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1. Introduction 

Radiation heat transfer in molecular gases is among the most difficult phenomena to model. Compared to other heat transfer phenomena, for the 

CFD simulation of radiative heat transfer, discretization in solid angles is needed in addition to that in space [1]. However, the more challenging 

part is to include the complex changes in the radiative properties of molecular gases with the wave number. The absorption coefficient of gases 

rapidly changes with wave number. The temperature, pressure and composition of a gas mixture strongly affect the shape and strength of the 40 

absorption lines in the spectrum [1]. All of these facts make the non-gray gas radiative heat transfer modeling of combustion gases so challenging. 

The simplest way to perform this complex calculation is to assume a single average value for the absorption coefficients in the whole radiative 

heat transfer spectrum where the radiative heat transfer occurs [2]. This so-called gray gas model has received much attention and has been 

widely used in engineering calculations due to its simplicity and low computational cost [1]. However, in many cases, this assumption may cause 

considerable inaccuracies [3].  45 

Within the part of electromagnetic wave spectrum where the radiation heat transfer occurs, the gas spectral absorption coefficient profile forms 

a histogram containing millions of absorption lines [4]. Considering the effect of all these lines in solving the spectral radiative transfer equation 

is computationally too expensive and practically infeasible [5], and thus much attention has been devoted in the last decades to develop numerical 

models that could feasibly take the variation of the spectral absorption coefficients of the gases into account. The most accurate prediction of the 

spectral radiative properties is obtained by the so-called line by line calculation (LBL) that implements spectroscopic databases containing a set 50 

of spectral line parameters required to calculate the spectral absorption coefficient for the specified spectral location [4]. Due to the high 

computational cost of LBL, its usage is limited to providing a benchmark for the evaluation of other methods and the data needed for their 

development [5]. The second most accurate model in the list is the statistical narrow band model, which is based on the fact that the gas absorption 

coefficients vary more with the wavenumber than other quantities, and therefore the actual absorption coefficient can be replaced by smoothed 

values averaged over narrow bands on the order of 25 cm-1 [1]. Narrow band models calculate the transmissivity through a gas layer with a certain 55 

thickness taking into account the spectral variation within the narrow band. Hence, for a specific path length, one can assume a mean absorption 

coefficient in the narrow band. The method was originally proposed by Goody [6], and the model parameters for combustion conditions have 

been reported by [7, 8]. In principle, the narrow band models can be as accurate as LBL [1, 5]. 

There are number of other band methods with less accuracy such as the exponential wide band model [9], but in recent years, the global models 

have attracted the most attention. Because in practical heat transfer calculations, the total radiative heat flux and radiative source terms are the 60 

only parameters of interest, the global models implement spectrally integrated radiative properties to directly calculate them [1]. The most famous 

models in this category are the weighted sum of gray gases model [4, 10, 11], the full spectrum correlated-K method (FSCK) [12, 13], the spectral 

line based weighted sum of gray gas method (SLW) [14, 15] and the absorption distribution function method (ADF) [16]. Although the global 

models show promising accuracy, especially for homogenous single gases, implementing them in heterogeneous gas mixtures needs mixing 

schemes [17] or premixed absorption databases, which are usually obtained by LBL or NB calculations [18]. This means that implementing them 65 

in practical combustion systems needs a huge database and complex coding [13].  

The main aim of this research is to provide a simple and accurate model to be easily implemented in commercial CFD solvers such as Ansys-

Fluent to simulate non-gray gas radiation heat transfer in industrial-scale combustion equipment. Implementing the presented methodology needs 
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Figure 1. The pressure based spectral absorption coefficient of CO2 at three different temperatures. 

 
Figure 2. The pressure based spectral absorption coefficient of H2O at three different temperatures. 
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Figure 3. Smoothing the LBL based absorption spectrum of CO2 at T=2400 K. 

As equation (15) states, the pressure based gray band absorption coefficient is a function of both spectral pressure based absorption coefficient 

within the band and also the black body intensity which is used as the weight of integration. Therefore we determined the optimal band selection 

from the profile of , ,P bI . As seen in Figures (1) and (2), the highest temperature in the range of our interest (2400 K) the widest and strongest 

absorption bands and therefore, if the optimal bands will be identified from spectral profile of 2400 K, the bands of other lower temperatures will 180 

be embedded inside the bands of 2400 K. Hence, we identify the optimal band selection for three different cases of pure CO2, pure H2O, and the 

case where both gases exist from the smoothed profiles of , ,P bI at 2400K. The span used for local averaging in smoothing function is 0.01. 

After obtaining the pressure based gray band absorption coefficient in each band, the mixture linear absorption coefficient is determined including 

the effect gas composition in the atmospheric gas mixture as 

2 2 2 2, _ , _( )i CO P i CO H O P i H O  (26) 

Where 
2CO and 

2H O are the mole fractions of CO2 and H2O, respectively. The similar equation but in a spectral form will be used when the LBL 185 

spectral absorption databases is used in DO for producing the benchmark solutions of one-dimensional test cases. 

