990.0107.

[38] R. Brittes, F. Roman Centeno, A. Ziemniczak, F. França, et al., Wsgg model
correlations to compute nongray radiation from carbon monoxide in combustion
applications, Journal of Heat Transfer 139 (4) (2017). doi:10.1115/1.4035394.

[39] V. P. Solovjov, F. Andre, D. Lemonnier, B. W. Webb, The rank correlated
slw model of gas radiation in non-uniform media, Journal of Quantitative
Spectroscopy and Radiative Transfer 197 (2017) 26–44, the Eight International
Symposium on Radiative Transfer. doi:10.1016/j.jqsrt.2017.01.034.

[40] K. Wakatsuki, G. S. Jackson, J. Kim, A. Hamins, M. R. Nyden, S. P. Fuss,
Determination of planck mean absorption coefficients for hydrocarbon fuels,
Combustion Science and Technology 180 (4) (2008) 616–630. doi:10.1080/
00102200701838941.

[41] J. Consalvi, F. Liu, Radiative heat transfer in the core of axisymmetric pool
fires–i: Evaluation of approximate radiative property models, International
journal of thermal sciences 84 (2014) 104–117. doi:10.1016/j.ijthermalsci.
2014.04.018.

https://doi.org/10.1016/j.ijheatmasstransfer.2015.09.054
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.040
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.040
https://doi.org/10.1080/14786448108627074
https://doi.org/10.1016/S0082-0784(81)80120-8
https://doi.org/10.1016/S0082-0784(81)80120-8
https://doi.org/10.1115/1.3580063
https://doi.org/10.1098/rspa.1990.0107
https://doi.org/10.1115/1.4035394
https://doi.org/10.1016/j.jqsrt.2017.01.034
https://doi.org/10.1080/00102200701838941
https://doi.org/10.1080/00102200701838941
https://doi.org/10.1016/j.ijthermalsci.2014.04.018
https://doi.org/10.1016/j.ijthermalsci.2014.04.018


47

[42] J. Consalvi, F. Liu, Radiative heat transfer through the fuel-rich core of
laboratory-scale pool fires, Combustion Science and Technology 186 (4-5) (2014)
475–489. doi:10.1080/00102202.2014.883221.

[43] G. C. Fraga, L. Zannoni, F. R. Centeno, F. H. R. França, Evaluation of
different gray gas formulations against line-by-line calculations in two- and three-
dimensional configurations for participating media composed by CO2, H2O and
soot, Fire Safety Journal 108 (2019) 102843. doi:10.1016/j.firesaf.2019.
102843.

[44] F. R. Coelho, G. C. Fraga, F. H. R. Franca, Generation of new wsgg correlations
and analysis on the importance of considering transparent windows for soot
(2019). doi:10.1615/RAD-19.540.

[45] K. Wakatsuki, High temperature radiation absorption of fuel molecules and an
evaluation of its influence on pool fire modeling, Ph.D. thesis (2005).
URL https://drum.lib.umd.edu/bitstream/handle/1903/2366/
umi-umd-2225.pdf?sequence=1&isAllowed=y

[46] L. Rothman, I. Gordon, R. Barber, H. Dothe, R. Gamache, A. Goldman,
V. Perevalov, S. Tashkun, J. Tennyson, Hitemp, the high-temperature molecular
spectroscopic database, Journal of Quantitative Spectroscopy and Radiative
Transfer 111 (15) (2010) 2139–2150. doi:10.1016/j.jqsrt.2010.05.001.

[47] L. S. Rothman, I. E. Gordon, A. Barbe, D. C. Benner, P. F. Bernath, M. Birk,
V. Boudon, L. R. Brown, A. Campargue, J.-P. Champion, et al., The hitran
2008 molecular spectroscopic database, Journal of Quantitative Spectroscopy
and Radiative Transfer 110 (9-10) (2009) 533–572. doi:10.1016/j.jqsrt.
2009.02.013.

[48] H. Chu, F. Liu, H. Zhou, Calculations of gas thermal radiation transfer in one-
dimensional planar enclosure using lbl and snb models, International Journal
of Heat and Mass Transfer 54 (21-22) (2011) 4736–4745. doi:10.1016/j.
ijheatmasstransfer.2011.06.002.

[49] H. Bordbar, T. Hyppänen, Line by line based band identification for non-gray
gas modeling with a banded approach, International Journal of Heat and Mass
Transfer 127 (2018) 870–884. doi:10.1016/j.ijheatmasstransfer.2018.06.
093.

[50] L. R. F.R.S., XXXIV. On the transmission of light through an atmosphere
containing small particles in suspension, and on the origin of the blue of the
sky, The London, Edinburgh, and Dublin Philosophical Magazine and Journal
of Science 47 (1899) 375–384. doi:10.1080/14786449908621276.

[51] S. Yagi, H. Iino, Radiation from soot particles in luminous flames, in: Symposium
(International) on Combustion, Vol. 8, Elsevier, 1961, pp. 288–293. doi:
10.1016/S0082-0784(06)80514-X.

https://doi.org/10.1080/00102202.2014.883221
https://doi.org/10.1016/j.firesaf.2019.102843
https://doi.org/10.1016/j.firesaf.2019.102843
https://doi.org/10.1615/RAD-19.540
https://drum.lib.umd.edu/bitstream/handle/1903/2366/umi-umd-2225.pdf?sequence=1&isAllowed=y
https://drum.lib.umd.edu/bitstream/handle/1903/2366/umi-umd-2225.pdf?sequence=1&isAllowed=y
https://drum.lib.umd.edu/bitstream/handle/1903/2366/umi-umd-2225.pdf?sequence=1&isAllowed=y
https://drum.lib.umd.edu/bitstream/handle/1903/2366/umi-umd-2225.pdf?sequence=1&isAllowed=y
https://doi.org/10.1016/j.jqsrt.2010.05.001
https://doi.org/10.1016/j.jqsrt.2009.02.013
https://doi.org/10.1016/j.jqsrt.2009.02.013
https://doi.org/10.1016/j.ijheatmasstransfer.2011.06.002
https://doi.org/10.1016/j.ijheatmasstransfer.2011.06.002
https://doi.org/10.1016/j.ijheatmasstransfer.2018.06.093
https://doi.org/10.1016/j.ijheatmasstransfer.2018.06.093
https://doi.org/10.1080/14786449908621276
https://doi.org/10.1016/S0082-0784(06)80514-X
https://doi.org/10.1016/S0082-0784(06)80514-X


48

[52] C. Wang, M. F. Modest, B. He, Full-spectrum k-distribution look-up table for
nonhomogeneous gas–soot mixtures, Journal of Quantitative Spectroscopy and
Radiative Transfer 176 (2016) 129–136. doi:10.1016/j.jqsrt.2016.02.007.

[53] B. Wu, S. P. Roy, X. Zhao, Detailed modeling of a small-scale turbulent pool fire,
Combustion and Flame 214 (2020) 224–237. doi:10.1016/j.combustflame.
2019.12.034.

[54] H. Bordbar, S. Hostikka, Numerical solution of lbl spectral radiation of a n-
heptane pool fire, in: Proceedings of the 9th International Symposium on
Radiative Transfer, RAD-19, Begel House Inc., 2019. doi:10.1615/RAD-19.80.

[55] H. Sadeghi, H. Bordbar, S. Hostikka, Enc-2020-0212 an assessment of wsgg model
for calculation of radiative heat flux in fdsdoi:10.26678/ABCM.ENCIT2020.
CIT20-0212.
URL https://bit.ly/3GgOSrb

[56] H. Sadeghi, H. Bordbar, S. Hostikka, Enc-2020-0211 generating emissivity charts
for fuel gases from high-resolution spectral absorption datadoi:10.26678/ABCM.
ENCIT2020.CIT20-0211.
URL https://bit.ly/3GgP8GF

[57] H. Sadeghi, S. Hostikka, G. C. Fraga, H. Bordbar, Weighted-sum-of-gray-gases
models for non-gray thermal radiation of hydrocarbon fuel vapors, ch4, co and
soot, Fire Safety Journal 125 (2021) 103420. doi:https://doi.org/10.1016/
j.firesaf.2021.103420.

https://doi.org/10.1016/j.jqsrt.2016.02.007
https://doi.org/10.1016/j.combustflame.2019.12.034
https://doi.org/10.1016/j.combustflame.2019.12.034
https://doi.org/10.1615/RAD-19.80
https://bit.ly/3GgOSrb
https://bit.ly/3GgOSrb
https://doi.org/10.26678/ABCM.ENCIT2020.CIT20-0212
https://doi.org/10.26678/ABCM.ENCIT2020.CIT20-0212
https://bit.ly/3GgOSrb
https://bit.ly/3GgP8GF
https://bit.ly/3GgP8GF
https://doi.org/10.26678/ABCM.ENCIT2020.CIT20-0211
https://doi.org/10.26678/ABCM.ENCIT2020.CIT20-0211
https://bit.ly/3GgP8GF
https://doi.org/https://doi.org/10.1016/j.firesaf.2021.103420
https://doi.org/https://doi.org/10.1016/j.firesaf.2021.103420


49

A Publications
The three publications [55–57] extracted from this research are as follows.



18th Brazilian Congress of Thermal Sciences and Engineering
November 16–20, 2020 (Online)

ENC-2020-0212
AN ASSESSMENT OF WSGG MODEL FOR CALCULATION OF

RADIATIVE HEAT FLUX IN FDS
Hosein Sadeghi
Hadi Bordbar
Department of Civil Engineering, School of Engineering, Aalto University, Finland
hosein.sadeghi@aalto.fi, hadi.bordbar@aalto.fi
Simo Hostikka
Department of Civil Engineering, School of Engineering, Aalto University, Finland
simo.hostikka@aalto.fi

Abstract. In the present work, the performance of the Weighted-sum-of-gray-gases model for modeling radiative heat
transfer for fire simulations in FDS is investigated. Here, the experiments of Hamins gas burners are simulated in Fire
Dynamics Simulator (FDS) code and the calculated radiative heat flux is compared with the experimental measurements
at different radial and vertical locations for two fuels of Methane and Acetylene. The fuels are different in terms of soot
production where Methane is lightly and Acetylene is heavily sooting fuels. While the CO2-H2O mixture is modeled as a
non-gray medium using the WSGG, soot is considered as a gray medium with a continuously active absorbing spectrum.
The results showed that for the studied test cases, the WSGG model of FDS code properly predict the radiative heat
flux with an acceptable accuracy. However, the increased computational cost of the code, due to larger number of RTE
solution needed, may limit the benefit of the WSGG and non-gray gas modeling in general in fire calculations especially
when the flame is soot-dominant.

Keywords: Spectral thermal radiation, non-Gray modeling, WSGG model, Fires, FDS

1. INTRODUCTION

Radiative heat transfer is the dominant heat transfer mechanism in high-temperature systems (Bordbar and Hyppänen
(2013), Bordbar and Hyppänen (2015)). Accordingly, an accurate prediction of this mechanism can affect the whole
numerical modeling. In combustion and fire systems, radiative heat transfer is mainly due the participating species,
namely H2O, CO2 and soot. The spectral absorption spectra of these species consist of thousands of hundereds lines over
the spectrum. To predict radiative absorption and emission of the components, the line-by-line calculation is the most
accurate approach but, due to the very high computational costs, its usage is limited to providing data for development
and benchmarking of other simpler non-gray models. To provide a fast and accurate way to include non-grayness of the
gases, many different models have been proposed during the last decades. Gray assumption is the very primary appproach
which considers only one average value as absorption coefficient. This method enjoys the very low computational cost
but its accuracy is questioned by several works (Darbandi et al. (2020); Bordbar et al. (2019)). Another approaches work
based on implementing a few absorption coefficients based on deviding the spectrum into several portions or replacing
the real spectra by smoother functions. Global models are a group of models that interpret the LBL spectra by alternative
functions. Weighted-sum-of-gray-gases (WSGG) (Modest (1991)), spectral line based WSGG (SLW) (Denison and Webb
(1993)), absorption distribution function (ADF) (Riviere et al. (1996)) and full spectrum correlated-k (Modest and Zhang
(2002)) models are the most well-known global models .

