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ARTICLE INFO ABSTRACT
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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 CO, 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
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full-spectrum correlated-k (FSCK) method [8] are the most important
global models beside the weighted-sum-of-gray-gases (WSGG) model
[9]1.

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 H,O to CO> (i.e.
MR = Yg,0/Yco,). 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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Nomenclature

a Weight factor

b Polynomial coefficient

Cc Empirical constant of Rayleigh’s theory

fy Volume fraction (-)

I Total intensity (W/m? sr)

I Blackbody intensity (W/(m? sr))

I, Spectral Planck intensity (W/(m? sr em™))

Spectral intensity (W/(m? sr em™1))
Imaginary part of refractive index
Number of gray gases

Order of polynomial function

Real part of refractive index

Total pressure (atm)

Partial pressure (atm)

Raduative heat flux (W/m?)

Radius (m)

Radiative source term (W/m>)
Temperature (K)

X position (m)

y position (m)

Mole fraction (mol/mol)

The polynomial function in the scalar field ®

TR X, IRT U 22

Greek letters
) Relative error (%)
€ Total emissivity

n Wavenumber (cm ™)

K Absorption coefficient m™bH
D Arbitrary scalar field
Subscripts

j Gray gas index

m Mixture

n Index of number

D Pressure based

s Soot

n 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

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
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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 COy and HyO
mixtures as the main combustion gas products participating in thermal
radiation. Besides the WSGG models reported for the COo—-H,0 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 CO,, H,0, 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 (CyHje),
Methane (CH,4), Methanol (CH3OH), Propane (C3Hg), Propylene (C3Hg),
MMA (CsHgO3) and Toluene (C7Hg). 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 CO, and H,O
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
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where 7 is the wavenumber, x is the position, «;, is the spectral absorption
coefficient and I, 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 ™ '-4000 cm™! with a 0.5 cm™?
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 H,0,
CO3, CO and Methane by line-by-line calculations. Note that the spectra
of HyO and CO; 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 H,O, CO, 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 ™! was chosen for the spectrum from 150 cm™'-15000 cm ™. 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

(a) — — — Methane CO,
— — —H,0 CO
=100
g
°
|
£
L
10°°
<
10° 0 5000 10000 15000
(b) Heptane Methanol MMA
Propane Propylene — — — Toluene
TE ‘
S 0 N
T 100 | 4
E \
=& i
= I
&
107° + b

500 1000 1500 2000 2500 3000 3500 4000
7 (em™)

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, g, is given by

Koy = C}}fl’” (2)

where f, 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 &g, is assumed to be a linear
function, C, 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 C, has been reported to vary with wave-
number [1]. Following Rayleigh’s theory, C, can be calculated as

36xnk,
(n2 — kf + 2)2 + 41m§kf

Cr] = (3)

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

ng = 1.811 +0.1263In(10* /) + 0.027In*(10* / 17) + 0.0417In*(10* / 17)
“4)

k, = 0.5821 + 0.1213In(10* / ) + 0.23091n*(10* / i) — 0.011n* (10* / 1y)
%)

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

C, = f(?:fbncvd'] ©)

fo 11»1d'1
Fig. 2 shows the variation of mean-Planck-weighted C, with tempera-
ture. As seen in Fig. 2, none of the mentioned constant values of C can
accurately estimate C,. Furthermore, Fig. 3 illustrates the soot spectral
absorption coefficient for f, = 107> 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 C, In this work,
non-linear soot absorption coefficients were calculated using Eq. (2) and
by employing Chang and Charalampopoulos’s correlations, i.e. Egs. (4)
and (5).

3 1 1 1 1
500 1000 1500 2000 2500 3000

T(K)

Fig. 2. Changes of mean Planck weighted values of C, with temperature.
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Fig. 3. Linear and non-linear spectral absorption coefficient of a soot cloud
with f, = 107>,

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 «; and an additional gas
representing transparent windows across the spectrum. The radiative
transfer equation for each of the gray gases is written as

— = 5(x) [:(0)1, (x) — L;(x)] ™

where J; is the intensity of the j-th gray gas and g; 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 «;.

