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Abstract. In turbulent reactive fluxes, it is important to include the effects of the Turbulence-Radiation interaction (TRI). If
not included, it can lead to large errors in the predicted radiant heat flow and in the radiation fraction of the flame. The
objective of this paper is to test the accuracy of the different WSGG models under the effects of TRI when compared to the
Line-by-line integration (LBL) method. The WSGG models were tested for three different levels of turbulence intensity
(TI): 0%, 40 % and 60 %. The WSGG models that were analyzed showed an average of 5 % in the differences between the
models and the LBL benchmark solution for both the source term and the radiative heat flux. There is slight improvement in
the accuracy of the WSGG models with the increase in the turbulence intensity. This study brings as a contribution the
investigation of the turbulence effects in reactive flows. The results are discussed based on the accuracy of the analyzed
WSGG models.
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1. INTRODUCTION

Turbulence-Radiation-Interaction (TRI) combines the challenges of thermal radiation and turbulence modeling, the
former being the main heat transfer mechanism for high-temperatures applications, the latter being the most common
regime of fluid flow. For turbulent reacting flows, TRI effects are known to be important, to be important neglecting this
effects can lead to errors of more than one order of magnitude in the prediction of radiative heat fluxes and radiant fraction
of flames (Coelho, 2007).

Even in laminar flows, or when the radiative transfer is solved in a decoupled manner from the other physical processes,
a major challenge in modeling the radiation exchange is capturing how the radiative properties of a participating medium
(i.e., a medium that emits, absorption and/or scatter radiative energy) vary with the radiation spectrum. Several spectral
models have been developed for this purpose, encompassing different levels of complexity, computational cost and accuracy.
However, considering that turbulence affects distinct regions of the radiation spectrum in different manners (Hall and
Vranos, 1994), it may be the case that the performance of these spectral models are not be the same when evaluated in the
presence or absence of turbulent fluctuations. In spite of this, to the best knowledge of the present authors, there has not
been much effort in including TRI effects in evaluations of the accuracy of spectral models.

A notable exception is the series of studies by Krishnamoorthy and collaborators (Krishnamoorthy, 2012, 2010;
Krishnamoorthy et al., 2005b,a),, which attempted to incorporate the effect of turbulent fluctuations in the evaluation of
non-gray and gray gas radiation models. In those studies, only TRI effects on the radiative emission were considered, and
were modeled through a simple approximation developed by Snegirev, 2004, that determines the mean emission in terms of
the mean temperature, mean species concentrations and temperature variance. Absorption TRI was neglected by invoking
the optically thin fluctuation approximation, OTFA (Kabashnikov and Kmit, 1979).

In this framework, the present study analyzes the accuracy of different weighted-sum-of-gray-gases (WSGG) models, in
the presence of turbulent fluctuations. The reference for the calculations is provided by the line-by-line (LBL) integration
methodology, which is applied based on the high-resolution spectral HITEMP2010 database (Rothman et al., 2010).
The analyses are carried out for a one-dimensional medium slab with prescribed temperature, medium composition and
temperature variance fields (the latter being important for incorporating the effects of turbulence on the results). The
temperature and medium composition profiles are the same as in a previous paper (Dorigon et al., 2013), which also studied
the accuracy of the WSGG model, but without considering the effect of turbulent fluctuations.
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2. THEORETICAL BASIS
2.1 Thermal radiation in participating media

The radiative transfer equation (RTE) describes the variation of the spectral radiation intensity, /,, along an optical path
s. For a non-scattering medium, as it is considered in all cases studied here (following Dorigon et al., 2013) the RTE is
given by (Modest, 2013)

dr,
ds

=_K77177+Kr]1b179 (D

where 1,,, is the spectral blackbody radiation intensity or Planck function, «;, is the spectral absorption coefficient, and 1
denotes the dependence on the radiation spectrum. In this equation, note that the first and second terms on the right-hand
side represent the radiative energy locally absorbed by and emitted by the medium, respectively.

It is important to highlight for later use the spectrally-integrated form of Eq. (1), which is given as

ds

d :—KG1+KPIb. (2)
A\

In this equation, I and I}, are the total local intensity and blackbody intensity (i.e., I = /000 Ipdnand I, = /000 Iy, dn), and
kg and kp are the incident-mean and Planck-mean absorption coefficients, respectively, which to ensure the consistency of
the formulation, are defined as kg = fooo kplydn /Iand kp = /Ooo kplpy dn [1p.