The WSGG model is commonly known as the most widely used model in in modeling spectral radiation heat transfer
in practical applications (Bordbar et al. (2014), Bordbar et al. (2020)). The reason is that WSGG model is computationally
efficient and accurate and also its implementation is easier compared to the other models. This model was first proposed
by Hottel and Sarofim (1965) in the framework of their zonal method and then was applied to any RTE solution methods
by Modest (1991). In this method, instead of solving RTE for the spectral intervals over the entire spectrum, the spectrally
integrated RTE is approximated with RTE solutions of only a few gray gases each with a certain weigth in the final
summation. Traditionally, the WSGG model is used for H2O-CO2 mixtures as the main radiatively active combustion
pruducts where the molar ratios can be considered constant. Yin et al. (2010) reported a WSGG model for the mixtures
of H2O-CO2 in various combustion conditions. For oxy-fuel and air-fuel combustion scenarios, Bordbar et al. (2014),
Johansson et al. (2011) and Kangwanpongpan et al. (2012) proposed WSGG models by including the molar ratios of H2O
and CO2 of the mixture in the formulations of the model. In those works, Bordbar et al. (2014) and Kangwanpongpan
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et al. (2012) used LBL spectral database and Johansson et al. (2011) calculated the WSGG coefficients based on statistical
narrow band model. Dorigon et al. (2013) reported two WSGG models for the H2O-CO2 mixures with molar ratios
(YH2O/YCO2 ) of 1 and 2. Among the reviewed works, Bordbar’s model is not limited to constant molar ratios but can be
used for a wide range of thermal conditions with a high accuracy.

To date, performance of WSGG has been assessed in several researches. Kez et al. (2016) evaluated the statistical
narrow band (SNB), the statistical narrow-band correlated-k (SNBCK), the wide-band correlated-k (WBCK) and the full
spectrum correlated-k (FSCK) and several WSGG models in oxy-fuel combustion cases. Comparing the results obtained
from the different models, they reported that Bordbar et al. (2014)’s WSGG model could predict SNB model as the
benchmark solution at a satisfactory level however, the solution can be continued by FSCK model to achieve more accurate
results. Later on, they studied different models for oxy-fuel furnace under coal-fired conditions and reported that the
WSGG models of Bordbar et al. (2014) and Kangwanpongpan et al. (2012) were the most accurate WSGG models (Kez
et al. (2017)). Fraga et al. (2017) employed gray gas and WSGG models to investigate turbulence-radiation interaction
(TRI) effects in a non-reactive channel flow of a high temperature homogeneous participating gas. They reported that for
high resolution LES of turbulent flames, the WSGG model could approximate the mean radiative heat flux accurately.
Gronarz et al. (2017) studied radiative heat transfer in an oxy-fuel operated boiler using WSGG and SNBM models and
reprted that the WSGG model had the sufficient accuracy. Centeno et al. (2018) employed WSGG model for calculation
of thermal radiation in a non-gray sooting medium representing an axisymmetric laminar jet flame and compared it with
LBL calculations. Their results showed that WSGG model was able to provide satisfactory solutions. Yang et al. (2019)
evaluated WSGG model for radiative heat transfer calculation in realistic non-isothermal and homogeneous flames using
decoupled and coupled calculations. Their research showed that using WSGG model improved the simulation accuracy
of thermal radiation transfer. Using FDS code, Fraga et al. (2019b) and Fernandes et al. (2020) evaluated different gray
gas formulations and reported the most accurate approach for the studied cases. In another research, Fraga et al. (2019a)
employed FDS code and WSGG model to study Turbulence-Radiation Interaction in pool fires with low sooting fuels.

In this work, non-gray modeling of thermal radiation using the WSGG model for H2O-CO2 mixture and gray gas
assumption for soot is studied using FDS code. The WSGG model of Bordbar is used for the mixture of H2O and CO2

and Sazhin’s correlation is employed for gray modeling of soot. Here, Hamins gas burner experiments are the benchmark
cases and the results of WSGG model are compared with experimantally measured values of heavily and lightly sooting
fuels.

2. THEORY AND STATEMENT OF THE PROBLEM

Instead of solving hundreds of thousands RTEs in LBL calculations, the WSGG model approximates the entire ab-
sorption spectrum with a few gray gases. In WSGG model, the RTE is written as,

dIj
dx

= κj(x)(aj(x)Ib(x)− Ij(x)) (1)

where κj is the j-th gray gas absorption coefficient, aj(x) is the weight factor expressing the fraction of blackbody energy
at the temperature of the medium corresponds to the spectral regions whose absorption is approximated by κj and Ib(x)
is Planck function. In Eq. (1), x is the position in the domain where gas specifications such as temperature are given. In
WSGG model, the absorption coefficients and the weight factors of the gray gases are obtained by fitting the emissvity
databases of a gas species obtained from other sources (usually line-by-line data). For the WSGG model used in FDS,
a premixed H2O-CO2 LBL absorption coefficients was used to calculate the gray absorption coefficients and the weight
factors. Total emissivity is calculated as,

ε =

Ng∑

i=0

ai(x)(1− e−KiP (YC+YH)L) (2)

where Ng , a(x), K, P , YC , YH and L represent the number of gray gases, the weight factor, the absorption coefficient
coefficients of the gray gases, total pressure of the mixture, molar fraction of CO2, molar fraction of H2O and pathlength,
respectively. In this WSGG model, four gray gases plus one transparent gas representing the spectral windows are used.
Based on the conservation of energy,

Ng∑

i=0

ai(x) = 1 (3)

In the WSGG model used in this work (Bordbar et al. (2014)), the weight factors are considered as a polynomial
function of temperature and the molar fraction ratio and absorption coefficients are polynomial of molar fraction ratio as,

ai(x) =

4∑

j=0

bi,jT
j
r (4)
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where Tr is defined as Tr = T/Tref (Tref = 1200K). The bi,j in Eq.(4) is a polynomial function as,

bi,j =
4∑

k=0

Ci,j,kM
k
r (5)

and the absorption coefficient of gray gases in Eq.(2) is defined as,

Ki =
4∑

k=0

di,kM
k
r (6)

The needed c and d coefficients were calculated and reported by Bordbar et al. (2014). With WSGG model in FDS, soot
absorption coefficient in the form of effective absorption coefficient proposed by Sazhin and Sazhina (1996) is calculated
as,

κs = b1cm[1 + bT (T − 2000)] (7)

where b1 = 1232.4, cm is soot mass concentration and bT = 4.8 × 10−4 K−1. Then, the absorption coefficient of the
mixture of H2O, CO2 and soot is obtained from the summation of the soot absorption coefficient, κs, and the absorption
coefficient calculated by Eq. (6).

Because of using releatively coarse meshes in FDS simulations, the cells’ temperature represent a bulk temperature by
averaging over the cell volume. In the region where combustion occurs, the computed bulk temperature is usually lower
than the true tempareature (McGrattan et al. (2012)). To prevent propogation of the error in the radiative source term, a
correction factor, C, is employed with the emission term as,

Ib,f (x) = C
σT (x)4

π
, C = min


Cmax,max


Cmin,

∑
q̇
′′′
ijk

>0

(
χr q̇

′′′
ijk + κijkUijk

)
dV

∑
q̇
′′′
ijk

>0

(
4 κijk σ T 4

ijk

)
dV




 (8)

The correction explained by Eq. (8) is applied to the cells in which χrq
′′′
> 10 kW/m3, where χr is radiative fraction and

q
′′′

is total released energy. This criteria specifies the flaming region. The default values for Cmin and Cmax are set at
1 and 100, however, they can be changed to any arbitrary values. The radiative fraction, χr, is measured experimentally
and for most of the fuels, it has been reported between 0.3 and 0.4. For Acetylene and Methane, the FDS default values
used in this work are 0.49 and 0.2, respectively.

Here, the WSGG model in FDS is evaluated by comparing the numerical results with the experimental measurements
of Hamins (2016). Hamins (2016) experimentally studied small and moderate-scale gaseous pool fires and measured
time-averaged mass burning rate and radiative heat flux at different radial and vertical positions. In that study, the burners
varying from 0.1m to 1.0m in diameter and total heat release rates from about 0.4 kW to 200 kW were studied. According
to these conditions, the flames height was between 0.1 m to 2 m. Figure 1 shows a schematic diagram of the experimental
setup and Figure 2 shows the geometry used in this work.

Figure 1. Experimental setup taken from Hamins (2016)
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Figure 2. The FDS model built for Hamins gas burner experiments

3. RESULTS AND DISCUSSION

To validate the WSGG model in FDS, the predicted radiative heat flux were compared with the measurements of
Hamins (2016) at different radial and vertical locations. The comparisons were done for Acetylene and Methane as
heavily and lightly sooting fuels, respectively. In this work, three test cases for each fuel were selected to cover several
burner’s specifications such as diameter and heat release rates. Here, the test cases of 4, 8 and 12 for Acetylene and 3, 6
and 11 for Methane were chosen. Tables 1 and 2 present the details of the studied cases in which D is burner diameter, ṁ
is mass flux, R0 is radial distance from the burner center to the vertical radiometer array, Q̇ is heat release rate, ṁ is mass
loss rate, Q̇

′′
is heat release rate per unit area, Q̇∗ is dimentionless heat release rate, χrad is radiative fraction and D∗ is

dimensionless fire diameter and δx is mesh resolution. Figures 3 and 4 compare the measured and predicted radiative heat
flux of Acetylene and Methane burners at different radial and vertical locations. As seen in Figure 3, the radiative heat
flux predicted using WSGG model is overally in a good agreement with the measurements. For the test cases with lower
burner diameter, the predicted heat fluxes are higher than the measured values and for the larger burner diameters, the
predicted radiative heat flux is lower than the measurements, close to the burner. The reason is that when burner diameter
incerases, the heat release rate increases and accordingly, the gas temperature within the flame increases. As explained
previously, in FDS, the emission source term is calculated using the bulk temperature of the cell which is expected to
be underestimated. This leads to predicting lower radiative heat fluxes compared to the experimental measurements in
which the correction might not be effective. Additionally, the turbulence-radiation interaction has contribution to the
radiative haet flux near the flame, but, this phenomena is not considered in FDS calculaitons. The higher errors are seen
for both vertical and radial locations near the flame, but, they are more significant for the vertical measurements. Figure 5
indicates the uncertainity statistics of the measured and predicted heat flux of the studied cases, including relative standard
deviations and the model bias factor.

