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Abstract. Turbulence-radiation interaction (TRI) is a complex phenomenon, where turbulent fluctuations affect the mean
radiation field due to the highly non-linear nature of radiation, leading to what can be large errors in the predicted mean
radiative quantities. The objective of the present paper is to study the effect of turbulent fluctuations on the accuracy of
spectral models. The accuracy of the weighted-sum-of-gray-gases (WSGG) model are evaluated by comparison with a
benchmark provided by line-by-line (LBL) integration. Turbulence is introduced in the analyses through a semi-empirical
correction to the mean emission, while absorption-TRI is altogether neglected. The test cases consist of three-dimensional,
non-coupled calculations, based on predefined temperature and species concentrations representative of realistic combustion
scenarios for different levels of turbulence intensity. The participating medium is composed of typical combustion products,
carbon dioxide and water vapor (the effect of soot is neglected). The results show that the presence of turbulent fluctuations
substantially increases the radiative source term (S, ) and the radiative heat flux (q”r). The average errors associated
with the WSGG model are approximately 6 % and 2 % respectively. The present study contributes to the investigation of
turbulence effects in reactive flows for a three-dimensional domain.

Keywords: turbulence-radiation-interaction, thermal radiation, spectral models, turbulent intensity, temperature fluctua-
tions.

1. INTRODUCTION

The phenomenon of turbulence-radiation interaction (TRI) originates from the coupling between the effects of turbulence
and radiation. Turbulent fluctuations play an essential role in representing the effects of turbulence, which are often
recklessly neglected, causing errors between the values obtained computationally and the values obtained in practice (Gupta
et al., 2013; Coelho, 2007).

A major challenge in radiation exchange modeling is to capture how the radiative properties of a participating medium
vary with the radiation spectrum. In order to cover different configurations, new spectral models are being developed.
However, considering that turbulence affects different regions of the radiation spectrum in different ways (Hall and Vranos,
1994), as a consequence of this, the performance of these spectral models may change when evaluated in the presence or
absence of turbulent fluctuations.

Turbulent fluctuations originate from the temporal decomposition of Reynolds, evaluating a decomposed term obtains
mean values and fluctuating values, as an example the decomposition of the term related to temperature T = T +T”. Average
terms describe the main part of the term, representing the portion that can be predicted, while fluctuations represent the
random part of the problem, often treated using statistical methods. (Wilcox, 2006).

Solving problems involving TRI requires the use of the radiative transfer equation (RTE), which establishes how the
radiation intensity varies in a given path of a participating medium. For the solution, RTE for participating media needs
spatial and spectral integrations, the spatial problem is solved through methods such as the finite volume method (FVM),
while the spectral problem is solved through spectral models (Modest and Haworth, 2016). Spectral models resolve the
different regions of the spectrum. The present work makes use of the line-by-line integration method (LBL) and the
weighted-sum-of-grey-gases (WSGG) model. The former has the function of solving the line-by-line spectrum, while the
latter replaces the hundreds of thousands of lines with a set of gray gases j (Cassol et al., 2014; Dorigon et al., 2013).

Recently Krishnamoorthy and collaborators developed a series of studies (Krishnamoorthy, 2012, 2010; Krishnamoorthy
et al., 2005a,b), which attempted to incorporate the effect of turbulent fluctuations in the evaluation of non-gray and
gray gas radiation model. The effects of TRI were considered only in radiative emission, modeled using a simple
approximation developed by Snegirev (2004). The results of these studies were evaluated in comparison with results
obtained experimentally.
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Differently from Krishnamoorthy’s previous work, the present work aims to evaluate the accuracy of different WSGG
models in the presence of different levels of turbulence intensity. As a form of validation, the method of line-by-line (LBL)
integration was also simulated and used as a reference. The WSGG formulation of Dorigon et al. (2013) was simulated in a
three-dimensional domain, according to the configurations used in the study of Fraga et al. (2019b).