2.2 Line-by-line (LBL) integration

Note that if full knowledge is available pertaining to the dependence of the spectral absorption coeflicient ;, on the
local thermodynamic state and on the radiation wavenumber, Eq. (1) can be solved directly (subjected to an appropriate
boundary condition), so that the total intensity can be determined by integrating the resulting spectral intensity. This is the
so-called line-by-line (LBL) integration method, which is regarded as the most accurate solution approach for the spectral
part of the radiative transfer problem, and is often used as the benchmark for evaluations of spectral models (see, e.g.,
Kangwanpongpan et al. (2012); Dorigon et al. (2013); Bordbar et al. (2014); Cassol et al. (2014)).

In this paper, all information on k, is taken from the HITEMP 2010 database (Rothman e al., 2010). The absorption
spectra of H,O and CO, (the only species considered to participate in the radiative transfer process for the present
calculations) are extracted for 150000 spectral intervals between 7 = Ocm™! and = 10*cm™!, yielding a spectral
resolution of 0.067 cm™!. Spectral line broadening is described by the Lorentz profile, adopting a line-wing cutoff of
40 cm™! for water vapor and 800 cm™! for carbon dioxide. For H, 0, the absorption spectra are constructed at partial
pressures of 0.01 atm, 0.1 atm, 0.2 atm and 0.4 atm (the total pressure is always set to 1.0 atm), with linear interpolation
adopted for intermediary partial pressures; for CO,, since it does not present a significant self-broadening effect (Howell
et al., 2016), the spectrum for any partial pressure is determined by linear interpolation of data produced at 0.1 atm. For the
temperature, the spectral data are generated for temperatures between 400 K and 2400 K, in intervals of 100 K, and linear
interpolation is again adopted for intermediary temperatures. More information on the procedure to obtain the H,O and
CO, absorption lines is given in Dorigon et al., 2013; Cassol et al., 2014.

2.3 The weighted-sum-gray-gases (WSGG) model

The WSGG model replaces the complex absorption spectrum of a participating medium by a small set of J gray gases
with constant absorption coefficient that occupy non-contiguous spectral intervals, and transparent windows with null
absorption coefficient. Based on this representation, the integration of Eq. (1) across the spectral interval corresponding to
a single gray gas results in (Modest, 1991)

di;

EZ—Kj1j+Kjaj1b, (3)
where I; represents the partial intensity of gas j, while «; is its absorption coefficient, and a; its emission weighting
coefficient, which represents the fraction of blackbody energy that lies within the spectral intervals corresponding to gas j.
The total intensity is determined after Eq. (3) has been solved for each gray gases (as well as for the transparent windows, to
which the index j = 0 is assigned) as a sum of all partial intensities, = ZJJ.ZO I;.

The dependence of «; and a; on the local thermodynamic state of the medium is typically determined by fitting the total
emittance to some reference data. Several WSGG formulations, differing on how this dependence is expressed, have been
developed so far, usually applicable to a specific range of applications (e.g., air-fuel combustion at atmospheric conditions,
oxy-fuel combustion, sooting flames). Here, some of the most widely used, contemporaneous WSGG correlations are
considered: the formulation of Dorigon et al., 2013, applicable to methane-air combustion; the superposition methodology
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proposed by Cassol et al., 2014; the model by Yin, 2013, that encompasses many different products of air-fuel combustion;
and the formulations of Kangwanpongpan et al., 2012, and Bordbar et al., 2014, that were originally developed for oxy-fuel
combustion. Each one of these formulations is briefly described below.

* Bordbar et al., 2014 (B. et al.): In this formulation, besides depending on the local temperature and partial pressure
of the participating medium, the WSGG coeficients also depend on the ratio between the mole fractions of H,O
and CO,, thus making it possible to account for media where this ratio varies (as it is the case in real combustion
applications).

e Cassol et al., 2014 (C. et al.): The formulation uses a particular formulation where WSGG coefficients for the
individual participating species (here, H,O and CO,) are superposed through statistical arguments. Therefore, it can
also account for scenarios where the H,0/CO, mole fraction ratio varies.

* Dorigon et al., 2013 (D. et al.): It accounts for H,0-CO, mixture with fixed mole fraction ratio.

 Johansson et al., 2011 (J. et al.): It is similar to that of Bordbar et al., 2014. However, while the latter was developed
specifically for oxy-fuel scenarios, this one allows for both air-fuel and oxy-fuel conditions.

» Kangwanpongpan et al., 2012 (K. et al.): It introduces two formulations. In the first, coefficients are available for
fixed values of the H,O0/CO, mole fraction ratio, similarly to Dorigon et al., 2013. In the second, the coeflicients
depend on that ratio, in a similar manner as Bordbar et al., 2014.