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

1 ey

N (8

where kp, is the spectral pressure-based absorption coefficient, L is
pathlength, and p is the partial pressure.
Total emissivity in WSGG model is calculated as

Ng
€= Zaf(TV)(l — e”‘mﬁL) )
=

where Ny is the number of gray gases and T, = T/Trf, where Tyes = 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 = O represents the transparent part of the spectrum
and therefore ko = 0. The weight factor, a;(T), in this work is defined as

N,
a;(T) = max<2bj,,,r;‘,o> 10)
n=0

To ensure the conservation of energy, it is required that
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Ne emissivity databases are obtained for ten pLs chosen in the range of 0.01

a(T) =1 an < 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

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 k,; and bj, are obtained. In the present work, the LBL

Heptane Methane

: : : - T T T T
pyL=10 atm-m PyL=1atmm
p L= 10 atm.m
L= 0.05 at pyL= 0.1 atmm
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— pyL=0.02 atm.m _— Py L= 0.01 atm.m
Zott ] £
= p L= 0.01 atm.m =
Z 7 1072t J
g g
) 55
3 El
& &
1073 1 k!
® LBL integration ® LBL integration
WSGG WSGG
. . . L L L 101 . . . .
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0.5 F 4
0.4} p L= 10 atmm
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03} i _
‘: ‘: p L= 0.05 atmh
., z
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3 2
0.1F il 107 1
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= = .
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g g
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3 3
5 5
= =
e LBL integration e LBL integration
K WSGG WSGG
L L L L L L 102 I . . L L L
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®  LBL integration

WSGG
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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. Ny = 4, and a fifth-order polynomial was
employed for the weight factor a;(T), i.e. N, = 5.

In the fitting procedure, the Least Square method was used as the
optimization method in MATLAB software and the constraints of k,; > 0,
a(T) > 0 and E]{Vjoaj(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, a;(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., C, = 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.

co

T T T T T T

1071+

pyL= 10 atm.m

H
<
L

Total Emissivity (-)

103

® LBL integration

Present WSGG
— — — Brittes et al.(2017) WSGG

500 1000 1500 2000 2500 3000
T(K)

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].
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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].

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 «p;. 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

Ko (X) = K1 jy (X) + Koy (%) + -+ + Ky, (%) 12

gy (X) = @1y (x) X a2, (X) X o0 X Oy, (x) 13)
where index m refers to the mixture and 0 < j,, < Ng,. Therefore, if each
non-gray component is modeled with N gray gases, the total number of
gray gases of the mixture will be

Ngm :(N31+1)X(N§Z+1)X e X (Ngm+l) 14)

It is worth noting that in this formulation, the transparent windows of
each component must be considered. Thus 0 <j < N,, and conse-
quently, the number of gray gases of a component is equal to Ng, + 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 < Ng,.

Finally, it is important to note that, while the formulation described
in this section has historically been named the superposition method in
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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

dry, )

M = Koy (0 I (3) = 1) as)
dl,, B

= g (3) [ (5) = 1) 16)

where y; = cos(0)) is the direction cosine of angle [, and IIZ and I, are the

spectral radiative intensities propagating along direction l in the forward
and backward directions, respectively (see Fig. 7). Solving Egs. (15) and
(16) for all the directions and integrating over the spectrum, the radi-
ative heat flux, q,, and radiative source term, S,, are obtained as

q-(x) = ,2:1: /’7271\4/,;4, [I:Ir_l(x) - 1;,(x)]d17 a7

S.(x) = Z /27[K,7(x)w, {I%(x) + I,]’_/(x)] — dricy (X)WL (x)dn (18)

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

dr;
U dle = Koy (%) |y (X (x) = I (%) 19
« L )
I;(x)
X >

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

—H, d’;“ = Koy (x) {amj (O)Iy(x) — L, (x)] >

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

2awip [I;M () 1, (x)] 21)

2K, (X)W [ﬁ () + 1~ (x)] — 47k, ()wiay, (), (x)  (22)

mj mj

where Ij,'l“ and I;lj , 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 = latm. 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 ™! were adapted to the
resolution of 0.02 cm ™! used in LBL absorption spectra of CO, CHy4, CO4
and H»O.

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

_ |(PWS(;G(X) - (pLBL(x)‘
8(x) = m x 100% (23)

where gwsgg(x) and ¢ppr(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 HoO and CO,, the coefficients reported in
Ref. [51] were utilized wherever needed as separate gases. In Table 1,
FG stands for fuel gas.