2. THEORETICAL BASIS
2.1 Thermal Radiation in participating media

The variation of the radiative spectral intensity /,, along a path s is computed using the radiative transfer equation (RTE).
For a non-scattering medium, this equation is described as (Modest, 2013)

dr,

E =—K,7]77+K,71b77, (1)
where 1,,, is the spectral blackbody radiation intensity or Planck function, «;, is the spectral absorption coefficient, and 5
denotes the dependence on the radiation spectrum. In addition to the scattering phenomenon, neglected in this study, the
RTE for participating media considers the radiative energy locally absorbed and emitted by the medium, respectively, as
shown on the right-hand side of Eq. (1). The Eq. (1) has its spectrally integrated form as shown below

df/
— = —kgl +«kplyp . )
ds

Analyzing Eq. (2) we have, I and I, are the total local intensity and blackbody intensity (i.e., I = fom I, dnp and
I, = fow Iy, dn), and kG and kp represent respectively the incident-mean and Planck-mean absorption coefficients.

2.2 Line-by-line (LBL) integration method

The line-by-line integration (LBL) method is considered to be the most accurate spectral model when compared to
practical cases. If the dependence of the spectral absorption coefficient «,, on the local thermodynamic state and on the
radiation wavenumber is known, the total intensity is determined through the integral of the spectral intensity, resulting
from each of the lines of the spectrum.

As it is considered the most accurate solution approach for the spectral part of the radiative transfer problem, the LBL.
integration method is often used as a benchmark for evaluations of other global spectral models. The LBL method uses a
spectral database. The information related to the spectral absorption coefficient are taken from the HITEMP 2010 database
(Rothman et al., 2010). The absorption spectra of water vapor (H,O) and carbon dioxide (CO,) are extracted for 150 000
spectral intervals between n = 0cm™' and n = 10* cm™!, yielding a spectral resolution of 0.067 cm™!.

The absorption spectra for H,O are constructed in partial pressures of 0.01 atm, 0.1 atm, 0.2 atm and 0.4 atm, where the
total pressure is always defined as 1.0 atm, this values are obtained through linear interpolations. For the absorption spectra
referring to the CO, species, any partial pressure is obtained from the linear interpolation of the data produced in 0.1 atm
(Howell et al., 2016). The spectral data is generated for temperatures between 400 K and 2400 K, in intervals of 100 K, and
the linear interpolation is again adopted for intermediate temperatures. More information on the procedure for obtaining the
absorption lines H,O and CO, is provided in Fraga et al. (2019a).

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

Differently from the LBL integration method, the WSGG model replaces the absorption spectrum of a participating
medium by a small set of J gray gases with constant absorption coefficient, these occupy non-contiguous spectral ranges
and transparent windows with null absorption coefficient. Considering the sentence above, the integration of Eq. (1) along
the spectral range corresponding to a single gray gas given by (Modest, 1991)

dr;

ds =—Kj1j+Kjaij, 3)

where I; represents the partial intensity of the gas j, «; is the absorption coeflicient and a; the emission weighting
coefficient, which represents the fraction of the blackbody energy that falls within the spectral ranges corresponding to the
gas j. After obtaining the radiative intensity for each gray gas in the Eq. (3) (and also for the transparent windows, to which
the index j = 0 is assigned), the total radiative intensity is obtained through the sum of all partial intensities, given by

Jj=0

I )
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The dependence of the terms «; and a; on the local thermodynamic state of the medium is determined by adjusting
the total emittance considering some reference data. Various WSGG formulations, differing in how this dependence is
expressed, have been developed so far, generally applicable to a specific group of applications, eg air-fuel combustion under
atmospheric conditions, oxy-fuel combustion, soot flames.

In the present work, the formulation of Dorigon et al. (2013) is used. This formulation is applicable to the combustion
of methane-air, where the ratio between the molar fractions is considered fixed.

2.4 Turbulence-radiation interaction (TRI)

The turbulence-radiation interaction (TRI) arises from the non-linear coupling between temperature fluctuations,
medium composition and radiation intensity fluctuations (Coelho, 2007). The terms referring to fluctuations represent
the effects of turbulence. These fluctuations arise through the temporal decomposition of Reynolds, where the terms are
decomposed in average and fluctuating terms (Wilcox, 2006). Considering the average time of Eq. (1), we obtain the
equation below, where the time-averaging operation is represented by the overbar.

dr,
ds

= _Kr]In +Kr]1b1], &)

The correlations that appear on the right-hand side of this equation (k,,1,, # &;;1,; and &, 15, # Ky 15,,) often cannot be
neglected when the turbulent fluctuations are present in calculations. The values of both «;, and E, may differ significantly
from the values evaluated in the mean temperature and mean medium composition. When combined explain the large
errors that occur when the mean radiation field is solved.