Table 1. Specifications of the selected Acetylene test cases (Hamins (2016))

Test No. D(m) R0(m) Q̇(kW) ṁ(kg/s) Q̇
′′

(kW/m2) Q̇∗ χrad D∗/δx
4 0.1 0.13 1.29 0.027 164.2 0.37 0.27 6.7
8 0.35 0.51 20.4 0.424 212.0 0.26 0.22 8.1
12 0.35 0.69 62.4 1.29 648.6 0.78 0.42 12.7

Table 2. Specifications of the selected Methane test cases (Hamins (2016))

Test No. D(m) R0(m) Q̇(kW) ṁ(kg/s) Q̇
′′

(kW/m2) Q̇∗ χrad D∗/δx
3 0.1 0.13 0.78 0.0155 99.3 0.22 0.13 11.0
6 0.35 0.4 11.2 0.226 115.9 0.14 0.08 6.4
11 0.35 0.63 27.0 0.546 280.3 0.34 0.15 9.1
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Figure 3. Comparison of predicted and measured heat fluxes for Hamins Acetylene test

4. CONCLUSION

To validate the WSGG model in FDS, Hamins Gas Burner was simulated and the predicted radiative heat flux along
vertical and radial directions relative to the pool fire canterline were reported. Acetylene and Methane were chosen in this
work due to their difference in soot production. Comparing the predicted radiative heat flux of Acetylene burner with the
measurements, it can be concluded that the soot model used with WSGG model works well and the Methane cases as a
lightly sooting fuel validates the WSGG model. The possible source of uncertainties are skipping Turbulence-Radiation
interaction (TRI), setting parameters such as radiative fraction and heat release rate. Additionally, some numerical errors
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are added to the calculations from the LES turbulence model and the chemistry scheme which needs farther investigations.
According to the comparisons presented in this work, it can be concluded that the WSGG model of FDS can be used for
predicting the radiative heat flux.

Figure 4. Comparison of predicted and measured heat fluxes for Hamins Methane test



18th Brazilian Congress of Thermal Sciences and Engineering
November 16–20, 2020 (Online)

0.1   1  10 100

Measured Heat Flux (kW/m2)

0.1

  1

 10

100

Pr
ed

ic
te

d 
H

ea
t F

lu
x 

(k
W

/m
2
)

Heat Flux
Exp. Rel. Std. Dev.: 0.11

Model Rel. Std. Dev.: 0.43

Model Bias Factor: 1.21

Hamins Gas Burners

Figure 5. Uncertainity statistics

5. REFERENCES

Bordbar, H., Fraga, G.C. and Hostikka, S., 2020. “An extended weighted-sum-of-gray-gases model to account for all
co2-h2o molar fraction ratios in thermal radiation”. International Communications in Heat and Mass Transfer, Vol.
110, p. 104400. doi:https://doi.org/10.1016/j.icheatmasstransfer.2019.104400.

Bordbar, H., Maximov, A. and Hyppänen, T., 2019. “Improved banded method for spectral thermal radiation in partici-
pating media with spectrally dependent wall emittance”. Applied energy, Vol. 235, pp. 1090–1105.

Bordbar, M.H. and Hyppänen, T., 2013. “Multiscale numerical simulation of radiation heat transfer in participating
media”. Heat transfer engineering, Vol. 34, No. 1, pp. 54–69. doi:https://doi.org/10.1080/01457632.2013.695210.

Bordbar, M.H. and Hyppänen, T., 2015. “The correlation based zonal method and its application to the
back pass channel of oxy/air-fired cfb boiler”. Applied Thermal Engineering, Vol. 78, pp. 351–363. doi:
https://doi.org/10.1016/j.applthermaleng.2014.12.046.
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Abstract. Although, the contribution of fuel vapors in overall radiation from the fire flame is conventionally ignored,
in some cases such as fuel rich region just above the fuel surface in pool fires, it might be significant and should be
considered. The aim of this study is to generate emissivity charts, which provide a prominent insight into the importance
of radiation contribution of gases at various temperatures and optical thicknesses. Moreover, they can also be used as a
starting point of model development and validation for radiative properties of gases as another purpose of this study. In
the present work, experimentally measured spectral absorption coefficients were used to generate the emissivity charts of
Methanol (CH3OH), Propane (C3H8), Propylene (C3H6), MMA (C5H8O2), Toluene (C7H8) and Heptane (C7H16). Here,
the emissivity charts are presented for T=300K to 1400K and PL=0.01 atm.m to 10.0 atm.m. The results showed that
Heptane had the lowest and MMA had the highest total emissivities. Additionally, the total emissivity of the studied fuel
gases was independent of PL when PL>5.0 atm.m.

Keywords: Spectral thermal radiation, Emissivity charts, Fuel gas, Combustion, Fires

1. INTRODUCTION

Radiative heat transfer has always been an attractive but challenging topic in heat transfer science. This mechanism
may dominate other two mechanisms of conduction and convection in high temperature media, like in fires. The ther-
mal radiation of the hot combustion products is summation of the contribution of the gaseous media and soot. Rapid
developments in spectroscopy and the need to achieve accurate thermal heat transfer calculations motivated Hottel and
co-workers to present the total emissivity charts for carbon dioxide and water vapor (Hottel (1954), Hottel and Sarofim
(1965), Leckner (1972)) presented a comprehensive evaluation of Hottel’s charts and corrected the inaccuracy of Hottel’s
measurements at small PLs. Later on, a new version of emissivity charts reported by Farag (1976). Hottel’s (Hottel
(1954), Hottel and Sarofim (1965)), Leckner (1972)) and Farag’s (Farag (1976)) emissivity charts have been the most
traditional and widely used resources for providing emissivity charts of CO2 and H2O. Using analytical methods, Felske
and Tien (1973) reported total emissivity of luminous flames considering water vapor, carbon dioxide and soot. Coppalle
and Vervisch (1983) calculated total emissivities of high temperature CO2 and H2O mixtures using Edward’s exponential
wide-band model (Edwards (1976)). The reviewed works focused on the primary applications of the emissivity charts.
More recent studies about generating emissivity charts were conducted by Alberti et al. (Alberti et al. (2015a), Alberti
et al. (2015b), Alberti et al. (2016), Alberti et al. (2017)). In Alberti et al. (2015b), they produced more accurate emissiv-
ity charts than those of Hottel’s, applicable to 1 to 40 bar. Alberti et al. (2015a) evaluated the accuracy of H2O and CO2

emissivity charts calculated from HITEMP-2010 by comparing with experimental measurements. In another research,
Alberti et al. (2016) extended the Hottel’s emissivity charts to 40 bar pressure using HITEMP-2010 database. To this end,
they employed linear interpolation for temperature scaling and logarithmic interpolation for pressure and pressure path
length scaling.

Emission and absorption of fuel vapors in fire scenarios are conventionally ignored because most of the fuel vapors
undergo a quick reaction converting. Therefore, their effect on radiation reaching outside of the flame zone is negligible.
However, there are cases in which the contribution of fuel vapors in thermal radiation is important and cannot be ignored.
For instance, the radiation reaching a liquid pool in a pool fire is affected by a layer of rich fuel vapor with a relatively
lower temperature just above the surface of the pool (Consalvi and Liu (2014a), Consalvi and Liu (2014b)). Hence, the
spectral absorption and emission of the fuel gases can affect the radiative heat flux reaching the pool. This heat flux
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provides the heat for evaporation and then evolution of the fire (Bordbar and Hostikka (2019), Bordbar et al. (2020b)). In
practice, total emissivity is usually sufficient to evaluate the emission from a hot gas that reaches a point in environment.
Total emissivity is defined as the emission of the gas at atmospherics pressure over a gas column when the collisions
between the molecules of the gas are neglected, i.e. self-absorption is ignored.

Solving thermal radiation in combustion gases is a challenging task due to the strong spectral dependency of absorp-
tion coefficients Bordbar et al. (2019). Several simplified models were developed to include the drastic change of the
absorption coefficient with wavenumbers in overall thermal radiation calculations, such as Modest (1991), Modest and
Zhang (2002), Denison and Webb (1993), Solovjov and Webb (2001). These models provide an accurate approximation
of radiative heat transfer with affordable computational costs (Bordbar et al. (2020a)) where emissivity charts have some
attractive applications. Total emissivity is also used for validation of numerical thermal radiation models and radiation
exchange. Its application can be found in Dorigon et al. (2013); Bordbar et al. (2014, 2020a); Bordbar and Hyppänen
(2013).

The aim of this study is to generate emissivity charts, which provide a prominent insight into the importance of
radiation contribution of fuel gases at various temperatures and optical thicknesses. Moreover, they can also be used as
a starting point of model development, namely WSGG model, and validation for radiative properties of gases as another
purpose of this study. While most of the previous relevant works of total emissivity, as the literature review indicates,
focused on obtaining emissivity charts for CO2, H2O and CO, the present research aims at generating the emissivity charts
of Methanol (CH3OH), Propane (C3H8), Propylene (C3H6), MMA (C5H8O2), Toluene (C7H8) and Heptane (C7H16).
Here, the emissivity charts are presented for T=300K to 1400K and PL=0.01 atm.m to 10.0 atm.m. These fuels are some
of the most common fuels in combustion and fires.

2. SPECTRAL DATABASES

In this work, the high resolution spectral absorption coefficients needed for generation of the emissivity charts are
taken from two different sources of experimental measurements and line-by-line calculations. Wakatsuki (2005) measured
the spectral absorption coefficients of Heptane, Methanol, MMA, Propane, Propylene and Toluene using high-resolution
FTIR at seven tempratures. The wavenumber range was 700 cm−1 to 4000 cm−1 with 0.5 cm−1 resolution. Here,
the experimental data were interpolated and extrapolated whenever needed for 300K to 1400K (Wakatsuki et al. (2005)).
Wakatsuki (2005) showed that for the abovementioned six fuel gases, the contribution of the weak absorption lines outside
the main absorption bands can be safely ignored. We obtained the needed high-resolution absorption spectra of Methane
by line-by-line calculations. In the LBL calculations, HITRAN2008 (Rothman et al. (2009)) spectral database was used.
The spectral absorption data were obtained for the temperatures from 300K to 2450K. A uniform spectral resolution of
0.02 cm−1 was chosen for the spectrum from 150 cm−1 to 15000 cm−1. Chu et al. (2011) reported that this resolution is
optimum for the LBL calculations in combustion applications. Figures 1 and 2 show the pressure-based absorption spectra
at T=300K obtained from LBL calculations for Methane and the experimental measurements for Heptane, Methanol,
Propane, Propylene, MMA and Toluene. As Figures 1 and 2 illustrate, all the gases have absorption coefficients less than
102 atm−1cm−1. These bands identify each gas and lead to different spectral characteristics and total emissivities.

Figure 1: Absorption spectra of the fuel gases
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Figure 2: Absorption spectra of the fuel gases
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3. PROBLEM STATEMENT

Emissivity is defined as the share of energy emitted over a certain path that escapes into a given direction without
being absorbed between the point of emission and the point of exit. The total emissivity represents the portion of total
emitted radiation over a path Y that is not attenuated by self-absorption divided by the maximum possible emission. The
spectral emissivity can be calculated as:

εη = 1− eκηPY L (1)

where κη is spectral absorption coefficient at wavenumber η, P is total pressure of the medium, Y is molar fraction of
the gas and L is the pathlength. To calculate total emissivity over all the spectrum at a given temperature,

εt =

∫∞
0
Ibη(1− e−κηPY L)dη∫∞

0
Ibηdη

(2)

where Ibη is Planck function defined as

Ibη =
2hc2η3

n2
[
e

hcη
nkBT − 1

] (3)

In Eq.3, h and kB are Planck and Boltzmann constants, respectively. c is the speed of light in vacuum media and
n is refractive index which is considered n = 1 for gases. Spectral absorption coefficients are needed to solve Eq.2.
Wakatsuki (2005) performed experiments for high resolution transmission measurements using a Mattason Galaxy 7020
FTIR for seven temperatures between 295K to 1000K over the wavenumber of 700 cm−1 to 4000 cm−1. Here, absorption
coefficients with 0.5 cm−1 resolution were interpolated and extrapolated based on Wakatsuki (2005) for 300K to 1400K.
Wakatsuki (2005) showed that for the abovementioned six fuel gases, the contributions of the weak absorption lines
outside the main absorption bands can be safely ignored.