Table 1
1-D test cases.
Case K T (K) Fuel Radiatively Mole/Volume
(atm'm™1) active fraction (mol/
components mol) (m®/m®)
1 k() 1000 - Soot f,=10"°
2 k() 1000 Methanol, Fuel gas, H,0, Yrg = 0.04,
MMA, CO,, CO, soot Yu,0 = 0.1,
Propane Yco, = 0.05,
Yco = 0.04, f,
=107
3 k(n, x) T(x) Heptane, Fuel gas, H,0, Yrg = 0.04,
Propylene, CO,, CO, soot Ym0 = 0.1,
Toluene Yco, = 0.05,
Yco = 0.04, f,
=107
4 (1, x) T(x) Methane Fuel gas, H,0, YrG(2),
CO, Yu,0(x),
Yco, (%)
5 x(n, x) T(x) Propane, Fuel gas, HyO, Yrc(x),
Propylene, CO,, CO, soot Yu,0(x),
Toluene Yco, (x),

Yo, fux)
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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 f, = 10> 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. Egs. (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

K=aT’+bT +cT+d (24
where a = 2.156 x 107° K3, b= —0.2889 K % ¢ = 1804 K ' and d =
—-2.012 x 10° K.

Test case 2: In the second case, a full combustion scenario including
fuel gas, H,0, CO,, CO and soot was studied. In this case, the mixture
temperature was set to T = 1000K and mole fraction of the components
were Yrg = 0.04, Yi,0 = 0.1, Yeo, =0.05, Yoo =0.04 and f, =1077. On
top of the WSGG models reported here, those of Ref. [51] were
employed for HoO and CO» 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.
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Table 2
The maximum and average relative errors and the CPU time.
Case Ng(a) Smax(%0) Baverage(%0) CPU time
qr Sr qr Sr
1 1 15.43 48.51 13.58 1830  1®
2 ([28D 10.22 11.59 3.39 1.98 1.9
3 ([28D 3.93 9.41 1.56 1.48 2.4
4 ([28D) 7.98 17.01 3.62 2.12 29
4 ([41D 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 ([13D) 4.39 8.28 1.95 3.93 12.9
25 ([3D) 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
@ N = number of required RTE solutions.
® t p1/tee = 90909.
© tp1/teg = 52631.
6
3.5 <107 ‘ ‘ . ‘ ‘
3L 4
25} ]
o 2r 1
€ 15 ¢ B
1k 4
0.5} 1
e LBL
Fitted correlation
0 1 L L 1 L L
500 1000 1500 2000 2500 3000

Fig. 9. The Planck-mean absorption coefficient of soot calculated by the LBL
integration and Eq. (24) at f, = 1.

T(x) = 300K + 1100K sin*(zx)

T(K)

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

-500
e & -1000
N =
= =
= =
= = 1500
-2000
-2500
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
z (m) z (m)
o LBL(Chang correlations); Present WSGG; Cassol et al.(2014) 3GG; --—-—- Coelho et al.(2019) 4GG
o LBL(Linear approximation); — — —-Cassol et al.(2014) 2GG; -----Cassol et al.(2014) 4GG; --+--Gray gas

Fig. 8. Results of the test case 1.
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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.

products is only composed of Methane, H;O and COs. In this case, the
WSGG coefficients for Methane obtained in this work and the co-
efficients for HoO and CO; 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 HoO—CO5 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 HyO-CO3 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

60

calculated for the mixture of the H,O and CO; 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, H,O and CO; are defined in Egs.
(26)-(29), respectively. The considered profiles for temperature and

species concentrations are shown in Fig. 11.

T(x) = 400K + 1000K sin*(mx) (26)
Yitethane (x) = 0.03 sin® (nx) 27)
Yi,o0(x) = 0.12 sin® (27x) (28)
Yeo,(x) = 0.06 sin*(27x) (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 HoO-CO, 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 Hy0, CO,, CO and soot exist in the medium. The considered
profiles for temperature and mole fractions of fuel gas, water vapor,
CO3, CO, and soot are given in Egs. (30)-(35), respectively, and they can
be found in Fig. 11. If the WSGG models for HyO and CO- 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 sin®(zx) (30)
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Fig. 12. Results of the test case 3.
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Fig. 13. Results of the test case 4.