In order to reduce the complexity of the problem while still partially capturing the TRI effects, this paper invokes the
optically thin fine approximation (OTFA) to model the term m The use of this approximation simplifies the average
absorption term by neglecting the cross-correlation between the absorption coeflicient and the local intensity, resulting in
Kknly = EE.The validity for the use of OTFA was verified for a number of turbulent non-sooty flames (Coelho, 2007).

Based on Cox (1977), Snegirev (2004), proposes a modification in the RTE model, this model is adopted in the present
study, where the emission term, originally introduced to approximate the average total emission and given as

) , ©)
T

where the term [, (7) represents the total blackbody intensity evaluated at the local mean temperature, while Crgs 1
(=2.5) and Crgy > 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. (6) is neglected by setting C7g; 2> = 0. Considering the simplifications, the RTE in its
mean spectral form is given by

- 772 T2 9k
kplp =xkplp(T)|[1+6Crgr 1 = +4Crrip——= .
T xkpl OT

___ 7
Kn]bn = Knlbn(T) (1 + 6CTRI,I__Z) > (N
T

—_—
B

where the Planck function evaluated at the mean temperature is represented by Iy, (T). The B term represents an
emission-TRI correction factor, which is represented by the terms in parentheses.
The final form of the time-averaged (spectral-based) RTE solved in this study is given as

iy
ds

Considering the structure of the formulation of the WSGG models mentioned in the previous topics of this work, and
considering the Eq. (8), the RTE time average for the WSGG model is similarly obtained by the time average Eq. (3):

= K1y + By lpy (T) . (8)

i,
ds

Following similar modeling approaches as those adopted for Eq. (5), the above equation becomes

~ Ty + Ryl ®

a; _—

g =—Kjlj +ﬁ/<jaj(T)Ib(T), (10)
where a (T) is the weighting coefficient evaluated at the mean temperature. In the present calculations the terms kj,and
&y in Eq. (8), are evaluated at the mean temperature and mean medium composition.
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3. METHODOLOGY

The present work aims to test and analyze the accuracy of spectral models for different levels of turbulence intensity
(TRI effect levels). The radiative transfer equation (RTE) was solved using the finite volume method (FVM), following the
work sequence Gomes et al. (2020b,a) where studies were carried out for the line-of-sight (LOS) and one-dimensional
(1D) domains. The present study represents a step beyond those mentioned, where the effects of TRI will be evaluated for
a three-dimensional (3D) domain. The radiative source term (S, ) and the radiative heat flux (¢”’r) for a position s were
calculated from equations applied to the finite volume method, which is the method used in the realized solution through
the open source software fluid dynamics simulator, for more information on the equation, see McGrattan et al. (2018).

The WSGG formulation of Dorigon et al. (2013), and the line-by-line integration method are simulated for five different
levels of TRI effects, characterized by temperature fluctuations (or turbulent intensities, TI) of O %, representing the absence
of TRI, and 20 %, 40 %, 60 % and 80 % representing the presence of TRI in the flow. To introduce turbulence effects into
the radiative field, the temperature variance is calculated by artificially introducing a turbulent intensity (represented in the
equation by the term 7'/ and a temperature field (T'), which is then inserted into the 8 term as shown below

T = ((TDT)?, 11

7
B=1+6Crr1—, (12)
T

This work is based on the Fraga ef al. (2019b) study, for the simulations, the same domain and the same temperature
profiles were used, as well as the profiles of the molar concentrations of the chemical species considered, water vapor (H,O)
and carbon dioxide (CO,). The domain has the following dimensions 2m, 2 m and 4 m for the x,y and z axes respectively,
the origin of the x and y coordinates are at half the distance, while at the z coordinate, the origin is at the bottom base (at
Om).

Fraga et al. (2019b), simulated six different cases for the three-dimensional domain. Of these six, only the first two were
reproduced in this study. The temperature profiles used for the simulated cases are represented by

(To —800K)(1 -3r2+2r3) +800K, if r<Im

) (13)
800K, if r>1m

T(x,y,z) = {

where the Tj term represents the temperature at the centerline, and the » term is the distance from the centerline of the
domain. These two terms are calculated using the equations below

) (14)

400K (4.5 - 2.55%5Bm) - jif 7> 0.375m

r=/x2+y2, (15)

For the molar concentrations of CO, and H,O, a ratio equal to 2 was considered between the fractions of chemical
species (Y,, /Y. = 2). The profiles of molar concentrations used are shown according to shown below

