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Abstract. Turbulence-radiation interactions effects are estimated using WSGG model based on new correlations for a 
turbulent non-premixed methane–air flame, evaluating the importance of the absorption coefficient – temperature 
correlation and the temperature self-correlation on the overall thermal behavior. Comparing results from the 
simulations (calculations with/without radiation, with/without TRI, with both absorption coefficient – temperature 
correlation and temperature self-correlation, and only with temperature self-correlation), it is verified that 
temperature, radiative heat source, and radiant fraction are importantly affected by thermal radiation, independently 
of the TRI correlation that is employed. The major conclusions of this investigation are: (i) for the currently studied 
flame, it is indispensable to consider thermal radiation in the calculations; (ii) the TRI effect can be properly modeled 
by the TRI approximation that considers the temperature self-correlation only.  
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1. INTRODUCTION 

 
In diffusion flames the fuel and oxidant are initially separated and the combustion is controlled by diffusion. Since 

combustion problems involve a number of coupled phenomena, such as chemical kinetics, fluid flow, soot production 
and heat transfer, an accurate prediction of the thermal radiation heat transfer in participating medium, the dominant 
heat transfer mechanism in some combustion systems, is necessary to achieve appropriate solutions for this complex 
phenomena. Heat transfer can directly affect the chemical kinetics, in this way, accurate description of radiative heat 
transfer is a crucial element in simulations of turbulent combustion systems. On the other hand, its modeling is a 
difficult task due to the highly complex dependence of the absorption coefficient with the wavenumber, which is 
typically characterized by several thousands of spectral lines. Thus, the solution of the radiative transfer equation (RTE) 
is very expensive or even impossible without a model to solve the spectral problem. As a simplification, in the 
numerical models to predict the gas combustion processes, the RTE is frequently solved with the gray gas (GG) model, 
where the dependence of the absorption coefficient over the wavenumber is neglected. In order to provide better results, 
spectral or global models are commonly used. Among the global models, the weighted-sum-of-gray-gases (WSGG) 
(Hottel and Sarofim, 1967) is a method that is still widely used nowadays, especially in global simulation of combustion 
processes in which the RTE is solved together with fluid flow, chemical kinetics and energy equation. In the WSGG 
model the entire spectrum is represented by a few bands having uniform absorption coefficients, each band 
corresponding to a gray gas. The weighting coefficients account for the contribution of each gray gas, and correspond to 
the fractions of the blackbody energy in the spectrum region where the gray gases are located. In practice, those 
coefficients are obtained from fitting experimental data, such as those presented in Smith et al. (1982) and Smith et al. 
(1987). In a recent study, Demarco et al. (2011) assessed several radiative models (narrow band, wide band, gray gas 
and global models as the WSGG and the SLW) and stated that the WSGG formulation is also very efficient from a 
computational view and yields considerably improved predictions, but can lead to significant discrepancies in high soot 
loadings. Simplified radiative property models, such as the WSGG or GG models are often used in computational fluid 
dynamics (CFD) to simulate combustion problems. The main reason is that implementing more sophisticated models 
may become extremely time consuming when fluid flow/combustion/radiative heat transfer are coupled. As an example, 
Bidi et al. (2008) solved the RTE using the WSGG model to compute non-gray radiation effect of combustion gases in a 
cylindrical chamber, with the purpose of studying the radiation effect on the flame structure. 

Several researchers have studied new WSGG correlations for application in combustion systems. Taking into 
account that a limitation of the WSGG is that its correlations coefficients are established for particular ratio of partial 
pressures for CO2 and H2O mixtures, Krishnamoorthy (2010a) obtained new WSGG parameters computed from total 
emissivity correlations encompassing the range of the H2O/CO2 ratios encountered within Sandia Flame D. With the 
same motivation, Johansson et al. (2011) modified the WSGG to account for various ratios of H2O and CO2 
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concentrations, covering from oxyfuel combustion of coal, with dry or wet flue gas recycling, as well as combustion of 
natural gas. Dorigon et al. (2013) obtained new WSGG temperature dependent weighting factors polynomial 
coefficients and absorption coefficients fitted from HITEMP2010 molecular spectroscopic database (Rothman et al., 
2010), which is the latest database available. Dorigon et al. (2013) tested those new coefficients against line-by-line 
(LBL) calculations in one-dimensional problems and found good agreement; also, Centeno et al. (2013) tested those 
coefficients against classical ones (Smith et al., 1982) in an axisymmetric cylindrical combustion chamber and found 
better agreement with experimental data. 