* Yin, 2013 (Y. et al.): It is similar to the WSGG formulation of Dorigon et al., 2013, but its coefficients were generated
based on a different (and less up-to-date) spectral database.

2.4 Turbulence-radiation interaction (TRI)

The TRI arises from the highly non-linear coupling between fluctuations of the temperature and medium composition
and fluctuations of the radiation intensity (Coelho, 2007). To illustrate this, consider the time-averaging of Eq. (1), which
leads to

iy
ds

oy o ol @

where the time-averaging operation is represented by the overbar. In the presence of turbulent fluctuations, the correlations
that appear on the right-hand side of this equation often cannot be neglected—i.e., m # K_,,I_,] and kI, # Em
Moreover, the values of both k;; and E may differ significantly from these quantities evaluated at the mean temperature and
mean medium composition. These two factors combined explain the large errors that occur when the mean radiation field is
solved on the basis of mean quantities only, as it is common in RANS simulations of turbulent combustion. Comprehensive
reviews on the state-of-the-art of TRI studies and modeling are reported in Coelho (2007), and Modest and Haworth (2016).

To reduce the complexity of the problem while still partially capturing the TRI effects, this paper invokes the OTFA for
modeling «;1;. This approximation simplifies the mean absorption term by neglecting the cross-correlation between the

absorption coefficient and the local intensity, yielding 1, = K_,II_,] The validity of such approximation has been verified
for a number of non-sooting turbulent flames (Coelho, 2007). The model developed by Snegirev, 2004, is adopted for the
emission term, originally introduced for approximating the mean total emission and given as

) : 5)
T

where the total blackbody intensity evaluated at the local mean temperature is represented by I, (T), and Crgy,; (= 2.5) and
Crri 2 are the constants of the model. As it was done in previous applications of Snegirev’s model—as, for example, in the
series of studies by Krishnamoorthy and collaborators (Krishnamoorthy, 2012, 2010; Krishnamoorthy et al., 2005b,a)—the
last term of Eq. (5) is neglected by setting Crgr> = 0, in which case the model can be straightforwardly applied for
approximating &, 15,

- . = T2 T2 9k
kplp = kplp(T)| 1+ 6Crri 1 — +4CrrIn—= =
T xpl 0T

o 7
Knlpy = Kr]Ibq(T) (1 +6Crr1,1 ?) > (6)

—_—
B

where the Planck function evaluated at the mean temperature is represented by 1, (T). Assuming the term within
parenthesis in the above equation as an emission-TRI correction factor 5, the final form of the time-averaged (spectral-based)
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RTE solved in this study is given as

i
ds

= ~Kyly + By lpy (T) . (7

In an analogous manner, the time-averaged form of the RTE in the framework of the WSGG model is obtained by
time-averaging Eq. (3):
a; —
d__;‘:—KjIj-'-Kjajlb. ()

Following similar modeling approaches as those adopted for Eq. (4), the above equation becomes

a;, -

d—sf = -x;1; + pr;a;(T)1(T), 9)
with a; (T) the weighting coefficient evaluated at the mean temperature. For k}, as well as for k3, in Eq. (7), the value of the
quantity evaluated at the mean temperature and mean medium composition is used for the present calculations.

3. METHODOLOGY

For the purpose of testing the accuracy of the spectral models in the absence and presence of TRI, the RTE was solved
using the discrete ordinate method (DOM), different from the domain used in a previous study (Gomes et al., 2020) that used
the line-of-sight domain, now is used a one-dimensional (1D) domain. Seven WSGG models are simulated together with
the LBL model. These models are simulated for three different levels of TRI, characterized by intensities of temperature
fluctuations (or turbulent intensities, T.I.) of 0 %, representing the absence of TRI, 40 % and 60 % representing the presence
of the TRI in the flow. In order to combine the turbulence and radiation, the temperature variance is calculated Eq. (10),
then through the artificial introduction of a temperature field and the turbulent intensity (T.1.) in the 8 Eq. (11) term.