4. RESULTS AND DISCUSSION

The calculated total emissivities of two fuel gases are presented in Figure 3. Emissivities are calculated using Eq. (2)
for the temperatures of 300-1400 K for Heptane, Methanol, MMA, Propane, Propylene and Toluene and for 300-2450 K
for Methane, with a temperature step of 10K. Here, the partial pressure of the species is defined as p = PY where P is
the total pressure and Y is the molar ratio. As seen in Figures 3 and 4, all the emissivity charts have increasing and then
decreasing trends versus temperature. In comparison with other fuels, MMA has higher values of total emissivities, up to
0.63 for the studied pLs and among all the studied gases, Heptane has the lowest total emissivities with a maximum of
0.23 at T=800 K at the highest pL. Figure 4 indicates that Propane has a specific behaviour at 0.01 < pL < 1, showing a
significant decrease of the total emissivities around T =450 K.

Figure 3: Total emissivity of the fuel gases

As seen in Figure 4, except for Methane, the emissivity charts sensibly vary up to pL = 0.2 atm.m and at higher pLs,
the emissivity charts have very close values. Additionally, the total emissivity of Heptane, Methanol, MMA, Propane,
Propylene and Toluene was independent of pL when pL > 5.0 atm.m. To understand the cause of this behaviour, we
investigated the variation of the integrand of Eq. (2), normalized by total emitted power, i.e. Ibηεη/σT 4. Figure 5 shows
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the variation of this parameter with wavenumber for Propane and pL = 0.02 atm.m at three temperatures. In the chosen
region of spectrum, η=1150-1330 cm−1, the value of Ibηεη/σT 4 at T= 450K is generally lower than at T=400 K and
T=500 K, leading to the lower value of total emissivity.

Figure 4: Absorption spectra of the fuel gases

5. CONCLUSION

In this work, emissivity charts of seven fuel gases were presented. Fuel gases had similar behaviour in general,
meaning that the total emissivity of each increased until a certain temperature and then it decreased. For the studied
gases, the maximum emissivities were observed between T=500 K and 800 K. In addition, total emissivities increased
by increasing pL values due to the higher concentration of the fuel gas molecules. However, the total emissivities were
independent of pL at pL > 5 atm.m
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Figure 5: Absorption spectra of the fuel gases
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A B S T R A C T   

Using the high-resolution experimental spectral absorption coefficients of six fuel gases and the line by line 
absorption spectra of CO and CH4 based on HITRAN and HITEMP spectral databases, in this paper, novel co-
efficients for weighted-sum-of-gray-gases (WSGG) model are presented for Heptane, Methane, Methanol, MMA, 
Propane, Propylene, Toluene, and CO. Moreover, for soot, the spectral absorption coefficients were calculated 
assuming Rayleigh regime implementing the complex index of refraction obtained from the correlations of Chang 
and Charalampopoulos. The presented WSGG models were coupled with those of literature for CO2 and H2O by 
means of the superposition method. The models were first validated in several one-dimensional benchmarks 
representing various levels of inhomogeneous conditions in temperature, gas concentration and soot loading. 
Then, the WSGG models were employed in solving a three-dimensional case representing a Heptane pool fire. 
Using the time averaged 3-D CFD profiles, the WSGG models solved the spectral radiative heat transfer exhibiting 
excellent agreement with the results of line by line calculations in terms of radiative heat flux and radiative heat 
source. Moreover, the emissivity charts were provided comparing the emissivity calculated by LBL calculations 
with those of the new WSGG models.   

1. Introduction 

Spectral radiative heat transfer in gaseous combustion is among the 
most challenging engineering problem to solve. The thermal radiation 
spectrum of gases may consist of millions of absorption lines closely 
located to each other that should be included in solving the integrated 
form of radiative transfer equation (RTE). Though the line-by-line 
integration method (LBL) [1] or narrow-band methods (NB) [2] can 
accurately solve gas spectral thermal radiation, due to their high 
computational costs, they have been mostly used to obtain the needed 
data to build other coarser models [3] and to provide benchmark solu-
tions [4]. Therefore, using simplified spectral models in solving thermal 
radiation in engineering applications is inevitable. 

The global models provide an accurate solution of the spectrally 
integrated RTE by interpreting the highly complex LBL absorption 
spectra of gases to smoother functions. These smoother functions are 
easier to integrate and therefore the final solution is computationally 
cheaper than LBL and NB solutions while accuracy is maintained at an 
acceptable level. The spectral-line-based WSGG (SLW) method [5,6], the 
absorption distribution function (ADF) method [7] and the 

full-spectrum correlated-k (FSCK) method [8] are the most important 
global models beside the weighted-sum-of-gray-gases (WSGG) model 
[9]. 

The WSGG model was first proposed by Hottel and Sarofim [10] in 
the framework of zone method [11,53] and Modest demonstrated its 
applicability to any RTE solution [9]. The WSGG model approximates 
the spectrally-integrated thermal radiation with a summation of RTE 
solutions of only a few gray gases each with a certain weight in the final 
summation. While the older WSGG models were based on gas total 
emissivity either measured experimentally [10] or calculated by the 
exponential wide band model (EWBM) [12], the more recent WSGG 
models are based on more accurate total emissivity databases calculated 
by LBL [3,13,14] or NB [15] calculations. They also support various 
modern combustion scenarios including oxygen-fired combustion [3, 
16], pressurized combustion [17,18], and micro-gravity combustion 
[18]. Most of the older WSGG models provided their parameters for 
single gases or for a few fixed molar fraction ratios of H2O to CO2 (i.e. 
MR = YH2O/YCO2 ). The parameters for gas mixtures were mostly ob-
tained for MR = 1 approximating the combustion of oil and MR = 2 
representing full combustion of Methane. For other molar fraction ra-
tios, there is a need for interpolation between the model parameters 
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which introduces remarkable error in non-homogeneous media. How-
ever, in recent years, several WSGG models [3,14,15] have been re-
ported which include MR in their formulations and therefore provide 
much better accuracy. Depending on the accuracy of the total emissivity 
databases used in the development of the WSGG models, their treatment 
of non-homogeneity of media, and their implementation (number of 
gray gases, formulations, etc.), the WSGG models exhibited quite 
different computational performances in terms of accuracy and 
computational time. The comparative analysis of the performance of 
various WSGG models in different combustion scenarios can be found in 
many references including [19–22]. Kez et al. [20] compared the per-
formance of several WSGG models, narrow-band correlated-k model, 
wide-band correlated-k model, and full-spectrum correlated-k-dis-
tribution model in modeling a three-dimensional oxy-fuel coal 
combustor. The error of the WSGG models in their study varied between 
1% to 20% case by case. Considering the low computational costs of 
WSGG models, they concluded that the WSGG model is an efficient 
approach for engineering applications if appropriate parameters are 
applied. Nonetheless, without considering differences in computational 
costs, the FSCK model exhibited higher accuracy in general [20]. 

There are several studies reporting poorer accuracy of WSGG models 
compared to other global models. For instance, Pierrot et al. [23] 
compared the accuracy of several narrow-band and global models in 
predicting wall radiative heat flux of three slab problems representing 
emission-dominated and absorption-dominated problems. They re-
ported up to 50% error in their WSGG model predictions while SLW and 
ADF models had deviations around 10%–20% with the same computa-
tional costs. Nonetheless, supporting absorption-dominated regime is 
challenging for other global models as well [24]. As WSGG models 
provide a quick way to calculate the emissivity of gas mixtures, they 
sometimes are used to obtain an effective mean absorption coefficient in 
gray gas modeling. For instance, Badger et al. [25] compared this kind of 
gray modeling with SLW models for an oxygen-fuel furnace. Not sur-
prisingly, they reported considerable differences between the 

predictions of gray-WSGG modeling with those of RCSLW. In another 
recent study, Consalvi et al. [26] solved several turbulent axisymmetric 
jet diffusion flames at atmospheric and higher pressures using the FSCK 
[24] method, the RC-FSK [27] method, a WSGG model implementing 
the superposition approach for mixing the species [28] and a WSGG 
model obtained for two fixed MRs [17]. They reported slightly better 
accuracy for the FSCK method [24]. The CPU costs of the fixed MR 
WSGG model were the lowest while the CPU cost of k-distribution 
models for methane combustion was lower than the WSGG super-
position model [28]. The computational cost and memory demand of 
RCSLW and FSCK methods have been recently improved by using the 
tabulated model parameters and some other techniques such as machine 
learning [29]. It is worth mentioning that the accuracy and computa-
tional costs of the SLW and FSCK methods can be tuned by changing the 
number of quadrature points/gray gases. This scalability is not feasible 
with WSGG models as they usually were developed for a fixed number of 
gray gases. 

The main advantages of the WSGG model can be summarized as 1) 
simple formulation, 2) fairly good accuracy especially in coupled cal-
culations and in emission-dominated systems such as combustors 
[19–22,30]), 3) low computational cost in the premixed format and 4) 
easy coding and implementation which make this model suitable for 
engineering calculations. On the other hand, its drawbacks can be listed 
as 1) mixing of different species which should be done by superposition 
which drastically increases the computational cost due to the high 
number of the required RTE solutions, 2) its dependency on total 
emissivity in the development stage which limits the model to certain 
ranges of pL and temperature and also reduces the accuracy of the model 
in absorption-dominated problems [23], 3) its lower accuracy compared 
to other global models [26,31], and 4) no chance of scalability as 
explained before. 

It is worth noting that the thermal radiation in gaseous combustion is 
a compromise engineering problem [31]. It means that the choice of an 
appropriate model depends on the importance of spectral radiative heat 

Nomenclature 

a Weight factor 
b Polynomial coefficient 
C Empirical constant of Rayleigh’s theory 
fv Volume fraction (-) 
I Total intensity (W/m2 sr) 
Ib Blackbody intensity (W/(m2 sr)) 
Ibη Spectral Planck intensity (W/(m2 sr cm-1)) 
Iη Spectral intensity (W/(m2 sr cm− 1)) 
ks Imaginary part of refractive index 
Ng Number of gray gases 
Np Order of polynomial function 
ns Real part of refractive index 
P Total pressure (atm) 
p Partial pressure (atm) 
qr Raduative heat flux (W/m2) 
r Radius (m) 
Sr Radiative source term (W/m3) 
T Temperature (K) 
x x position (m) 
y y position (m) 
Y Mole fraction (mol/mol) 
w The polynomial function in the scalar field Φ 

Greek letters 
δ Relative error (%) 
ε Total emissivity 

η Wavenumber (cm− 1) 
κ Absorption coefficient (m− 1) 
Φ Arbitrary scalar field 

Subscripts 
j Gray gas index 
m Mixture 
n Index of number 
p Pressure based 
s Soot 
η Spectral based 

Abbreviations 
1-D One-dimensional 
3-D Three-dimensional 
ADF Absorption distribution function 
FDS Fire dynamics simulator 
FG Fuel gas 
FSCK Full-spectrum correlated-k-distribution 
FSK Full-spectrum k-distribution 
GG Gray gas 
LBL Line-by-line 
MMA Methyl methacrylate 
RCSLW Rank correlated spectral-line-based WSGG 
RTE Radiative transfer equation 
SLW Spectral-line-based WSGG 
WSGG Weighted-sum-of-gray-gases  
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transfer in the overall accuracy of coupled CFD solution, the desired 
accuracy, and available computational resources. For instance, in 
soot-dominated combustion systems, one may not spend the computa-
tional resources for non-gray modeling as gray assumption may well 
approximate the medium. On the other hand, in micro-gravity condi-
tions, due to the absence of convection, spectral thermal radiation is of a 
great importance and needs accurate treatment. 