Another complexity in turbulent combustion simulations is the so-called turbulence-radiation interactions (TRI). 
Turbulence and radiation are physical phenomena of high complexity even when analyzed independently. In turbulent 
reactive flows, temperature and species concentration fields can undergo high levels of fluctuations, leading to 
variations on the radiative field. In this manner, in this sort of flow it is not possible to deal with these phenomena in an 
independent way, but it is necessary to deal with them in a coupled form. The first theoretical investigation on TRI 
(Foster, 1969) had already shown that radiative properties of a turbulent flame would be incorrectly predicted if 
turbulent fluctuations were neglected from calculations, especially for high optical thickness mediums. 

Numerical simulations of TRI can be decoupled or coupled. Decoupled calculations consider temperature and 
species concentrations distributions as inputs, i.e., they are taken from previous CFD solutions or from experimental 
data. Coupled calculations consider simultaneously all flow mechanisms, such as turbulence, heat transfer and 
combustion, so they are considerably more complex than the former. Decoupled calculations are presented in Hall and 
Vranos (1994), where results obtained from time-averaged RTE solution were compared to those obtained from a 
stochastic method for an one-dimensional problem; Krebs et al. (1994) studied TRI effect on radiation intensity from 
CO2; in another work (Krebs et al., 1996), the investigation was focused on propane-air flames with the objective of 
analyzing the influence of temperature and species concentration fluctuations; Coelho (2002) and Coelho (2004) 
evaluated the accuracy of OTFA (Kabashnikov and Kmit, 1979) by comparing results obtained with this approximation 
and results from exact solutions of RTE. The first coupled calculation of radiative transfer in reactive flow to investigate 
TRI was reported in Song and Viskanta (1987), in which properties functions were prescribed for the combustion gases. 
Nowadays, some coupled researches can be found in the literature, in which most of them are focused on analyzing the 
most important TRI correlations (temperature self-correlation, absorption coefficient-temperature correlation, 
absorption coefficient self-correlation, absorption coefficient-radiation intensity correlation). Some examples of coupled 
investigations are reported in Li and Modest (2002a) and in Habibi et al. (2007a) for RANS simulations, and in Poitou 
et al. (2012) and in Gupta et al. (2013) for LES simulations. Results pointed that both absorption coefficient-
temperature correlation and temperature self-correlation are the most important TRI terms in reactive flows (Li and 
Modest, 2002a, 2002b; Gupta et al., 2013; Habibi et al., 2007b). Furthermore, it was found in Gupta et al. (2013) and in 
Modest and Mehta (2006) that the absorption TRI term (correlation between absorption coefficient and radiation 
intensity fluctuations, which is neglected in OTFA) is important only for optically thick medium.  

This work presents a numerical RANS simulation of turbulent non-premixed methane-air flame in a cylindrical 
combustion chamber taking into account radiation effect of non-gray gases by means WSGG correlations generated 
from HITEMP 2010 database (Dorigon et al., 2013) and including TRI (Snegirev, 2004). The TRI approximation 
adopted for the current investigation (Snegirev, 2004) takes into account both absorption coefficient-temperature 
correlation and temperature self-correlation, while the approximation employed in Krishnamoorthy (2010a, 2010b) 
takes into account the temperature self-correlation only, so the objective of this work is evaluating the importance of 
these two TRI correlations on the radiation modeling and, consequently, on the thermal behavior of the combustion 
chamber. For evaluation of the proposed solution, the case described in Garréton and Simonin (1994) was studied, since 
detailed spatial distributions measurements are available for major gas species concentrations as well as of the 
temperature field. 