3 .
To(2) = {400K(1 + %), if 2<0.375m

Y.(x,y,2) =0.1, (16)
Yoo(1=3r2+2r%), ifr<i

Yo(xy.z) = 4 reol =342, if r<dm 17)
0, if r>Im

where the term Y  is the molar fraction of carbon dioxide (CO,) at the centerline of domain, this variable can be calculated
using the Eq. (18)

0'1(0,355_111), if 2z<0.375m

0.1(1-5%Bm)  jf 2>0375m

) (18)

Yc,O(Z) = {

The simulated cases with the equations used for temperature profile and molar concentration of chemical species can be
verified with the help of Table 1

4. RESULTS AND DISCUSSION

As already mentioned, two spectral models were simulated for a three-dimensional (3D) domain, the line-by-line (LBL)
integration method and the weighted-sum-of-gray-gases (WSGG) formulation of Dorigon ef al. (2013). To represent the
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Table 1. Simulated cases (according to Fraga et al., 2019b)

Case 1 2

Temperature profile Eq. (13) Eq.(13)
Molar concentration profile Eq. (16) Eq. (17)

Table 2. Differences between LBL and Dorigon et al. (2013) model (WSGG) for different levels of temperature fluctuation
intensity

Case 1 Case 2

Amax(o]()) Aavg (070) Am(/zx (070) Aavg (070)

Radiative heat source (O m, O m, z):

TL=0% 7.60 1.99 7.20 1.46
TI =20% 7.62 2.00 7.24 1.47
T.I. =40 % 7.64 2.01 7.26 1.49
T.I. = 60 % 7.65 2.02 7.28 1.50
T.I. =80 % 7.65 2.02 7.29 1.50
Radiative heat flux (—1m, Om, z):
TL=0% 9.11 5.78 3.99 1.86
T.I. =20 % 9.26 5.94 4.11 1.94
T.I =40 % 9.40 6.07 4.21 2.01
T.I. = 60 % 9.45 6.13 4.25 2.04
T.I. = 80 % 9.48 6.15 4.27 2.06

effects of turbulence in the radiative field, turbulent fluctuations at different levels of intensity were used (0 %, 20 %, 40 %,
60 % and 80 %).

In order to analyze the behavior presented by the spectral models when subjected to the presence of different levels of
turbulent fluctuations, the radiative source term (S, ) and the radiative heat flux (¢”r) were analyzed, the first was evaluated
for the central axis of the domain along the z axis, while the second was evaluated at a position in the center of the wall
along z (—1 m,0m, z). The results obtained are shown according to Table 2. In addition to the Table 2, the results are
graphically displayed according to Figs. 1 and 2, which represent case 1 and case 2 respectively.

The results obtained demonstrate that the WSGG formulation of Dorigon et al. (2013) presented good accuracy when
compared to the LBL method. The values referring to the radiative source term, for both case 1 and case 2, presented
maximum error values lower than 7.65 %, and an average between the average errors of 2 % in case 1, and 1.48 % in case 2.

The values for the radiative heat flux in the wall in case 1 were shown to be higher than those for case 2. The first
presented an average of 9.34 % for the maximum error means and 6 % for the average error, while the second presented
values close to half of the first one, 4.16 % for the average of maximum errors and 1.98 % for the average errors.

Another point evaluated was the behavior of the variables analyzed in the presence of different levels of TRI. Through
the tabulated results, it was found that for the radiative source term, the increase in the levels of turbulent fluctuations
slightly increased the differences between the simulated percentages. The radiative heat flux for both cases showed a slightly
greater increase, although also not very significant, when comparing the source term, these being not higher than 0.5 %
when comparing the TRI levels 0 % and 80 %.

5. CONCLUSIONS

The present work performed the analysis of the effects of turbulence (TRI) on the accuracy of spectral models in a
three-dimensional domain. Based on the results obtained for the WSGG formulation of Dorigon et al. (2013), the model
presents good accuracy when compared to the line-by-line (LBL) integration method used as a benchmark, with error
values between models less than 8 %.

Through the analysis of the radiative sources terms and heat fluxes, even with the increase in turbulent intensity,there
was no significant change in the accuracy of the simulated WSGG model for the simulated cases, even though there was a
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subtle increase in error with the increase in the effects of the TRI.
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