Yre(x) = 0.04 sin®(zx) (31)
Yi,0(x) = 0.1 sin®(27x) (32)
Yco,(x) = 0.05 sin®(27x) (33)
Yeo(x) = 0.04 sin® (27x) 34
fi(x) = 1077 sin* (2zx) (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
a2.4 x 2.4 x 4.75 m°® 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 =

150

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

The species of Heptane, H,O, CO,, 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

D11,0,005,C000,7 (7, 2) = Max ( i wi(r)(1 —e™%), l) (36)
<
.
D peprane (1, Z) = min (max ( Z w;(r) (1 —e™5), 1) 1 ) (37)
=
where
wj(r) = ibj.nr" P r=min(y/¥ +)7,1.2m) (38)

n=0

In Eq. (36), @ represents temperature or species’ concentrations. The
constant [ was used for bounding the imposed profiles, with [ = 0 for
calculating species’ concentrations and [ = 293.15K for temperature
profile. The values of ¢; and bj, coefficients depending on the scalar ®
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 HoO-CO, 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 x 48 x 95,
uniformly-spaced grid cells mesh, which yields volume cells with a
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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., S; < 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

LBL WSGG
0

-100

- -200
B

—_ --300
& E
R )
75}

-400

-500

-600

-1

-0.5
x(m)

Fig. 15. Comparison of radiative heat source obtained from LBL integration
and WSGG model in the 3-D validation case.
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. I3
CPU time = 23¢¢

(39)

GG

where tysgg 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 HoO-CO, 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, HoO, CO3, 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’l, 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.

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
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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.

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.

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 CO,-H0
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 CO,-H0
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 B. The obtained WSGG model coefficients

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

Table B1
The WSGG model coefficients for Heptane

j Kpiatm'm™) bjo bj by bj bjs bjs

1 1.5370 —7.2135 x 1072 7.8347 x 107! —2.6215 4.0712 —3.0270 8.7282 x 107!
2 3.6421 x 10! ~1.0995 x 1072 —5.2129 x 107} 5.1012 —1.1597 x 10! 1.0527 x 10! —3.4280