 
2. PROBLEM STATEMENT 

 
The physical system consists of the natural gas combustion chamber that was analyzed in Centeno et al. (2013), 

Silva et al. (2007) and Magel et al. (1996), a test case proposed in Garréton and Simonin (1994). The cylindrical 
chamber has length and diameter of 1.7 m and 0.5 m, respectively, as shown in Fig. 1. Natural gas is injected into the 
chamber by a duct aligned with the chamber centerline. The burner provides the necessary amount of air and natural gas 
as required by the process. In all cases a fuel excess of 5% (equivalence ratio of 1.05) was prescribed. For a fuel mass 
flow rate of 0.01453 kg/s at a temperature of 313.15 K, this requires an air mass flow rate of 0.1988 kg/s, at a 
temperature of 323.15 K. The fuel enters the chamber through a cylindrical duct having 0.06 m diameter, while air 
enters the chamber through a centered annular duct having a spacing of 0.02 m. For such mass flow rates, the fuel and 
air velocities are 7.23 and 36.29 m/s, respectively. The Reynolds number at the entrance, approximately 1.8×104, points 
that the flow is turbulent. The inlet air is composed of oxygen (23% in mass fraction), nitrogen (76%) and water vapor 
(1%), while the fuel is composed of 90% of methane and 10% of nitrogen. The burner power is 600 kW. The fan and 
the other external components are not included in the computational domain, although their effects are taken into 
account through the inlet flow conditions. Buoyancy effects are neglected due to the high velocities. 
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Figure 1.  Combustion chamber geometry 

 
3. MATHEMATICAL FORMULATION 
 

The proposed work is stated as: considering a steady turbulent non-premixed methane-air flame in a cylindrical 
chamber, compute temperature, species concentrations and velocity fields, and verify the influence of different TRI 
correlations on the process. 

 
3.1 Governing equations 
 

Considering the conservation equation for steady incompressible flow in 2D axisymmetric coordinates for the 
generic variable φ, Eq. (1), the mass, momentum in the axial and radial directions, k-ε turbulence model, energy and 
chemical species conservation equations can be determined by choosing φ, Γφ, and source term Sφ from Table 1. 
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On Table 1, the following variables are used: z and r are the axial and radial coordinates (in m), u and v are the 

velocities in these respective directions (in m/s), w is the angular velocity (in m/s), ρ is the density of the gaseous 
mixture (in kg/m³), µ is the gaseous mixture dynamic viscosity and µt is the turbulent viscosity (both in Ns/m²), defined 
as ερµ µ /2

t kC= . The term p*=p-(2/3)k is the modified pressure (in Pa), Cµ is an empirical constant of the turbulence 

model (Cµ = 0.09), p is the combustion chamber operational pressure (p = 101325 Pa (Spalding, 1979)), and k (in m²/s²) 
and ε (in m²/s³) are the turbulent kinetic energy and its dissipation. Also, C1,ε and C2,ε are empirical constants of the 
turbulence model (C1,ε = 1.44 and C2,ε = 1.92), σk and σε are the Prandtl numbers of the kinetic energy and dissipation, 
respectively (σk = 1.0 and σε = 1.3). Prt and Sct are the turbulent Prandtl and Schmidt numbers, Rα (in kg/(m³.s)) is the 
volumetric rate of formation or destruction of the α-th chemical species (CH4, O2, CO2, CO, H2O) (this term is briefly 
discussed in the next section). T is the temperature of the gaseous mixture (in K). αMM (in kg/kmol) , α,pc  (in 

kJ/(kg.K)), 0
αh  (in J/kg) and Tref,α (in K) are the molecular mass, the specific heat, the formation enthalpy and the 

reference temperature of each α-th chemical species. Srad (in W/m³) is the radiative heat source term, computed as the 
negative divergence of the radiative heat flux (discussed later on this work). 

In addition to the conservation laws presented in Table 1, an equation of state is required to calculate the mixture 
density. Considering the mixture of fuel, oxidant and products as an ideal gas, the equation of state may be written as 

∑= α ααρ MMyTRp / , where R  is the universal gas constant (R  = 8.314 kJ/(kmol.K)), yα (in kgα/kgtot) is the mean 

mass fraction of each α-th chemical species. Also, it is important to note that in the present work all quantities (as u, v, 
h, T, cp, yα, ρ, Rα, Srad, etc.) are time-averaged (mean), but they are not written with an overbar (usual in RANS 
simulations) in order to not confuse with molar quantities (which are denoted with an overbar). 

