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Introduction

q Thermal efficiency of gas turbine increases as the temperature and the 
pressure at the combustor increases.

q Radiative heat transfer in a gas turbine combustor is particularly interesting:

q Radiative heat transfer solver has been incorporated in OpenNCC.
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• Materials used inside a combustor must survive a challenging environment. 
• Effective placement of effusion holes can lead to overall efficiency improvement.

• Less frequently incorporated in CFD analysis but has been reported to be important.
• The cooling air may protect the liners from convection but not necessary from radiation.
• May affect the emission performance.

After presenting the theory and the strategy of implementation, results of validation cases for
gray gas and non-gray gas will be presented.



Governing Equations
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Radiative Transfer Equation (RTE) with pseudo time marching term:

a-factor

k-factor

Note:
a-factor and k-factor are 
placeholders to accommodate 
different spectral models 
(currently FSCK and WSGG)

Discrete Ordinate method to transform from “path of light” to cartesian coordinate system:

:Divergence of radiative heat flux (= -SR)

:Radiative wall heat flux



Implementation procedure
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– Boundary conditions
– Characteristic time scale for the radiation solver
– Spectral models
– Numerical methods

• For the DO method, T4 quadrature set by Thurgood [9] is used (128 directions in 3D) but 
other options are available.

• The radiation solver and the CFD solver shares the same cell-centered, FVM mesh 
partitioned by METIS [7]. Non-blocking MPI and noncontiguous collective MPI-IO used for 
communication.

• The WSGG model by Bordbar [5] and FSCK model by Modest [6] has been implemented 
for testing purposes (not for distribution). Between these two models, the WSGG model 
has less equations to solve and the evaluation of cell-centered properties is found to be 
quicker. FSCK can handle larger range of species concentration.

• The paper Contains more information:



Gray Gas Validation
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(a) Comparison of wall heat flux: k=0.1 (b) Comparison of wall heat flux: k=1.0 (c) Comparison of wall heat flux: k=10.0

• In this problem, we are interested in the accuracy 
associated with angular and spatial discretization.

• Cubic enclosure filled with gas at uniform temperature.
• All walls are cold and black.
• Mesh is 25x25x25 cells.
• Calculation is performed for three different absorption 

coefficients, namely, 0.1, 1.0 and 10.0 [1/m].



Non-Gray Gas Validation(1/4)
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• In these problems, we are interested in the accuracy 
associated with the modeling of participating media.

• The geometry is a 2m x 2m x 4m rectangular enclosure at 
1atm and the temperature distribution are shown in figure.

• All walls are black and at a uniform temperature of 300 K.

• The participating species are CO2 and H2O with molar 
concentrations listed in Table 1.



Non-Gray Gas Validation(2/4)
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(a) Comparison of radiative source term (b) Comparison of wall heat flux

Fig.4 Comparison of case1, LBL data from Fraga et al. [12]

• Both spectral models are capturing the overall 
trend of radiative source term and wall heat flux.

• SR calculated by the FSCK is slightly higher than 
the LBL value and the WSGG is lower.



Non-Gray Gas Validation(3/4)
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(a) Comparison of radiative source term (b) Comparison of wall heat flux

Fig.5 Comparison of case2, LBL data from Fraga et al. [12]

• Similar results as case1
• qR calculated by the FSCK is lower than the LBL 

and the WSGG is higher than the LBL model value.



Non-Gray Gas Validation(4/4)
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(a) Comparison of radiative source term (b) Comparison of wall heat flux

Fig.6 Comparison of case3, LBL data from Porter et al. [12]

• Contrary to the other two cases, case3 has more 
CO2 than H2O.

• The relationship between the FSCK model and the 
WSGG model is being maintained.



Non-Uniform Mesh Validation(1/4)
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• The mixed elements mesh has five layers of 
expanding prisms with minimum wall 
distance of 1cm.

• The mixed elements mesh is denser 
compared to the all-tetrahedron mesh.

• The comparison is performed for both, gray 
gas problem and non-gray gas problem.

Fig.7 mesh distribution compared at the center cut-plane



Non-Uniform Mesh Validation(2/4)
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(a) Comparison of radiative source term (b) Comparison of wall heat flux

• Gray gas with uniform (k, T, Tw)=(1.0, 1000,300)

All four meshes are providing similar results in both, radiative source term and the wall heat flux.
The results of the coarse uniform mesh is slightly away from the other three cases due to the resolution.



Non-Uniform Mesh Validation(3/4)
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(a) Comparison of radiative source term (b) Comparison of wall heat flux

Fig.9 Comparison of effect of mesh types: case2 using FSCK

• Solving case2 with FSCK model.
• Oscillation in the wall heat flux gets removed with 

the mixed elements mesh that has a layer of 
uniformly distanced cells near the wall.



Non-Uniform Mesh Validation(4/4)
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(a) Comparison of radiative source term (b) Comparison of wall heat flux

Fig.10 Comparison of effect of mesh types: case2 using WSGG

• Solving case2 with WSGG model.
• Similar trend as FSCK.
• Improving the resolution of the uniform mesh makes 

the wall heat flux values closer to the non-uniform 
mesh solutions.



Summary
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Ø The theory and the implementation of the newly developed radiative heat 
transfer capability added to OpenNCC has been explained and its 
performance has been presented through series of validation problems.

Ø The computed results were in good agreement with the reference solutions 
for gray-gas and non-gray gas problems.

Ø The radiation solver performed well when applied to non-uniform 
(unstructured) mesh.

Ø This solver is expected to be combined with other capabilities of OpenNCC 
and applied to a realistic engineering problem.
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