The WSGG model has been traditionally used for CO2 and H2O 
mixtures as the main combustion gas products participating in thermal 
radiation. Besides the WSGG models reported for the CO2–H2O mixture, 
there are only a few other WSGG models developed for other species, 
namely CO and soot [28,32]. The spectral radiative properties of soot 
clouds are derived by assuming very small soot particles following 
Rayleigh theory [1] which is applicable for spherical particles with di-
ameters smaller than thermal radiation wavelengths. Based on experi-
mental measurements, Chang and Charalampopoulos [33] proposed 
some correlations for calculating the spectral complex index of refrac-
tion of soot. Cassol et al. [28] presented a WSGG model for soot by 
assuming a wavenumber-independent refractive index for soot. CO is 
another radiative participating species in combustion products. Brittes 
et al. [34] presented their WSGG model for CO and compared its pre-
dictions with the results obtained by the RC-SLW model and line-by-line 
integration. 

While CO2, H2O, and soot have the main contribution to radiative 
heat transfer in combustion spaces, the effect of other gases could be 
significant and should not be ignored [35]. For instance, Consalvi and 
Liu [36,37] showed that the concentration of vaporized fuel gases is 
remarkably high just above the pool surface in pool fires with mole 
fractions of about 0.3–0.8 for 34 kW and 176 kW methane pool fires, 
respectively [37]. Radiation contribution of the cold, fuel-rich region 
above the pools (or in front of burners) is particularly important as it can 
significantly affect radiation feedback to the pool which in turn affects 
the mass loss rate of the pool. Therefore, the impact of fuel gases on the 
thermal radiation of a flame is also important in providing accurate 
boundary conditions for models solving thermal radiation penetration 
within the liquid fuels, such as those reported in Refs. [38,39]. To date, 
the available spectral models for fuel vapors are limited to the Malkmus 
NB and NB k-distribution databases of Consalvi and Liu [2]. These da-
tabases were extracted from the experimental data of Wakatsuki [40] 
which is also used in the present work. 

The present work provides WSGG models for Heptane (C7H16), 
Methane (CH4), Methanol (CH3OH), Propane (C3H8), Propylene (C3H6), 
MMA (C5H8O2) and Toluene (C7H8). Moreover, we present new WSGG 
models for CO and soot and compare them with their previously pub-
lished counterparts in Refs. [28,34,41]. The new WSGG models can be 
coupled with the previously published WSGG models for CO2 and H2O 
mixtures by applying the superposition approach [28,42]. 

Nevertheless, as mentioned before using the superposition approach 
may drastically increase the computational cost and therefore is not 
recommended for engineering calculations of large-scale combustion. 
The achieved models are verified using the well-known 1-D slab problem 
which provides enough flexibility to define different conditions. The 
applicability of the proposed models is further demonstrated in solving 
spectral radiation heat transfer in a large pool fire. This uncoupled ra-
diation problem is constructed from the time-averaged CFD profiles of a 
pool fire [43,44]. The presented model can be used for studying some 
cases in fire research such as gasification process and controlled atmo-
spheric cone calorimeter experiments where the contribution of fuel 
vapors in thermal radiation is significant. 

2. Spectral absorption databases 

Radiative heat transfer in participating media is described by the 
radiative transfer equation, which for emitting, absorbing and non- 
scattering media is given as 

dIη

dx
= κη(x)[Ibη(x) − Iη(x)] (1)  

where η is the wavenumber, x is the position, κη is the spectral absorption 
coefficient and Ibη is the spectral blackbody intensity. In this work, the 
high-resolution spectral absorption coefficients which are needed for 
generation of the new WSGG models’ parameters and their validation 
were taken from different sources. Wakatsuki [40] measured the spec-
tral absorption coefficients of Heptane, Methanol, MMA, Propane, Pro-
pylene, and Toluene using high-resolution FTIR at seven temperatures. 
The wavenumber ranged from 700 cm− 1–4000 cm− 1 with a 0.5 cm− 1 

resolution. Here, these experimental data were interpolated and 
extrapolated whenever needed for a temperature range of 300K–1400K 
as proposed in Ref. [45]. Wakatsuki [40] showed that, for the 
above-mentioned six fuel gases, the contribution of the weak absorption 
lines outside the main absorption bands can be safely ignored. 

We obtained the required high-resolution absorption spectra of H2O, 
CO2, CO and Methane by line-by-line calculations. Note that the spectra 
of H2O and CO2 were only needed to obtain the solutions of the 1-D and 
3-D benchmarks. In the LBL calculations, HITEMP2010 database [46] 
was used for H2O, CO2 and CO and the absorption coefficients were 
generated for temperatures between 300K and 3000K. For Methane, the 
spectral absorption data were obtained from HITRAN2008 [47] for 
temperatures from 300K to 2450K. A uniform spectral resolution of 0.02 
cm− 1 was chosen for the spectrum from 150 cm− 1–15000 cm− 1. This 
resolution was reported to be optimum for LBL calculations in com-
bustion applications [48]. More details of the performed LBL calcula-
tions of the present work can be found in Ref. [49]. 

Fig. 1 shows the line-by-line and experimental spectral absorption 
coefficients of different gas species at the temperature of 300K. It is seen 
in Fig. 1 that the absorption spectra of some fuel gases such as Methanol, 
MMA and Propane are in the same order of magnitude and also have the 
same position in the spectrum, which is due to their similar atomic 
structure. Accordingly, quite the same total emissivity can be expected 
for these gases followed by similar WSGG model’s coefficients. 

Soot is another species needed for radiation modeling of combustion 

Fig. 1. Pressure-based absorption spectra of different gases at T = 300 K (a) 
line-by-line (b) experimental data. 
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systems. Assuming Rayleigh regime [1] for a cloud of sufficiently small 
soot particles, the spectral absorption coefficient of soot, κsη, is given by 

κsη = Cηfvη (2)  

where fv is the volume fraction of soot. In general, spectral absorption 
coefficient of soot is calculated assuming either a linear or a non-linear 
dependence on the wavenumber. When κsη is assumed to be a linear 
function, Cη is assumed to be constant (= C). Different fuel-dependent 
values of C have been reported in the literature, e.g., 4.0 for acety-
lene, 4.1 for methane flames, 4.9 for propane, 6.3 for oil combustion and 
3.7–7.5 for coal combustion [28]. However, constant C is only a 
simplifying assumption, as Cη has been reported to vary with wave-
number [1]. Following Rayleigh’s theory, Cη can be calculated as 

Cη =
36πnsks

(n2
s − k2

s + 2)2
+ 4πn2

s k2
s

(3)  

where ns and ks are the real and imaginary parts of soot refractive index, 
respectively. Chang and Charalampopoulos [33] fitted two correlations 
over their experimental data of ns and ks as 

ns = 1.811 + 0.1263ln(104 / η) + 0.027ln2(104 / η) + 0.0417ln3(104 / η)
(4)  

ks = 0.5821 + 0.1213ln(104 / η) + 0.2309ln2(104 / η) − 0.01ln3(104 / η)
(5)  

These equations have been widely used for calculating of soot spectral 
absorption coefficient [36,37]. Mean-Planck-weighted value of Cη pro-
vides a better understanding of the variations of Cη. It is calculated as 

Cη =

∫∞
0 IbηCηdη
∫∞

0 Ibηdη
(6)  

Fig. 2 shows the variation of mean-Planck-weighted Cη with tempera-
ture. As seen in Fig. 2, none of the mentioned constant values of C can 
accurately estimate Cη. Furthermore, Fig. 3 illustrates the soot spectral 
absorption coefficient for fv = 10− 5 calculated using linear and non- 
linear functions. As seen, there is considerable differences in the spec-
tral absorption coefficient of soot using the different constant values of 
C. Although Chang and Charalampopoulos [33] conducted their ex-
periments for a propane burner, the constant C = 4.9 which was pro-
posed for propane also can not exactly predict Cη. In this work, 
non-linear soot absorption coefficients were calculated using Eq. (2) and 
by employing Chang and Charalampopoulos’s correlations, i.e. Eqs. (4) 
and (5). 

3. The WSGG model 

3.1. WSGG coefficients for individual species 

The WSGG model approximates the entire absorption spectrum with 
a few gray gases with absorption coefficient of κj and an additional gas 
representing transparent windows across the spectrum. The radiative 
transfer equation for each of the gray gases is written as 

dIj

dx
= κj(x)

[
aj(x)Ib(x) − Ij(x)

]
(7)  

where Ij is the intensity of the j-th gray gas and aj is the weight factor 
expressing the fraction of blackbody energy at the temperature of the 
medium corresponding to the spectral regions whose contribution is 
approximated by κj. 

The absorption coefficients of the gray gases and their weighting 
factors are obtained by fitting the total emissivity calculated by WSGG 
model (Eq. (9)) to the emissivity databases obtained from other sources. 
Using the high resolution spectra, total emissivity of a gas species is 
calculated as 

ε =

∫∞
0 Ibη

(
1 − e− κpηpL

)
dη

∫∞
0 Ibηdη

(8)  

where κpη is the spectral pressure-based absorption coefficient, L is 
pathlength, and p is the partial pressure. 

Total emissivity in WSGG model is calculated as 

ε =
∑Ng

j=0
aj(Tr)(1 − e− κpjpL) (9)  

where Ng is the number of gray gases and Tr = T/Tref, where Tref = 1400 
K is the reference temperature. The introduction of a reference tem-
perature is useful for faster convergence and numerical stability of the 
fitting procedure and also for improving the accuracy of the polynomials 
by making the coefficients dimensionless [3,16,50]. An appropriate 
value for reference temperature is usually found by trial and error be-
tween the minimum and the maximum temperatures of interest for the 
model. Note that j = 0 represents the transparent part of the spectrum 
and therefore κ0 = 0. The weight factor, aj(T), in this work is defined as 

aj(T) = max

(
∑Np

n=0
bj,nTn

r , 0

)

(10)  

To ensure the conservation of energy, it is required that 

Fig. 2. Changes of mean Planck weighted values of Cη with temperature.  

Fig. 3. Linear and non-linear spectral absorption coefficient of a soot cloud 
with fv = 10− 5. 
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∑Ng

j=0
aj(T) = 1 (11)  

The total emissivity is calculated by LBL integration in Eq. (8) for 
discrete sets of pL and T. Fitting Eq. (9) to the LBL-based emissivity 
databases, the κpj and bj,n are obtained. In the present work, the LBL 

emissivity databases are obtained for ten pLs chosen in the range of 0.01 
≤ pL ≤ 10 atm.m. The valid practical temperature range can be different 
for different species. For Heptane, Methanol, MMA, Propane, Propylene 
and Toluene, the LBL-based emissivity is calculated for 23 evenly spaced 
temperatures between 300K ≤ T ≤ 1400K. For CO, the coefficients were 
generated for 55 evenly spaced temperatures in the range of 300K ≤ T ≤
3000K while they were calculated for Methane for 44 evenly spaced 

Fig. 4. Comparison of the total emissivity calculated by the LBL integration and the present WSGG model for the fuel gases.  
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temperatures in the range of 300K ≤ T ≤ 2450K. 
Although there is no limitation for the number of gray gases, a lower 

number naturally leads to lower computational cost, which is one of the 
main objectives of engineering models. Several studies have examined 
the number of the gray gases. Hottel and Sarofim [10] reported that in 
some cases, one gray gas and one transparent gas are enough to repre-
sent the spectrum. Brittes et al. [34] reported that increasing the number 
of gray gases more than four did not cause a noticeable change in the 
results. To date, numerous studies have investigated WSGG model 
employing 4 gray gases and one transparent gas with fine accuracies, for 
instance in Refs. [3,15,16,28,34,51]. Based on these observations, in the 
present study, WSGG coefficients were calculated by using 4 gray gases 
and one transparent gas, i.e. Ng = 4, and a fifth-order polynomial was 
employed for the weight factor aj(T), i.e. Np = 5. 