 
3.2 Combustion kinetic 
 

As a basic assumption, it is considered that the combustion process occurs at finite rates with methane oxidation 
taking two global steps: ( ) 22224 28.114276.332 NOHCONOCH ++→++  and ( ) 2222 76.3276.312 NCONOCO +→++ . The 

rate of formation or destruction, Rα,c, of each α-th species in each c-th reaction (in this formulation there are two 
reactions, so c = 2) is obtained by the combined Arrhenius-Magnussen’s model (Eaton et al., 1999; Turns, 2000), in 
which the rate of formation or destruction of the chemical species are taken as the least one between the values obtained 
from Arrhenius kinetic rate relation or Magnussen’s equations (Eddy Breakup) (Magnussen and Hjertager, 1977). This 
formulation was succesfully employed in Silva et al. (2007), Nieckele et al. (2001) and Centeno et al. (2013), where all 
model parameters are described in detail. 
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The above mentioned two-equation chemistry assumption was employed in the current study for economy of the 
CPU time. While the two-equation chemistry assumption (and even one-equation) has been used with great success in 
combustion modeling, it should be recognized that detailed reaction mechanisms effects may be very important in 
several practical applications, especially those involving flame ignition and extinction, or those involving predictions of 
minor species such as soot, NO and other radicals, which are not the aim of the present work. Also, it was an 
assumption in the present work that the presently studied flame has negligible amount of soot. 

The average volumetric rates of formation or destruction of the α-th chemical species, Rα, which appears in both the 
energy and species mass fraction equations, are then computed from the summation of the volumetric rates of formation 
or destruction in all the c-th reactions where the α−th species is present, i.e., ∑=

c cRR ,αα . 

 
Table 1. Generic variable, diffusive coefficient, source terms for the conservation equations 
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3.3 Radiation modeling 
 

The radiative transfer equation (RTE) for non-scattering media, in cylindrical coordinates, with the discrete 
ordinates method (DOM), is given by: 
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which, for diffuse-gray surface boundaries, is subjected to: 
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where µ, ς, and ξ are the directions, η is the wavenumber, Iηb is the blackbody intensity, Iη is the intensity, and κη is the 
spectral absorption coefficient. In the right side of Eq. (2), the first and the second terms represent, respectively, 
attenuation due to absorption and augmentation due to emission. Once the RTE is solved, the radiative heat source, 
presented in the energy equation as Srad, is calculated as: 

 

( )∫ ∫
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Ω−=⋅−∇=
η

ηηηη ηκκ ddIIqS brrad

r                                                                                                                            (4) 

 
The spectral absorption coefficient (κη) is strongly dependent on the wavenumber, which for participating gases can 

involve several thousands of spectral lines. Therefore, solving Eq. (2) for all spectral lines is in general excessively time 
consuming for coupled solutions of the conservation equations. As such, gas models have been developed to solve the 
RTE quickly. A brief description of the gas model selected for the present analysis (WSGG model) is described below. 
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3.3.1 The weighted-sum-of-gray-gases (WSGG) model 
 

The original formulation of the WSGG model (Hottel and Sarofim, 1967) consists of expressing the total gas 
emittance as a weighted-sum-of-gray-gas emissivities. The emission weighted factors, aj(T), and the absorption 
coefficients, kj, for the j th gray gas were determined from the best fit of the total emissivity with the constraint that the aj 
must sum 1. From a more general point of view, the WSGG model can be applied as a non-gray gas model (Modest, 
1991), solving the RTE for the NG (number of gray gases) plus one (j = 0, representing spectral windows where H2O 
and CO2 are transparent to radiation) for a clear gas: 
 

)()( , TITakIk
ds

dI
jbjjjj

j +−=                                                                                                                                           (5) 

 
in which the emission weighted factor aj(T) is given by, 
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with j varying from 0 to NG, and ∑ =

= GN

j jII
0

.The functional dependence of the weighted factors with temperature is 

generally fitted by polynomials, Eq. (6), where the polynomial coefficients as well as the absorption coefficients for 
each gray gas can be tabulated. For CO2/H2O mixtures, these coefficients are generally established for particular ratios 
of the partial pressure, pH2O/pCO2, which could limit the application of the method. In the present study the weighted 
factors polynomial coefficients and absorption coefficients were taken from Dorigon et al. (2013) for pH2O/pCO2 = 2. 
Such WSGG correlations were fitted from HITEMP2010 (Rothman et al., 2010), which is the latest molecular 
spectroscopic database that is available nowadays. The same study (Dorigon et al., 2013), compared results obtained 
with the new coefficients against LBL benchmark calculations for one-dimensional non-isothermal and non-
homogeneous problems, finding consistently satisfactory agreement with maximum and average errors of about 5% and 
2% for different test cases. For convenience, Table 2 shows the kp,j and bj,i coefficients from Dorigon et al. (2013).   