7% = ((T.1.)T)?, (10
7

B=1+6Crpi1— (11)
T

The temperature profiles, used according to Dorigon ez al. (2013), are shown below
T(x*) = 400K + (1400 K) sin’(7x") , (12)
T(x*) = 400K + (1400 K) sin® (27x*) , (13)

02 % . %
T = {880K+ (920K) sin?(27x*)  if x* <0.25 "

400K + (1400K) {1 - sin®/? [3x(x* = 0.25)]}  if x*>0.25

The term x* represents a middle point of the path, and can be defined by x* = x/I, where x is the point in the beginning
of path and [ is the final point (considering / = 1 m). The profiles of molar concentrations of CO, for the six cases are
shown below

Yco2 ()C*) =0.1 ) (15)

Yo, (x) = 0.2sin’ (mx") , (16)

Yo, (x*) = 0.2sin®(27x") , (17)
0.25sin*(27x*)  if x* <0.25

Yco, (x") = ( . ; { . (13)
0.25 {1 — sin [in(x - 0.25)]} if x*>0.25

Altogether there are three profiles of temperature profiles and of molar fractions concentrations, combined in six cases,
according to the combinations indicated in Table 1.

It is worth noting that the increase in turbulence intensity from 0 % to up to 60 % was made in order to find out if there
will be variations in the errors in computing the heat source and radiative heat flux with the different WSGG models.
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Table 1. Cases used by Dorigon et al., 2013

Case \ 1 2 3 4 5 6

Temperature profile Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Egq.(14)
Molar concentration profile | Eq. (15) Eq.(15) Eq.(15) Egq.(16) Eq.(17) Eq.(18)

Table 2. Differences between LBL and WSGG models for different levels of temperature fluctuation intensity, values
without parentheses represent the maximum difference of errors, values with parentheses represent the average difference
between errors

B.etal. C.etal D.etal J. etal K. etal(Fix.) K.etal(Var) Y.etal

Source:
TIL =0% 6.19 9.09 6.03 5.32 7.21 11.73 8.67
4.25) (5.76) (3.86) (2.22) (5.32) (7.75) (5.02)
T.I. =40 % 8.35 8.92 7.98 7.62 8.35 11.56 8.49
4.22) (5.73) (3.85) (2.25) (5.28) (7.70) (5.02)
T.I. = 60 % 8.76 8.96 8.36 8.07 8.77 11.53 8.45
“4.21) (5.72) (3.84) (2.26) 5.27) (7.69) (5.02)
Flux:
TI =0% 7.52 14.87 5.83 6.59 11.62 18.45 7.32
4.09) (10.34) 3.19) (1.41) (7.27) (12.42) (3.82)
T.I. =40 % 7.24 14.50 5.56 6.79 11.30 18.11 7.10
(3.89)  (10.06) (3.04) (1.50) (7.02) (12.16) (3.75)
T.I. = 60 % 7.18 14.43 5.51 6.83 11.24 18.04 7.05
(3.85)  (10.00) (3.02) (1.52) (6.97) (12.11) (3.74)

4. RESULTS AND DISCUSSIONS

Figures 1 and 2 present the radiative heat source (S,) and radiative heat flux (¢}) obtained with the LBL integration and
the six WSGG models mentioned in the previous section.

Note that the two formulations of the model of Kangwanpongpan et al., 2012 are included: the one for a fixed mole
fraction ratio and the one for a variable mole ratio. The results shown in Figs. 1 and 2 correspond to Case 1; the other cases
yielded similar results and will only be briefly discussed here, for the sake of conciseness.

From Figs. 1 and 2, it is possible to see the increase in the radiation heat transfer as the turbulence intensity increases.
The values of the radiative heat source and flux increase significantly in the presence of the TRI. For instance, in all WSGG
models the radiative heat flux in some points presented a difference of approximately 200kW /m? when comparing the results
with T.I. of 0 % (no-TRI) to those with a T.I. of 40 %, while for T.I. of 60 % the difference reached approximately 400kW /m?.
Regarding the radiative heat source, between T.I. of 0 % and 40 %, the WSGG models showed a maximum difference of
approximately 1500kW /m?>, while the maximum difference between 0 % and 60 % is approximately 3000kW /m?>.

The Johansson et al., 2011, WSGG model presents values closer to the LBL model values than the other WSGG models.
The maximum and domain-averaged values of the normalized errors of the seven WSGG models are reported in Table 2 for
more details. Evaluating the results of all simulated WSGG models, the following information was obtained: when related
to the source term, the WSGG model of Johansson ez al., 2011, was closer to the LBL method, with an average mean error
of 2.2 %, followed by Dorigon et al., 2013; Bordbar et al., 2014; Yin, 2013; Kangwanpongpan et al., 2012 (Fixed), Cassol
et al., 2014; Kangwanpongpan et al., 2012 (Variable), with the respective approximate values of 3.8 %, 4.2 %, 5 %, 5.3 %,
5.7 % and 7.7 %. Regarding the radiative heat flux, the mean of the average errors presented an order similar to the models
in the source term, changing the order only between the Yin, 2013 and Bordbar et al., 2014 models, the following order
being J. et al., D.etal., Y. et al., B. et al., K. et al.(Fixed), C. et al. and K. et al.(Variable), with the respective values 1.5 %,
3.1%, 3.7 %, 4 %, 7.1 %o, 10 % and 12.12 %.