In the fitting procedure, the Least Square method was used as the 
optimization method in MATLAB software and the constraints of κpj > 0, 
aj(T) > 0 and 

∑Ng
j=0aj(T) = 1 were applied to the calculations. The 

calculated WSGG coefficients for Heptane, Methanol, MMA, Propane, 
Propylene, Toluene, Methane, CO and soot are provided in Appendix A. 
Fig. 4 compares the total emissivity calculated by LBL integration and by 
the WSGG model using the obtained coefficients for the seven fuel gases. 

A comparison between total emissivity calculated by the LBL inte-
gration and by present WSGG model and the results of Brittes et al. [34] 
for CO is shown in Fig. 5. As it can be seen, the fifth-order polynomial 
weight factor, aj(T), in Eq. (9) is able to estimate the LBL total emis-
sivities more accurately than the fourth-order weight factor used in 
Ref. [34] and can reach almost exact total emissivities through Eq. (9). 

Comparisons with previously reported WSGG coefficients are also 
made for soot. Cassol et al. [28] proposed soot WSGG coefficients using 
the linear approximation of spectral absorption coefficient (i.e., Cη = C) 
for 400K ≤ T ≤ 2500K. In the present work, the WSGG coefficients of 
soot were reported based on the non-linear dependency of soot ab-
sorption coefficient to wavenumber following the Chang and Char-
alampopoulos correlations [33]. The present model also covers a wider 
temperature range of 300K ≤ T ≤ 3000K, which makes the coefficients 
applicable to a wider range of applications. Fig. 6 compares the emis-
sivities calculated by the present WSGG model, Cassol et al. WSGG 
model [28] and Coelho et al. WSGG model [41] with those of the LBL 
integration using the Chang and Charalampopoulos correlations in 
Rayleigh theory. As Fig. 6 illustrates, Cassol’s models are accompanied 
by considerable errors. The emissivity charts shown in Figs. 5 and 6 
confirm that the present WSGG models approximate the exact total 
emissivity databases well. 

3.2. Superposition method in solving RTE for a gas mixture 

Implementing the WSGG models, the RTE (Eq. (7)) can be solved 
using the given weight factors and the gray gas absorption coefficients. 
The present research aims to study the fuel-rich gas layer of a flame 
where the concentration of the combustion products can not be 
considered constant. In this case, the WSGG models of different species 
can be combined via the Superposition Method [28,42]. In the super-
position method, it is assumed that the weight factor of the gray gas j, aj, 
represents the probability that the blackbody energy at the gas tem-
perature in position x is emitted in the wavenumbers of the spectrum 
where the absorption coefficient of the gray gas j is κpj. Hence, the weight 
factor for a gas mixture of a given combination of gray gases is equal to 
the cross product of their respective weight factors. Accordingly, for a 
mixture of n components, the absorption coefficient and weight factor of 
different RTE solutions are given by 

κm,jm (x) = κ1,j1 (x) + κ2,j2 (x) + ⋯ + κn,jn (x) (12)  

am,jm (x) = a1,j1 (x) × a2,j2 (x) × ⋯ × an,jn (x) (13)  

where index m refers to the mixture and 0 < jm < Ngm . Therefore, if each 
non-gray component is modeled with Ng gray gases, the total number of 
gray gases of the mixture will be 

Ngm = (Ng1 + 1) × (Ng2 + 1) × ⋯ × (Ngn + 1) (14)  

It is worth noting that in this formulation, the transparent windows of 
each component must be considered. Thus 0 < j < Ngm and conse-
quently, the number of gray gases of a component is equal to Ngm + 1 in 
Eq. (14). Though the superposition method provides a way for treating 
mixtures with the WSGG models, it considerably increases the number of 
the required RTE solutions and CPU cost of the calculations. Therefore, 
this approach may not be affordable for large-scale engineering 
applications. 

Calculation of the weight factors in the superposition method is in 
line with an assumption equivalently used in k-distribution method. It 
states that the absorption spectra of the individual species are statisti-
cally uncorrelated and therefore the product of the quadrature weights 
are used [52]. The superposition method is applicable to any mixture of 
gases. However, due to continuity of absorption spectrum of soot, the 
transparent gas is not needed to be considered for soot, so 1 < js < Ngs . 

Finally, it is important to note that, while the formulation described 
in this section has historically been named the superposition method in Fig. 5. Comparison of the total emissivity of CO calculated by the LBL inte-

gration, the present WSGG model and the WSGG model of Brittes et al. [34]. 

Fig. 6. Comparison of the total emissivity of soot calculated by the LBL inte-
gration, the present WSGG model, WSGG models of Cassol et al. [28] and 
Coelho et al. [41]. 
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the framework of the WSGG model (see, e.g. [28,51]), similar ap-
proaches have been applied for the treatment of mixtures of partici-
pating species with other global models, where they receive different 
names. For instance, in the SLW model, the method is called the Multiple 
Integration method (or the Double Integration method [42]), whereas 
the name superposition method denotes a different approach for dealing 
with mixtures. 

4. Results and discussion 

Besides the model verification through the emissivity charts, to 
further validate the new WSGG models, the radiation heat transfer is 
solved in several 1-D benchmarks representing various levels of 
complexity and heterogeneity in thermal conditions of participating 
media which consist of fuel gases, combustion gases and soot. The 
benchmarks represent one-dimensional media bounded by two parallel 
black walls at constant temperatures as typically used in the literature of 
gas spectral radiation, e.g., [8,18,28]. Fig. 7 schematically shows the 1-D 
slab problems studied in this work. As described in [9], the WSGG model 
can be used with any method to integrate the RTE over the spatial 
domain. The Discrete Ordinates (DO) method was employed to solve the 
radiative heat transfer. In this work, the 8th-order approximation was 
employed. Here, the RTE in the framework of discrete ordinates method 
is written as 

μl
dI+η,l
dx

= κm,η(x)
[
Ibη(x) − I+η,l(x)

]
(15)  

− μl
dI −η,l
dx

= κm,η(x)
[
Ibη(x) − I−η,l(x)

]
(16)  

where μl = cos(θl) is the direction cosine of angle l, and I+η,l and I−η,l are the 
spectral radiative intensities propagating along direction l in the forward 
and backward directions, respectively (see Fig. 7). Solving Eqs. (15) and 
(16) for all the directions and integrating over the spectrum, the radi-
ative heat flux, qr, and radiative source term, Sr, are obtained as 

qr(x) =
∑L

l=1

∫

η
2πwlμl

[
I+η,l(x) − I −η,l(x)

]
dη (17)  

Sr(x) =
∑L

l=1

∫

η
2πκη(x)wl

[
I+η,l(x) + I −η,l(x)

]
− 4πκη(x)wlIbη(x)dη (18)  

where wl is the quadrature weight for direction l. Applying the discrete 
ordinates method to Eq. (7), the RTE is obtained as 

μl

dI+mj,l

dx
= κmj (x)

[
amj (x)Ib(x) − I+mj,l

(x)
]

(19)  

− μl

dI −mj,l

dx
= κmj (x)

[
amj (x)Ib(x) − I −mj,l

(x)
]

(20)  

The radiative heat flux and source term in the frame work of WSGG 
model are obtained as 

qr(x) =
∑L

l=1

∑Ngm

j=0
2πwlμl

[
I+mj,l

(x) − I −mj,l
(x)
]

(21)  

Sr(x) =
∑L

l=0

∑Ngm

j=0
2πκmj (x)wl

[
I+mj,l

(x) + I −mj,l
(x)
]
− 4πκmj (x)wlamj (x)Ib(x) (22)  

where I+mj,l 
and I−mj,l 

have the same definition as spectral intensities, but 
for gray gas j of the mixture. 

To solve the RTE equation, the 1st order upwind discretization 
scheme was employed. Dirichlet boundary conditions equal to Planck’s 
function at the wall temperature were assumed on the left and right 
boundaries. After performing a mesh independence analysis, the nu-
merical domain was divided into 100 equal-sized elements. The total 
pressure of the system was set to P = 1atm. To evaluate the WSGG 
models, five cases with various level of complexity in temperature and 
species profiles are considered as introduced in Table 1. To obtain the 
benchmark solutions, whenever needed, the experimental absorption 
spectra of fuel gases with the resolution of 0.5 cm− 1 were adapted to the 
resolution of 0.02 cm− 1 used in LBL absorption spectra of CO, CH4, CO2 
and H2O. 

The accuracy of the solutions was assessed by observing the relative 
error of the radiative heat flux and radiative heat source obtained by the 
WSGG model as 

δ(x) =
|φWSGG(x) − φLBL(x)|

max(|φLBL(x)|)
× 100% (23)  

where φWSGG(x) and φLBL(x) are representatives of radiative heat flux or 
radiative heat source obtained from WSGG model and LBL integration in 
position x, respectively. In the following, the benchmarking process 
starts from a simple case with only one active species with a fixed ho-
mogeneous concentration and temperature and gets more complex case 
by case to the test case 5. To couple the novel WSGG models with those 
previously developed for H2O and CO2, the coefficients reported in 
Ref. [51] were utilized wherever needed as separate gases. In Table 1, 
FG stands for fuel gas. 

Fig. 7. Schematic of the one-dimensional medium slab.  

Table 1 
1-D test cases.  

Case κ 
(atm− 1m− 1) 

T (K) Fuel Radiatively 
active 
components 

Mole/Volume 
fraction (mol/ 
mol) (m3/m3) 

1 κ(η) 1000 – Soot fv = 10− 5 

2 κ(η) 1000 Methanol, 
MMA, 
Propane 

Fuel gas, H2O, 
CO2, CO, soot 

YFG = 0.04, 
YH2O = 0.1, 
YCO2 = 0.05, 
YCO = 0.04, fv 

= 10− 7  

3 κ(η, x) T(x) Heptane, 
Propylene, 
Toluene 

Fuel gas, H2O, 
CO2, CO, soot 

YFG = 0.04, 
YH2O = 0.1, 
YCO2 = 0.05, 
YCO = 0.04, fv 

= 10− 7  

4 κ(η, x) T(x) Methane Fuel gas, H2O, 
CO2 

YFG(x), 
YH2O(x), 
YCO2 (x)

5 κ(η, x) T(x) Propane, 
Propylene, 
Toluene 

Fuel gas, H2O, 
CO2, CO, soot 

YFG(x), 
YH2O(x), 
YCO2 (x), 
YCO(x), fv(x)   
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4.1. One-dimensional verification 

Test case 1: The first case was designed to evaluate the present 
WSGG model for soot. Here, the domain contains only soot as a radia-
tively active medium with fv = 10− 5 at T = 1000K and the boundaries, 
located at x = 0 m and x = 1 m, are at T = 400K. In this test case, the soot 
WSGG models of Cassol et al. [28], using two, three and 4 gray gases 
(GG), and Coelho et al. [41] are also included in the comparison. 
Additionally, a gray gas calculation based on Planck-mean absorption 
coefficient was done using the soot spectral absorption coefficients ob-
tained from Chang and Charalampopoulos correlations (i.e. Eqs. (2)– 
(5)). 

Fig. 8 shows the comparison between the WSGG models, gray gas 
model and two LBL calculations: one based on the Chang and Char-
alampopoulos correlations [33] and another using linear approximation 
with C = 4.1. As seen in Fig. 8, the present WSGG model for soot finely 
estimates the results obtained by the LBL calculations of this work. The 
Cassol’s model has deviations and the Coelho’s model works fine. Note 
that the present soot WSGG model is applicable for a wider temperature 
range than the Coelho’s model. The average and maximum values of 
relative errors of each model are presented in Table 2. 