It is assumed here that the contribution from other radiating species, such as CO e CH4, is negligible. The 
contribution from CO in the combustion gases is negligible, as long as its molar concentration does not exceed 
relatively high values of the order of 0.05%, while the contribution from CH4 is even lower (Coelho et al., 2003). 
 

Table 2. WSGG model coefficients (Dorigon et al., 2013), pH2O/pCO2 = 2 
 

j kp,j [m
-1atm-1] bj1×101 bj2×104 [K -1] bj3×107 [K -2] bj4×1010 [K -3] bj5×1014 [K -4] 

1 0.192 0.5617 7.8440 -8.5630 4.2460 -7.4400 
2 1.719 1.4260 1.7950 -0.1077 -0.6972 1.7740 
3 11.370 1.3620 2.5740 -3.7110 1.5750 -2.2670 
4 111.016 1.2220 -0.2327 -0.7492 0.4275 -0.6608 

 
3.3.2 Turbulence-Radiation Interactions 
 

The radiative transfer equation (RTE), Eq. (2), is only applicable to instant quantities, i.e., quantities that fluctuate in 
a turbulent flow, while the RANS turbulence model can only provide time-averaged (mean) quantities and possibly 
their mean square fluctuations. Considering the spectral integrated form of the RTE, and time averaging it, results in: 

 

bII
ds

Id κκ +−=
  
                                                                                                                                                          (7) 

 
Decomposition of variables (temperature and species concentrations) into mean and fluctuating components 

followed by time-averaging reveals several terms which require modeling (Coelho, 2007): 

- Temperature self-correlation, 4T , or related mean values that depend only on the temperature, as bI  and ηbI . 

- Absorption coefficient self-correlation, κ , or similar correlations that depend only on the radiative properties 
of the medium. 

- Absorption coefficient-temperature correlation, 4Tκ , or analogous ones, such as 
bjj Iak . 

- Absorption coefficient-radiation intensity correlation, Iκ , or analogous ones, such as 
jj Ik .    
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The absorption coefficient-radiation intensity correlation, i.e., the first term in the right hand of Eq. (7), is expressed 
as III ′′+= κκκ . Several studies have neglected the second term on the right of this expression (I ′′κ ) based on 

arguments of Kabashnikov and Kmit (1979), known as the optically thin fluctuation approximation (OTFA), and relies 
on the assumption that absorption coefficient fluctuations are weakly correlated with the radiation intensity fluctuations, 
i.e., 0≈′′Iκ , if the mean free path for radiation is much larger than turbulence integral length scale. According to 

literature data (Coelho, 2007) the OTFA is not generally valid over the entire spectrum, particularly at the center of 
strong spectral lines of absorbing gases. However, it is believed that the spectral regions where this approximation does 
not hold plays minor influence on the total radiation intensity, in this manner it is justifiable for the vast majority of 
engineering applications, with the possible exception of strongly sooty flames, and it has been employed in most works 
dealing with TRI and based on the time-averaged form of the RTE (Hall and Vranos, 1994; Coelho, 2004; Li and 
Modest, 2002a, 2002b; Poitou et al., 2012; Snegirev, 2004). Introducing this approximation into Eq. (7) results in

  

bII
ds

Id κκ +−=                                                                                                                                                          (8) 

 