3.2. Band Selection for CO2 

As mentioned before, the base of the selecting the optimal gray bands in this research is the smoothed LBL based profile of , ,P bI at T=2400 K 

for three cases of pure H2O, pure CO2 and a mixture of these two gases. To select the optimal bands, we need to decide about the suitable 
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Figure 4. Illustration of how gray bands are identified for pure CO2 from smoothed profile of the LBL spectral pressure 

based absorption coefficient. The figure shows the pressure based gray band absorption coefficient of Case 1 of Table 1. 

The predictions of the present model have been compared with those of LBL high resolution absorption spectrum and those of other non-gray 

models, i.e. the WSGG with two sets of coefficients reported by Bordbar et al. [4] and Smith et al. [11] and the FSCK implementing the look up 

table for k and a-values [13]. Note that as the global models cannot support the non-gray walls, in cases with non-gray walls with the wall 

emittance profile defined by Eq. (27), an averaged value for wall emittance over entire spectrum, i.e. 0.3245w , have been used in calculations 

of WSGG and FSCKM. 205 

Figures 5-8 show the radiative heat flux and radiative heat source along the slab for cases 1-4.  
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Figure 5.  Radiative heat flux and radiative source along the slab for Case 1; CO2; 

2
0.5CO , 0.1L m ,and 2000T K  with black walls. 
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Figure 6.  Radiative heat flux and radiative source along the slab for Case 2; CO2; 

2
0.5CO , 0.1L m ,and 2000T K with non-gray walls as defined by Eq. (27). 
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Figure 7.  Radiative heat flux and radiative source along the slab for Case 3; CO2; 

2
0.1CO , 0.5L m , and 1500T K with black walls. 
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Figure 8.  Radiative heat flux and radiative source along the slab for Case 4; CO2;

2
0.1,CO 0.5L m , and 1500T K with non-gray walls as defined by Eq. (27). 
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Table 3 shows the mean values of the relative error for two different band selections together with the those of WSGG and FSCK (nq=32) of the 

cases defined in Table 1. In all the cases, the option of using 25 bands led to the most accurate results. Please note that the large error values 210 

reported for WSGG and FSCK in cases 2 and 4 are basically due to the fact that those models cannot support the non-grayness in the walls and 

their predictions have been obtained by using an average value for the gray wall emittance. Yet, results of the cases 1 and 3 show that the present 

banded approach provides quite accurate results with a joyful simplicity and low computational cost. It makes the method suitable for practical 

CFD modeling of combustion systems where too many physical phenomena need to be included and improvement of computational speed of all 

the sub-models are essentially important. 215 

Looking at the results, one may notice that all the models show better accuracy in the middle of medium while have difficulties in predicting the 

rapid changes close to walls. It is due to rapid temperature change from the wall to the medium and therefore different Planck emissive powers. 

The present method also provides less accurate but still fairly good results close to the walls compared to the central regions of the medium.  

Case No. 25 bands 6 bands Smith WSGG [11] FSCK (nq=32) 

1 1.45 3.7 17.2 5.36 

2 1.64 4.03 34.24 34.96 

3 1.44 17.97 15.19 3.17 

4 1.61 7.22 36.10 36.27 

Table 3. The average of the relative error (%) of the predicted 

radiative heat flux in four cases of Table 1. 

For pure CO2, most of the strong absorption lines are located in certain regions of the spectrum and therefore, even using six bands led to a good 

level of accuracy, however, the best accuracy(<2%) can be achived by using 25 bands as reported in Table 3.  220 

3.3. Band Selection for H2O 

In the similar way as CO2 to identify the suitable bands for pure H2O, the smoothed profile of LBL pressure based spectral absorption coefficient 

multiplied by the spectral Planck emissive intensity ( , ,P bI ) at T=2400K has been used. Several values for the onsets and the thresholds of the 

, ,P bI values of the bands have been examined in three benchmarks. The benchmarks are introduced in Table 4.  

Case No. ( )L m  
2H O  ( )T K  Wall emittance 

5 1.0 1.0 1000 1 (black wall) 

6 1.0 1.0 1000 Eq. 27 (non-gray wall) 

7 2.0 0.2 1500 Eq. 27 (non-gray wall) 

Table 4. Test cases of pure H2O. 
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Figure 10.  Radiative heat flux and radiative source along the slab for Case 5; H2O; 

2
1.0H O , 1.0L m ,and 1000T K with black walls. 
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Figure 11.  Radiative heat flux and radiative source along the slab for Case 6; H2O; 

2
1.0H O , 1.0L m ,and 1000T K  with non-gray walls as defined by Eq. (27). 
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Figure 12.  Radiative heat flux and radiative source along the slab for Case 7; H2O; 

2
0.2H O , 2.0L m ,and 1500T K  with non-gray walls as defined by Eq. (27). 






