3 2.0309 x 10? —9.1656 x 1072 9.7741 x 107! —3.0661 5.1726 —4.3797 1.4266

4 1.0552 x 10" ~1.8973 x 107! 1.9247 x 107! —5.7570 8.5436 —6.3066 1.8305
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Table B2
The WSGG model coefficients for Methane
j xpj(atmflmfl) bjO bjl bjz bj3 b]'4 b}'S
1 1.6352 x 107! —2.5429 x 107! 1.8623 —1.0442 ~1.4615 1.5196 —3.7806 x 107!
2 1.7250 x 10! ~1.4355 x 107! 1.2361 —2.5390 2.2398 -9.2219 x 107} 1.4638 x 107!
3 1.2668 x 102 -1.2161 x 1072 2.7405 x 107! ~7.3582 x 107} 7.7714 x 107} ~3.6778 x 107! 6.5290 x 1072
4 2.3385 —2.4021 x 107! 1.8795 —3.2156 2.2964 —7.3711 x 107! 8.5605 x 102
Table B3
The WSGG model coefficients for Methanol
j Kpj(atm’lm’l) bjO b]‘ bj2 bj b]‘4 bjS
1 8.8782 x 107! —8.0570 x 107! 9.3065 —3.5664 x 10! 6.1553 x 10! —4.9448 x 10! 1.5073 x 10!
2 4.8043 x 10! —~1.6725 x 107! 2.2709 —6.9218 1.4289 x 10! —~1.5321 x 10} 6.0186
3 3.6315 x 102 —8.4146 x 1072 1.4266 —4.5617 6.0885 —3.6752 8.1627 x 107*
4 1.0724 x 10! —5.3521 x 107} 41538 —5.8363 —3.4190 1.1388 x 10! —5.6415
Table B4
The WSGG model coefficients for MMA
j Kpj(atm’lm’l) bj bj1 bj bj3 b; bjs
1 8.8704 x 107! 2.9493 x 1071 —2.0848 7.3177 —1.2811 x 10! 1.0668 x 10! —3.3742
2 3.9451 x 10! —-8.9431 x 107! 9.2090 —2.9388 x 10! 46127 x 10 —3.5605 x 10! 1.0702 x 10!
3 1.9847 x 102 —4.2836 x 107! 5.3939 —1.4825 x 10! 1.6010 x 10' —6.6940 5.6874 x 107
4 7.7937 —5.2268 x 107! 5.0183 ~1.5707 x 10! 2.5272 x 10! —2.0392 x 10! 6.4346
Table B5
The WSGG model coefficients for Propane
j Kpiatm'm ™) bjo bj bj> bjs bj. bjs
1 9.0342 x 1071 4.0493 x 107! —2.8307 8.4037 —1.2895 x 10! 1.0320 x 10! —3.3724
2 2.9729 x 10! —2.7372 x 1071 2.4634 —5.5543 5.2753 —1.8980 5.4603 x 1072
3 1.7891 x 102 2.4708 x 1072 —1.2564 x 107! 1.9339 x 107! 6.7240 x 107" —1.4062 6.7638 x 107
4 6.7645 ~7.6421 x 1071 6.3217 ~1.7276 x 10! 2.4754 x 10! —1.8816 x 10! 5.8805
Table B6
The WSGG model coefficients for Propylene
j Kpj(atm’lm’l) bjO bjl bjz bjg bj4 bjS
1 7.4676 x 107! —-8.3629 x 107! 8.5443 —2.7740 x 10! 4.0924 x 10! —2.8509 x 10! 7.6318
2 2.8174 x 10! —~1.0268 9.1590 —2.4929 x 10! 3.0986 x 10! —1.8302 x 10! 4.1608
3 1.1871 x 102 2.4668 x 107 ~1.1281 x 1072 —3.5468 8.7861 —8.1240 2.6538
4 5.8714 8.1020 x 1072 -1.0218 6.7291 —1.3141 x 10 1.0272 x 10! —2.8401
Table B7
The WSGG model coefficients for Toluene
j xpj(atm m 1) bjO bjl bjz bj3 bj4 bjS
1 1.0561 ~1.7092 2.0121 x 10! —8.0686 x 10! 1.4556 x 10° —1.2147 x 10% 3.8226 x 10!
2 4.1888 x 10! 2.7170 x 107? —3.5907 1.9529 x 10! —4.0309 x 10! 3.5981 x 10! -1.1782 x 10!
3 2.7454 x 10? 9.6399 x 1073 6.7764 x 1071 -3.1934 5.6735 —4.5133 1.3530
4 1.0422 x 10! 6.7483 x 107! —9.4967 4.8507 x 10} —9.8544 x 10! 8.7479 x 10} —2.8508 x 10!
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Table B8
The WSGG model coefficients for CO

Fire Safety Journal 125 (2021) 103420

j Kp}-(atmflmfl) bjO bjl bj2 bjg bj4 bjS
1 1.7920 x 107! —5.3582 x 1072 ~1.4397 x 1073 4.0604 x 107! —5.7254 x 107! 2.8282 x 107! —4.7820 x 1072
2 1.2953 x 10! —5.7642 x 1072 4.2020 x 107! ~7.6297 x 107! 6.0302 x 107! -2.2181 x 107! —-3.1122 x 1072
3 1.2900 x 102 ~1.6152 x 1072 1.2220 x 107! -2.2207 x 107! 1.7430 x 107! —6.3464 x 1072 8.8012 x 1073
4 1.7918 —6.7961 x 1072 4.2204 x 107! —5.4894 x 107! 2.8819 x 107! ~6.2318 x 102 3.7321 x 1073
Table B9
The WSGG model coefficients for soot
J i m ") bjo by by b3 bja bjs
1 1.4530 x 10° 1.8613 ~7.7857 1.2809 x 10! -1.0158 x 10 3.8717 —5.6880 x 107!
2 2.0836 x 10° 2.5975 x 107! —2.9708 9.6830 —9.7681 4.1073 —6.3057 x 107
3 7.5475 x 10° ~1.1374 1.0625 x 10! -2.1665 x 10 1.8750 x 10 ~7.4578 1.1219
4 4.2113 x 10° —3.8367 x 1072 4.2159 x 107! -1.4101 1.7225 —7.5889 x 107! 1.1454 x 107!
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