As for the second term in the right hand of Eq. (8), which is proportional to 4Tκ , instant values of κ and T correlate 
in a turbulent flow. In the present work it is applied the approximation proposed in Snegirev (2004), in which both 
absorption coefficient-temperature correlation and temperature self-correlation are considered. These two TRI 
correlations were found to be the most important in reactive flows (Li and Modest, 2002a, 2002b; Gupta et al., 2013, 
Habibi et al., 2007b). So, the absorption coefficient self-correlation was of minor importance and is neglected by the 
approximation in Snegirev (2004), despite this term could be treated if the composition PDF method (Mazumder and 
Modest, 1999) would be employed. Decomposition of temperature and absorption coefficient into average and 
fluctuating components, TTT ′+=  and κκκ ′+= , followed by time averaging yields (Snegirev, 2004): 
 

( )( )


















⋅

′′
+

⋅

′′
+

⋅

′′
+

⋅
′′

+
′

+
′

+
′

+⋅=′+′+=

−−
444444 3444444 21444 3444 21

ncorrelatioetemperaturtcoefficienabsorptionncorrelatioselfetemperatur

T

T

T

T

T

T

T

T

T

T

T

T

T

T
TTTT 4

4

3

3

2

2

4

4

3

3

2

2
444 464461

κ
κ

κ
κ

κ
κ

κ
κκκκκ

      

                                  (9) 

 
where the expression in brackets on the right allows for turbulent fluctuations. Only the correlations of the lowest order, 

2T′
 
and T′′κ , are taken into account in this work. The terms 2T′

 
and T′′κ  must be modeled by expressing them as 

functions of the averaged parameters of the flow. Species concentrations fluctuations play a minor role on TRI (Habibi 
et al., 2007a; Snegirev, 2004), although investigations have shown that their effects could not be negligible, particularly 
when advanced spectral methods are applied for determination of radiative heat fluxes (Coelho, 2004). Therefore, 
neglecting species concentrations fluctuations to compute T′′κ

 
in Eq. (9), Snegirev (2004) replaces the dependence 
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. Neglecting higher order terms, Eq. (9) can be written as (Snegirev, 2004): 
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Equation (10) is used in this work as an approximate estimate for 4Tκ  allowing for turbulent temperature 
fluctuations. The model constants CTRI1 and CTRI2 are assumed as 2.5 and 1.0, respectively. The value for CTRI1 was 

initially suggested by Snegirev (2004) from data fitting for 
44 TT  and 

22 TT′  as presented in Burns (1999), but an 

ad hoc adjustment performed in Snegirev (2004) led to a value of 2.5 for CTRI1. 

To evaluate 2T ′ , required for Eq. (10), the transport equation for temperature variance is solved: 
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where CT = 2.0 is the model constant. Equation (10) must be solved together with the set of equations presented in 

Table 1, considering 2T′=φ , tt Prµµφ +=Γ  and Sφ the two last terms in the right hand of Eq. (11). Also, in solving 

Eq. (11), 2T′  was set as zero in the boundaries as in Snegirev (2004).  
 

4. RESULTS AND DISCUSSIONS 
 

Figure 1 depicts the thermal boundary conditions of the cylindrical chamber: symmetry in the centerline, and 
prescribed temperature on the wall, equal to 393.15 K. The set of equations were solved using the finite volume method 
by means of a Fortran code. The power-law was applied as the diffusive-advective interpolation function on the faces of 
the control volumes. The pressure-velocity coupling was made by the SIMPLE method. The resulting system of 
algebraic equations was solved by the TDMA algorithm, with block correction in all equations but the k and ε. A grid 
with 90 volumes in the axial direction and 50 volumes in the radial direction was used. The numerical accuracy was 
checked by comparing predicted results calculated using this grid with results obtained using coarser and thinner grids, 
as reported in Centeno et al. (2013). As found, the 90×50 grid provided grid independent results, and required 
reasonable computational effort. This grid is non-uniformly spaced in the radial direction and is uniformly spaced in the 
axial direction. The radiative transfer calculations were performed using the same spatial grid, and S6 quadrature, while 
both chamber walls, inlet and outlet ducts were modeled as black surfaces. The radiative transfer in molecular gases 
depends on the number of (radiative) participant molecules per unit volume. In the present work, the pressure 
absorption coefficient for the j-th gray gas for the WSGG model, kp,j (in m-1atm-1), presented in Table  2, was multiplied 
by the sum of the partial pressures of H2O and of CO2 for each computational volume cell, obtaining the absorption 
coefficient for the j-th gray gas, kj (in m-1), necessary to compute Eq. (5). In this manner, inhomogeneity of H2O and 
CO2 concentrations inside the combustion chamber were also taken into account to compute the radiative transfer. The 
simulations were performed in a desktop computer with AMD FX-8150 Eight-Core 3.6 GHz processor and 16.0 GB of 
memory. Running the code with the WSGG model required about 16 hours of simulation, while the simulations without 
radiation heat transfer required less than 1 hour. The radiative transfer calculations were performed only after a 
reasonably converged solution had been achieved, and then at each iterative step. The time required to run the code 
considering or neglecting the TRI was essentially the same (about 16 hours), demonstrating the efficiency of the TRI 
methodology applied in the present work. 