It is also worth noting that the models with less accuracy are the ones developed for a varying H,O0/CO, mole fraction
ratio, Kangwanpongpan et al., 2012(Variable) and Cassol et al., 2014 , which uses the superposition methodology. This



B.L.Z. Gomes, G.C. Fraga and F.H.R. Franga
Analysis of Thermal Radiation Models in the Presence of Different Levels of Turbulent Fluctuations

1000 T ™ T T T
,;;f,:‘;\ ‘c;*[.?;f 400 | B. er al. ,.,;.; ““, |
< ol M 1o 20 S ]
~ \?\Q 5o L ’/‘
E —1000 |- s ,Al.l’ - E 07W*
LYW p
e .‘ ¢ ’I ?/ Lo PN 4
v —2000 . ’9 - ~§ -200 ...‘\AAA_AA:/ B
%es’ !'\0../-/
—~3000 7]‘3. et al. "’ B —400 |- | ° | B
1000 T — ‘ ‘ ‘
Y BT 400 | C. et al. e |
Jg 0 w | (\/g 200 |- ,‘:fATm“‘ZA‘A; |
= -1000| L | = e
E ‘PQQAA'AII é = W |
~ —2000 |- PO & 1 sk 00| Meaeaasst |
“ \ o ) .\... U.
~3000 | C.etal. %% B —400| e E
1000 T T = T T T
’.,.;_.‘.\ “.‘.;2\ 400 |- D. et al. ‘.’.i.,.‘ -
- | ) R Sy, | - / .
3 0 W g 200 I ,.: N
< g I
s —2000 | . 1 o3& —200f ..‘“Auad.l i
. ..
—3000 | D.etal s | —400 e qe® |
1000 \ — — ‘ —
RIS Latsy 4001 5 et al, e,
RN WIS p P
P N > - f i
g W N g 200 N,
Ny \Q\‘\ ,!:‘ E }‘
i —1000 - ‘;“,M’}' . z ol W h
¥ 2000 - . 1 o3& 200) .\:mw,‘r |
°» ° ° o.‘ /
_3000 L1k - 400 B
0 0.5 1 0 0.5 1
X (m) x (m)

WSGG: —T.1.=0% ---T.1.=40% ---T.I.=60%
LBL: « TI.=0% =+ T.I.=40% e T.I.=60%

Figure 1. Case 1 - Different source term and radiative heat flux for models WSGG (1)

is to be expected, since in the cases considered here the mole fraction ratio is always constant. On the other hand, it is
important to highlight that the Bordbar ez al., 2014 model also uses coefficients for ratios of variable molar fractions, but it
presented more accurate values than even the Yin, 2013, model.

In general, there is no specific influence of T.I. on the accuracy of the WSGG model, and, in fact, all of the tested
formulations behave similarly when subjected to the effects of TRI. A similar finding was made in a previous study by us
(Gomes et al., 2020), which studied the accuracy of different WSGG models, when subjected to varying levels of turbulence
in estimating the radiation intensity along several line-of-sights for the Sandia flame D.

To illustrate how the findings for Case 1 are similar to those for the other cases, Fig. 3 compares the results for the
radiative heat source and the radiative heat flux obtained by the WSGG model of Dorigon et al., 2013, to those of the LBL
solution for all other test cases. From these results it was possible to see that this model has a good accuracy for all cases
and all turbulence levels. Interestingly, this contradicts the finding of Gomes et al., 2020, where the model of Dorigon et al.,
2013 performed poorly for predicting the radiation intensity along line-of-sights.

5. CONCLUSIONS

Based on the obtained results, it can be concluded that there is no influence of the intensity of the turbulence on
the accuracy of the WSGG models, although there is a subtle improvement in accuracy when the effects of TRI are
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Figure 2. Case 1 - Different source term and radiative heat flux for models WSGG (2)

increased. The tested WSGG models presented average error percentage values when compared to the LBL method around
approximately 5 % for both the source term and the radiative heat flux, with the models with variable coefficients being the
most distant. It should be highlighted that the Johansson et al., 2011 model presented the most accurate results, while the
Bordbar et al., 2014 model presented the best results among the models that use variable coefficients.
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Figure 3. Cases 2-6 - Different source term and radiative heat flux for Dorigon et al., 2013
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