To provide an easy way for gray calculation of soot, Eq. (24) was 
fitted to the data of volume-based Planck-mean absorption coefficient of 
soot shown in Fig. 9. The spectral absorption coefficient calculated by 
Eq. (2) was used to derive this correlation as 

κs = a T3 + b T2 + c T + d (24)  

where a = 2.156 × 10− 5 K− 3, b = − 0.2889 K− 2, c = 1804 K− 1 and d =
− 2.012 × 105 K. 

Test case 2: In the second case, a full combustion scenario including 
fuel gas, H2O, CO2, CO and soot was studied. In this case, the mixture 
temperature was set to T = 1000K and mole fraction of the components 
were YFG = 0.04, YH2O = 0.1, YCO2 = 0.05, YCO = 0.04 and fv = 10− 7. On 
top of the WSGG models reported here, those of Ref. [51] were 
employed for H2O and CO2 and the superposition method discussed in 
section 3.2 was applied to support simulation of the mixture of different 
species. Fig. 10 compares the results of LBL integration and the present 
WSGG models for different fuel gases. As seen, the profiles of radiative 
heat flux and heat source calculated using the present WSGG correla-
tions implemented in the superposition method are in a good agreement 
with those of LBL calculations. The results obtained from the line-by-line 
integration show very close values for MMA and Methanol due to their 
similar absorption spectra, as shown in Fig. 1. 

Test case 3: This case represents the full combustion scenario with 
the inhomogeneous temperature profile of Eq. (25). Fig. 11 shows the 
profiles employed in this case as well as cases 4 and 5. A comparison 
between the results of the present WSGG model and the LBL integration 
for this case is shown in Fig. 12. 

T(x) = 300K + 1100K sin2(πx) (25) 

Test case 4: In the case 4, a complete combustion of Methane was 
modeled which includes fuel gas, H2O and CO2 as the combustion 
products. If there is enough oxygen for combustion, Methane naturally 
undergoes complete combustion and, therefore, the mixture of gaseous 

Fig. 8. Results of the test case 1.  

Table 2 
The maximum and average relative errors and the CPU time.  

Case Ng(a)  δmax(%)  δaverage(%)  CPU time   

qr Sr qr Sr  

1 1 15.43 48.51 13.58 18.30 1(b)  

2 ([28]) 10.22 11.59 3.39 1.98 1.9  
3 ([28]) 3.93 9.41 1.56 1.48 2.4  
4 ([28]) 7.98 17.01 3.62 2.12 2.9  
4 ([41]) 0.57 17.26 0.13 0.26 2.9  
4 0.85 16.49 0.13 0.29 2.9 

2 2500 3.03 2.96 1.34 1.22 1076  

3 2500 5.13 6.44 2.93 3.81 1076  

4 25 ([13]) 4.39 8.28 1.95 3.93 12.9  
25 ([3]) 5.11 5.32 1.61 3.40 12.9  
125 5.29 3.63 1.10 1.85 62.5 

5 2500 5.66 3.12 1.51 1.74 1076  

3-D 500 5.50 2.01 0.56 0.08 225(c)  

(a) Ng = number of required RTE solutions. 
(b) tLBL/tGG = 90909. 
(c) tLBL/tGG = 52631. 

Fig. 9. The Planck-mean absorption coefficient of soot calculated by the LBL 
integration and Eq. (24) at fv = 1. 
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products is only composed of Methane, H2O and CO2. In this case, the 
WSGG coefficients for Methane obtained in this work and the co-
efficients for H2O and CO2 reported in Ref. [51] were used. A way to 
reduce the number of RTE solutions in the superposition approach is to 
use the WSGG models proposed for the H2O–CO2 mixture. To study how 
it may affect the accuracy and CPU costs of the calculations, we also 
solved this test case by using the reported WSGG coefficients of [3,13] 
for H2O–CO2 mixture. For the present WSGG model where the mixture 
consists of the three species, the superposition method needed 125 gray 
gases (i.e. RTE solutions). Since the coefficients in Refs. [3,13] were 

calculated for the mixture of the H2O and CO2 as a single gas mixture, 
25 gray gases were required when the present WSGG model of Methane 
is coupled with these models. A comparison between the results ob-
tained from the WSGG models and LBL integration can be found in 
Fig. 13 with the relative errors reported in Table 2. Temperature of the 
medium and mole fractions of Methane, H2O and CO2 are defined in Eqs. 
(26)–(29), respectively. The considered profiles for temperature and 
species concentrations are shown in Fig. 11. 

T(x) = 400K + 1000K sin2(πx) (26)  

YMethane(x) = 0.03 sin2(πx) (27)  

YH2O(x) = 0.12 sin2(2πx) (28)  

YCO2 (x) = 0.06 sin2(2πx) (29) 

The results of WSGG modeling shown in Fig. 13 agree well with those 
of the LBL integration. Moreover, it can be seen that coupling the model 
with the WSGG models developed for the mixture of H2O–CO2 is more 
sensible than coupling it with the WSGG models developed for single 
gases. This is because the former needs less RTE solutions and conse-
quently shorter CPU time, while no distinguishable privilege in accuracy 
was seen between these two modeling options. 

Test case 5: This case examines the performance of the present 
WSGG model for the full combustion of Propane, Propylene or Toluene 
where H2O, CO2, CO and soot exist in the medium. The considered 
profiles for temperature and mole fractions of fuel gas, water vapor, 
CO2, CO, and soot are given in Eqs. (30)–(35), respectively, and they can 
be found in Fig. 11. If the WSGG models for H2O and CO2 in Ref. [51] get 
implemented, 2500 gray gases plus one transparent gas would be needed 
for the WSGG model of this case. 

T(x) = 300K + 1100K sin2(πx) (30)  

Fig. 10. Results of the test case 2.  

Fig. 11. The profiles of temperature, mole fraction of species and soot volume 
fraction used in different test cases specified as subscripts. The indices indicate 
the case number. 

Fig. 12. Results of the test case 3.  
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YFG(x) = 0.04 sin2(πx) (31)  

YH2O(x) = 0.1 sin2(2πx) (32)  

YCO2 (x) = 0.05 sin2(2πx) (33)  

YCO(x) = 0.04 sin2(2πx) (34)  

fv(x) = 10− 7 sin2(2πx) (35)  

Fig. 14 illustrates the results from the calculations using the WSGG 
models and the LBL integration. As the absorption spectra of these fuel 
gases are close, their results of LBL integration are close. 

4.2. Three-dimensional validation 

In addition to the one-dimensional cases, a three-dimensional 
uncoupled thermal radiation problem was solved using line-by-line 
integration and WSGG modeling. This case represents a 2m-diameter 
Heptane pool fire based on the study of Bordbar and Hostikka [43] in 
which they modeled the pool fire with Fire Dynamics Simulator (FDS) in 
order to study the spectral intensity of the fire. They later further 
developed their detailed spectral analysis to several Kerosene pool fires 
[44]. Here we used the time averaged CFD profiles of their heptane pool 
fire [43] to define a 3-D validation case. The computational domain was 
a 2.4 × 2.4 × 4.75 m3 enclosure, with boundaries located at − 1.2 m and 
1.2 m along the x and y directions, and at 0.25 m and 5.0 m along di-
rection z. The surface of the pool fire assumed to lie at (x, y, z) = (0, 0, 0); 
further increasing the domain size did not lead to appreciable changes in 
the results for the radiation field near the flame. To all boundaries except 
the top one (i.e., the one at z = 5.0 m), an open boundary condition to an 
atmospheric environment was imposed. Because the medium tempera-
ture is still fairly larger than the ambient temperature near the top 
bounding surface, the top boundary was taken as a black wall at T =

473K, which is approximately the average medium temperature 
(computed from Eqs. (36) and (38) below) at z = 5.0 m. 

The species of Heptane, H2O, CO2, CO and soot are the radiative 
participating species and their spatial distributions were determined by 
fitting the time-averaged CFD results of the scalars of interest obtained 
by Bordbar and Hostikka [43]. The resulting profiles are as 

ΦH2O,CO2 ,CO,soot,T (r, z) = max

(
∑4

j=1
wj(r)(1 − e− cjz), l

)

(36)  

ΦHeptane(r, z) = min

(

max

(
∑4

j=1
wj(r)(1 − e− cjz), l

)

, 1

)

(37)  

where 

wj(r) =
∑4

n=0
bj,nrn ; r = min(

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2

√
, 1.2m) (38)  

In Eq. (36), Φ represents temperature or species’ concentrations. The 
constant l was used for bounding the imposed profiles, with l = 0 for 
calculating species’ concentrations and l = 293.15K for temperature 
profile. The values of cj and bj,n coefficients depending on the scalar Φ 
are reported in the supplementary materials of this work. 

The 3-D radiative transfer calculations were carried out in a modified 
version of the FDS solver, in which both the WSGG model with the 
correlations developed in the present paper together with the model of 
Ref. [3] for H2O–CO2 mixture and the LBL integration have been 
introduced. Details on this implementation can be found in [4]. Here, 
the superposition method was used in the WSGG modeling to mix the 
species. FDS uses the finite volume method to solve the RTE. A total of 
forty-eight finite solid angles was set for the angular discretization, 
while the spatial discretization was achieved with a 48 × 48 × 95, 
uniformly-spaced grid cells mesh, which yields volume cells with a 

Fig. 13. Results of the test case 4.  

Fig. 14. Results of the test case 5.  
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characteristic size of 5 cm. A careful mesh size analysis showed that 
further refinement of the angular and spatial meshes has no significant 
effect on the results. 

Fig. 15 illustrates the scalar field of radiative heat source at y =
0 obtained from the LBL integration and the WSGG modeling. According 
to Fig. 15, the hot gas at the flame front and the tip of the flame have the 
highest emission (i.e., Sr < 0), and surrounding the exterior of the flame 
there is a small region of lower temperatures in which absorption 
dominates. Comparing the two scalar fields, we can see that the WSGG 
modeling is in a satisfactory agreement with LBL integration. To 
corroborate this, Fig. 16 compares radiative heat source at the centerline 
of the pool, and radiative heat flux at surface of the pool and a side 
boundary in more details. Table 2 reports the errors concerning the 
WSGG model and the computational cost compared to the gray gas 
assumption. 

4.3. CPU time analysis 

The main advantage of the global models including WSGG model is 
their good accuracy and low computational costs. However, applying 
the superposition method demands a higher number of RTE solutions 
compared to the conventional WSGG models so, assessing the compu-
tational cost of the present models is of great importance. Among the 1-D 
cases, the most computationally expensive WSGG calculations were the 
most complicated test cases (i.e., cases 2, 3 and 5), where RTE was 
solved for 2500 gray gases coupling the WSGG models of five different 
species via the superposition rule. To examine the efficiency of the 
present models, the CPU time of each test case was compared to the gray 
solution via a ratio defined as 

CPU  time =
tWSGG

tGG
(39)  

where tWSGG and tGG are the CPU times of WSGG modeling and the gray 
solution, respectively. The values of the CPU times for each case are 
presented in Table 2. This table indicates that in case 2 onward where 
the superposition method was used, the CPU time of the WSGG solution 
has increased due to the larger number of the needed RTE solutions. The 
comparison presented in case 4 showed that with a very slight increment 
in errors, the WSGG model of premixed gases, namely H2O–CO2, could 
be combined with other gases which considerably decreases the number 
of gray gases and consequently lowers the computational time. 
Comparing the accuracies of the presented gray solutions with those of 
WSGG models, as expected, we see large errors. It is worth noting that 
case 1, in which the CPU cost of the gray model is evaluated, includes 
soot only which causes the case to behave more like a gray medium and 
therefore the WSGG model does not show its best privilege in terms of 
accuracy compared to the gray model. The computations of the present 
work were conducted using a computer with a Core i7-10750H CPU @ 
2.60 GHz and 16 GB RAM and tGG for the 1-D and 3-D cases were 0.012 s 
and 3.8 s, respectively. 