In order to study the importance of the above mentioned TRI correlations on the radiation modeling of the current 
combustion chamber simulation, four different scenarios were considered. In the first scenario, radiation was 
completely ignored; in the second scenario, radiation was considered but without TRI; in the third scenario, radiation 
was considered with TRI computed according to Eq. (10), and is identified as “TRI-full” in the following results; finally 
in the fourth scenario, radiation was considered with TRI computed according to a partial version of Eq. (10), in which 
the last term in brackets on that equation was neglected, leading to: 
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This fourth scenario is identified as “TRI-partial” in the following results, and the major advantage of this scenario 
would be that the derivative of the absorption-coefficient in relation to the temperature is not computed, while that 
derivative can be difficult to compute depending on the absorption-coefficient model employed. A similar partial TRI 
approximation was employed in Krishnamoorthy (2010a, 2010b). Comparisons were made to verify how the different 
TRI scenarios affect the radiative heat source and temperature fields. 

Figure 2 shows the results for the radiative heat source (Srad) field, while Fig. 3 shows the results for the temperature 
fields, for all radiative scenarios. In both figures, it is also shown the relative deviation between results computed with 
TRI-full and TRI-partial approximations (subscripts TRI-full and TRI-partial indicate which scenario was used to 
compute Srad or T, both represented as V in the equation):  
 

fullTRI

partialTRIfullTRI

V

VV
Dev

−

−− −
= 100%                                                                                                                   (13) 

 
As shown in Fig. 2, radiation fields changed significantly as a result of the different radiative scenarios (neglecting 

and considering TRI). TRI can contribute to increase the mean radiation intensities in turbulent diffusion flames by 10% 
to above 50% in methane or natural gas flames (Coelho, 2007), which was verified in the present simulations when 
comparing results from Fig. 2(a) with results from Figs. 2(b) or 2(c). The flame region with the highest temperatures 
emits more radiation than absorbs, leading to a negative heat source as expected, while the flame region with the 
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smallest temperatures absorbs more radiation than emits, leading to a positive heat source. Also, Fig. 2(d) shows the 
relative deviation of the radiative heat source obtained with the different TRI scenarios (TRI-full and TRI-partial). 
Despite the relative deviation can reach values of about 40%, it must be recognized that the highest deviations between 
TRI-full and TRI-partial results are located in small regions of the chamber domain where the radiative heat source term 
is relatively small; additionally, those deviations are typically small in the most part of the chamber domain, including 
the highly radiative emission region.   
 

 
 

Figure 2. Radiative heat source fields: (a) radiation computed without TRI; (b) radiation computed with TRI-full; (c) 
radiation computed with TRI-partial; (d) relative deviation between (b) and (c) 

 

 
 

Figure 3. Temperature fields: (a) radiation neglected; (b) radiation computed without TRI; (c) radiation computed with 
TRI-full; (d) radiation computed with TRI-partial; (e) relative deviation between (c) and (d) 