5. Conclusion and remarks 

This research presented new WSGG models for six different hydro-
carbon fuel vapors, CO and soot. The new WSGG models include 4 gray 
gases plus one transparent gas and use fifth-order polynomials to 
describe the temperature dependency of the weighting functions. The 
accuracy of the proposed coefficients was evaluated through comparison 
of total emissivity of WSGG and LBL calculations. Moreover, they are 
further validated by being applied to several benchmarks including one- 
dimensional and three-dimensional cases. The predictions of the present 
WSGG models for radiative heat flux and heat source was compared to 
those of LBL integration method obtained by implementing high reso-
lution absorption spectra. The benchmarks represented various level of 
inhomogeneity of temperature and species’ concentrations in the me-
dium. In the most complex 1-D case, a full combustion scenario con-
taining inhomogeneous distributions of fuel gas, H2O, CO2, CO and soot 
in the gaseous medium were included. Additionally, the complete 
combustion of Methane was studied separately to show the performance 
of the WSGG model in the absence of CO and soot. Furthermore, the 
three-dimensional case confirmed the application of the WSGG models 
in a real fire scenario. In all the validation cases, the present novel WSGG 
models exhibited a good performance in both terms of accuracy and 
computational time. Accordingly, the contributions of this work are 
summarized by followings:  

1) Using the high resolution experimental spectral absorption data of 
Wakatsuki [40] with a resolution of 0.5 cm− 1, new WSGG models 
were developed for vaporized Heptane, Methane, Methanol, MMA, 
Propane, Propylene, and Toluene with temperature of 300–1400K. 
They are totally new to the literature of thermal radiation and pro-
vide an efficient and accurate way for emissivity calculations of these 
gases in various temperatures and pathlengths. More importantly, 
they provide an efficient way to account for the non-gray effect of 
these gases in overall radiation heat transfer of combustion systems. 

2) New WSGG models were presented for CH4 and CO using the ab-
sorption spectra obtained from LBL calculations by implementing 
HITRAN 2008 and HITEMP2010 databases.  

3) A new WSGG model was developed for soot at 300–3000K by 
implementing the correlations of Chang and Charalampopoulos [33] 
for spectral complex index of soot within the Rayleigh theory. The 
new model provides better performance over previous WSGG co-
efficients proposed for soot. Using the same data of spectral ab-
sorption coefficient of soot, a simple correlation is reported for the Fig. 15. Comparison of radiative heat source obtained from LBL integration 

and WSGG model in the 3-D validation case. 
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Planck-mean absorption coefficient of soot for gray calculations. In 
most of the cases, especially with moderate to high soot load, a gray 
assumption for soot showed sufficient accuracy. 

4) To demonstrate the application of the present models, the super-
position rule for coupling different WSGG models was implemented 
and the computational performance of combining the new WSGG 
models with the previously published WSGG models for CO2–H2O 
mixture was addressed. Using a superposition approach for all the 
individual active species drastically increases the number of required 
RTE solutions and therefore CPU costs. It may not affordable for large 
engineering combustion systems. Nonetheless, coupling new WSGG 
models of fuel vapors with those presented previously for CO2–H2O 
mixture and considering soot as a gray medium can reduce the 
number of required RTE solutions in the superposition approach and 
therefore is recommended. It greatly speeded up the calculations 
while the average accuracy loss was generally less than 5%. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.firesaf.2021.103420. 

Appendix B. The obtained WSGG model coefficients 

The WSGG coefficients obtained for different fuel gases, CO and soot are reported in Tables B1–B9.  

Table B1 
The WSGG model coefficients for Heptane  

j κpj(atm− 1m− 1) bj0 bj1 bj2 bj3 bj4 bj5 

1 1.5370 − 7.2135 × 10− 2 7.8347 × 10− 1 − 2.6215 4.0712 − 3.0270 8.7282 × 10− 1 

2 3.6421 × 101 − 1.0995 × 10− 2 − 5.2129 × 10− 1 5.1012 − 1.1597 × 101 1.0527 × 101 − 3.4280 
3 2.0309 × 102 − 9.1656 × 10− 2 9.7741 × 10− 1 − 3.0661 5.1726 − 4.3797 1.4266 
4 1.0552 × 101 − 1.8973 × 10− 1 1.9247 × 10− 1 − 5.7570 8.5436 − 6.3066 1.8305   

Fig. 16. Comparison of (a) radiative heat source on the centerline, (b) radiative heat flux on the pool surface and (c) radiative heat flux on the center line of the right 
side wall obtained by the LBL integration, the present WSGG models in the 3-D validation case. 
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Table B2 
The WSGG model coefficients for Methane  

j κpj(atm− 1m− 1) bj0 bj1 bj2 bj3 bj4 bj5 

1 1.6352 × 10− 1 − 2.5429 × 10− 1 1.8623 − 1.0442 − 1.4615 1.5196 − 3.7806 × 10− 1 

2 1.7250 × 101 − 1.4355 × 10− 1 1.2361 − 2.5390 2.2398 − 9.2219 × 10− 1 1.4638 × 10− 1 

3 1.2668 × 102 − 1.2161 × 10− 2 2.7405 × 10− 1 − 7.3582 × 10− 1 7.7714 × 10− 1 − 3.6778 × 10− 1 6.5290 × 10− 2 

4 2.3385 − 2.4021 × 10− 1 1.8795 − 3.2156 2.2964 − 7.3711 × 10− 1 8.5605 × 10− 2   

Table B3 
The WSGG model coefficients for Methanol  

j κpj(atm− 1m− 1) bj0 bj1 bj2 bj3 bj4 bj5 

1 8.8782 × 10− 1 − 8.0570 × 10− 1 9.3065 − 3.5664 × 101 6.1553 × 101 − 4.9448 × 101 1.5073 × 101 

2 4.8043 × 101 − 1.6725 × 10− 1 2.2709 − 6.9218 1.4289 × 101 − 1.5321 × 101 6.0186 
3 3.6315 × 102 − 8.4146 × 10− 2 1.4266 − 4.5617 6.0885 − 3.6752 8.1627 × 10− 1 

4 1.0724 × 101 − 5.3521 × 10− 1 4.1538 − 5.8363 − 3.4190 1.1388 × 101 − 5.6415   

Table B4 
The WSGG model coefficients for MMA  

j κpj(atm− 1m− 1) bj0 bj1 bj2 bj3 bj4 bj5 

1 8.8704 × 10− 1 2.9493 × 10− 1 − 2.0848 7.3177 − 1.2811 × 101 1.0668 × 101 − 3.3742 
2 3.9451 × 101 − 8.9431 × 10− 1 9.2090 − 2.9388 × 101 4.6127 × 101 − 3.5605 × 101 1.0702 × 101 

3 1.9847 × 102 − 4.2836 × 10− 1 5.3939 − 1.4825 × 101 1.6010 × 101 − 6.6940 5.6874 × 10− 1 

4 7.7937 − 5.2268 × 10− 1 5.0183 − 1.5707 × 101 2.5272 × 101 − 2.0392 × 101 6.4346   

Table B5 
The WSGG model coefficients for Propane  

j κpj(atm− 1m− 1) bj0 bj1 bj2 bj3 bj4 bj5 

1 9.0342 × 10− 1 4.0493 × 10− 1 − 2.8307 8.4037 − 1.2895 × 101 1.0320 × 101 − 3.3724 
2 2.9729 × 101 − 2.7372 × 10− 1 2.4634 − 5.5543 5.2753 − 1.8980 5.4603 × 10− 2 

3 1.7891 × 102 2.4708 × 10− 2 − 1.2564 × 10− 1 1.9339 × 10− 1  6.7240 × 10− 1 − 1.4062 6.7638 × 10− 1 

4 6.7645 − 7.6421 × 10− 1 6.3217 − 1.7276 × 101 2.4754 × 101 − 1.8816 × 101 5.8805   

Table B6 
The WSGG model coefficients for Propylene  

j κpj(atm− 1m− 1) bj0 bj1 bj2 bj3 bj4 bj5 

1 7.4676 × 10− 1 − 8.3629 × 10− 1 8.5443 − 2.7740 × 101 4.0924 × 101 − 2.8509 × 101 7.6318 
2 2.8174 × 101 − 1.0268 9.1590 − 2.4929 × 101 3.0986 × 101 − 1.8302 × 101 4.1608 
3 1.1871 × 102 2.4668 × 10− 1 − 1.1281 × 10− 2 − 3.5468 8.7861 − 8.1240 2.6538  

4 5.8714 8.1020 × 10− 2 − 1.0218 6.7291 − 1.3141 × 101 1.0272 × 101 − 2.8401   

Table B7 
The WSGG model coefficients for Toluene  

j κpj(atm− 1m− 1) bj0 bj1 bj2 bj3 bj4 bj5 

1 1.0561 − 1.7092 2.0121 × 101 − 8.0686 × 101 1.4556 × 102 − 1.2147 × 102 3.8226 × 101 

2 4.1888 × 101 2.7170 × 10− 1 − 3.5907 1.9529 × 101  − 4.0309 × 101 3.5981 × 101 − 1.1782 × 101 

3 2.7454 × 102 9.6399 × 10− 3 6.7764 × 10− 1  -3.1934  5.6735 − 4.5133 1.3530 

4 1.0422 × 101 6.7483 × 10− 1 − 9.4967 4.8507 × 101 − 9.8544 × 101 8.7479 × 101 − 2.8508 × 101   
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Table B8 
The WSGG model coefficients for CO  

j κpj(atm− 1m− 1) bj0 bj1 bj2 bj3 bj4 bj5 

1 1.7920 × 10− 1 − 5.3582 × 10− 3 − 1.4397 × 10− 3 4.0604 × 10− 1 − 5.7254 × 10− 1 2.8282 × 10− 1 − 4.7820 × 10− 2 

2 1.2953 × 101 − 5.7642 × 10− 2 4.2020 × 10− 1 − 7.6297 × 10− 1  6.0302 × 10− 1 − 2.2181 × 10− 1 − 3.1122 × 10− 2 

3 1.2900 × 102 − 1.6152 × 10− 2 1.2220 × 10− 1  -2.2207 × 10− 1  1.7430 × 10− 1 − 6.3464 × 10− 2 8.8012 × 10− 3 

4 1.7918 − 6.7961 × 10− 2 4.2204 × 10− 1 − 5.4894 × 10− 1 2.8819 × 10− 1 − 6.2318 × 10− 2 3.7321 × 10− 3   

Table B9 
The WSGG model coefficients for soot  

j κfv j(m− 1)  bj0 bj1 bj2 bj3 bj4 bj5 

1 1.4530 × 105 1.8613 − 7.7857 1.2809 × 101 − 1.0158 × 101 3.8717 − 5.6880 × 10− 1 

2 2.0836 × 106 2.5975 × 10− 1 − 2.9708 9.6830  − 9.7681 4.1073  − 6.3057 × 10− 1 

3 7.5475 × 105 − 1.1374 1.0625 × 101  -2.1665 × 101  1.8750 × 101 − 7.4578 1.1219 

4 4.2113 × 106 − 3.8367 × 10− 2 4.2159 × 10− 1 -1.4101  1.7225 − 7.5889 × 10− 1 1.1454 × 10− 1  
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