 
As can be seen in Fig. 3(a) to 3(d), consideration of the radiative transfer and TRI play an important role in the 

temperature field, while the effect of the different TRI correlations (TRI-full and TRI-partial) is very small, as observed 
in Fig. 3(e) and comparing Figs. 3(c) and 3(d). It is observed that the temperature values and temperature gradients are 
decreased when radiation heat transfer is considered since in that case there is an additional heat transfer mode inside 
the computational domain. The same behavior is observed comparing results obtained with and without TRI, i.e., since 
computation of radiation with TRI provides higher radiative heat source in comparison to the computation without TRI, 
the temperature and gradients levels are smaller when TRI is considered. Computed flame peak temperatures for the 
current simulations are presented in Tab. 3. While these peaks are local, they can be taken as a measure to characterize 
the entire temperature field. The decrease in the peak temperature as a result of considering or neglecting radiative 
transfer (∆TRAD) and considering or neglecting TRI (∆TTRI) are then analyzed. The peak temperature drops ∆TRAD = 166 
K, ∆TTRI-full = 62 K, and ∆TTRI-partial = 79 K, when comparing results for the scenario without radiation against the 
scenario with radiation but without TRI, results for the scenario with radiation without TRI against the scenario with 
radiation but with TRI-full and with TRI-partial, respectively. In similar investigations, Li and Modest (2002a) reported 
a decrease on peak temperature of ∆TTRI = 110 K when comparing results with and without TRI, while Li and Modest 
(2002b) found decreases of ∆TRAD = 145 K and ∆TTRI = 64 K for a flame with an optical thickness similar to that of the 
flame studied here. Coelho (2007) reported that the radiative transfer led to cooler flames, especially when considering 
TRI, which accounted for about one-third of the total drop in the flame peak temperature of a turbulent non-premixed 
flame of methane-air. Also, Poitou et al. (2012) found drops of ∆TRAD = 150 K on peak temperature for a propane-air 
turbulent non-premixed flame. So, the results in Tab. 3 are in agreement with literature data.  
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Table 3. Computed flame peak temperature 

 
 without 

radiation 
without 

TRI 
With 

TRI-full 
with 

TRI-partial 
 RADT∆  

[K] 
fullTRIT −∆

 [K] 
partialTRIT −∆

 [K] 
Peak temperature [K] 1851 1685 1623 1606  166 62 79 

     
An important quantity that describes the overall radiation field of a flame is the net radiative heat loss from the 

flame and its normalized variable, the radiant fraction (frad). The net radiative heat loss corresponds to the integral of 
Srad over the computational domain; the radiant fraction is the ratio of this value to the heat released in combustion. In 
all simulation scenarios, these quantities were calculated and the results are shown in Table 4. The radiation loss and the 
corresponding radiant fraction from the present flame have significant values. It is observed on Table 4 that radiant 
fraction increases about 30% when TRI-full is considered on the calculations and 39% when TRI-partial; both results 
are in agreement with data from literature for methane-air flames (Li and Modest, 2002a, 2002b; Snegirev, 2004).      

 
Table 4. Predicted net radiative heat loss and fraction of radiative heat loss 

 
 Net radiative heat loss [kW]  Radiant fraction (frad) [%] 
without TRI 125.5  20.8 
with TRI-full 163.0  26.9 
with TRI-partial 174.3  28.8 

 
5. CONCLUSIONS 
 

This study presented an analysis of the thermal radiation in a turbulent non-premixed methane–air flame in a 
cylindrical combustion chamber. The radiation field was computed with the WSGG model using updated correlations 
(Dorigon et al., 2013) and considering TRI effects (Snegirev, 2004; Krishnamoorthy, 2010a, 2010b). A two-step global 
reaction mechanism was used and turbulence modeling was considered via standard k-ε model. The RTE was solved 
employing the discrete ordinates method. The TRI approximation employed for the current investigation was able to 
accounting for both absorption coefficient-temperature correlation and temperature self-correlation, so this work 
evaluated the importance of these two TRI correlations on the radiation modeling and, consequently, on the thermal 
behavior of the combustion chamber. That evaluation was performed by comparing results for four different scenarios: 
radiation neglected from calculations, radiation computed without TRI, radiation computed with TRI (identified as TRI-
full) as proposed in Snegirev (2004), and radiation computed with TRI (identified as TRI-partial) as employed in 
Krishnamoorthy (2010a, 2010b). The comparison of the results obtained from the different scenarios showed that the 
temperature (especially at high temperature regions), radiative heat source and radiant fraction were mainly affected by 
the radiation transfer in general, independently of the TRI correlation employed. Therefore, the major finding of this 
investigation is that it is important to consider thermal radiation in the calculations and that the TRI effect can be 
approximated by the short version of the TRI correlation.  
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