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Article type In this paper, a numerical simulation of an industrial gas turbine combustor has been performed
Res?arCh_Art‘Cle using two combustion models, FGM (Flamelet Generated Manifold) and EBU (Eddy Break-Up)
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combustion model selection on the average stagnation temperature and the outlet temperature
profile of the combustor, which are important from the perspective of performance and turbine

Available online 2026.06.17 component life. The simulations have been performed using Simcenter STAR-CCM+ software

Keywords and a 3D meshing including fluid and solid domains. The numerical results have been compared

Numerical simulation of combustion with the reference data of the turbine manufacturer. Also, the effect of two turbulence sub-

chamber models, k-¢ Realizable and k-¢ Standard, on the simulation accuracy has been investigated. The

Gas turbine findings show that the FGM model predicts the outlet temperature cooler and closer to the

FGM model reference distribution with less error than the EBU. Also, the combination of the Standard k-¢
turbulence model with the FGM combustion model provides a better match with the reference
data.

Introduction

The gas turbine combustor, as one of the critical components in a gas turbine, plays a decisive role in the overall
performance, efficiency, and emissions of the system. The design and optimization of this section have always
faced numerous challenges due to the complexities arising from the interaction of various phenomena such as
turbulent flow, chemical reaction, heat transfer, and radiation. In the meantime, numerical simulation has been
considered as a powerful tool for analyzing and better understanding these phenomena. In the field of combustion
modeling, chemical simplification methods have been developed to reduce computational costs without losing
accuracy. Evin et al. [1] introduced the flame-generated manifold (FGM) method, which allows for efficient
simulation of premixed combustion by significantly reducing the computation time (up to 20 times) while
maintaining high accuracy. This method was subsequently comprehensively reviewed and integrated by Evin et
al. [2] and its ability to predict complex effects such as flame drag and pollutant emissions has been confirmed.
Also, Swart et al. [3] investigated the preferential diffusion effects in methane-hydrogen mixtures using the FGM
method in direct numerical simulation (DNS) and showed that the method is able to predict these effects with
reasonable accuracy, while single-stage models are not able to do so. In a comparison of combustion models,
Eagles and Brown [4] compared the performance of the FGM model with a two-stage global model and showed
that although both models are able to predict combustion efficiency and temperature profiles, accurate prediction
of recirculation zones still needs to be improved. Also, the study by de Souza et al. [5] evaluated the performance
of the FGM model in RANS and LES frameworks and confirmed the stable results of the method in both
frameworks.

The aim of this paper is to numerically simulate an industrial gas turbine combustor using two combustion
models, EBU and FGM, and the turbulence models k-¢ Realizable and k-¢ Standard. In this paper, the effect of the
choice of numerical combustion model and turbulence model on the mean and profile of the outlet temperature
and the flow velocity field, which are very important from the performance and life of turbine components, has
been investigated, and the results of four simulations with the mentioned models have been compared with the
results of the gas turbine manufacturer [12].
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Methodology

In this study, a sample combustion chamber of a 25 MW industrial gas turbine has been numerically simulated;

the combustion chamber under study is of the can-annular type and consists of 16 cans as liners, and in order to
reduce the computational cost, only one liner out of 16 liners and also a sector of one-sixteenth of the annular
circumference around the liner have been considered. The fuel used in this gas turbine is methane gas and therefore
does not pose a challenge from the perspective of injector modeling or fuel injection simulation.
Due to the geometric complexity of the combustion chamber, STAR-CCM+ software was used for high-quality
mesh generation and numerical convergence. The k-¢ turbulence model was selected over k- SST for its greater
accuracy in predicting flame location, and the paper aims to compare the Realizable and Standard sub-models. For
combustion simulation, the EBU and FGM methods were applied. FGM reduces computational cost by creating a
database from one-dimensional laminar flames and accurately models complex effects such as flame drag and
preferential diffusion. In contrast, the EBU model assumes mixing rate as the limiting factor without considering
chemical kinetics, making it faster and less expensive than advanced methods like FGM or EDC.

Results and Discussion

Different combustion models, depending on their operation and the degree of simplification of the chemical
reaction, can have different results in terms of flame temperature, flame location, or even flame stability; therefore,
in this article, the simulation results with the two EBU and FGM models are examined. The EBU method simulates
combustion in an equilibrium manner and does not consider the effect of reaction kinetics; as a result, it is predicted
that the flame temperature in the EBU model will be simulated higher than in the FGM model because, as
mentioned, the FGM model, while considering the effect of chemical kinetics, uses chemical mechanisms to
consider all intermediate reaction species and radicals in the simulation process, which reduces the flame
temperature because the formation and consumption of intermediate reaction species consume the energy of the
process and reduce the flame temperature. The error of the average stagnation temperature of the chamber in the
simulation with the FGM model is less than that of the EBU model. To read the distribution of the outlet stagnation
temperature in the radial direction, five probes are created from the bottom to the top of the outlet plane. The
results of the FGM model are generally cooler and closer to the reference distribution, but due to the flame being
further forward in the FGM model, the temperature of the gases exiting the chamber in the FGM model is higher
than that of the EBU model in the middle of the outlet plane. In addition to the combustion model, other factors
such as the turbulence model can also have a significant impact on the simulation accuracy. The effect of the
turbulence model in simulating the combustion chamber has been investigated with the same combustion model,
which, due to the lower error of the FGM model, has been considered as the default model for comparing the
effects of turbulence models.

Different turbulence models can have different results depending on their operation and the way the Navier-
Stokes equations are discretized, especially near the wall; in numerical simulation of the combustion chamber, the
difference in turbulence models can have different results in simulating vortices inside the chamber, mixing of fuel
and air, mixing of hot flow inside the liner with cool air flow around the liner that enters the liner in each part of
the chamber, and pressure drop due to flow passing through the swirler and liner holes. Therefore, in this article,
the simulation results with two k-g Realizable and k-¢ Standard models have been examined. The results of the
simulations performed show that in the k-¢ Standard model, vortices and consequently the mixing of cold and hot
flows as well as the mixing of fuel and air are simulated better than in the k-¢ Realizable model. The accuracy and
ability of the turbulence model in simulating vortices has a direct impact on the temperature distribution along the
liner because the flow velocity field indicates the mixing of fuel and air, as well as the mixing of the cold flow of
the main holes and cooling on the liner with the hot flow inside the liner, both of which have a direct impact on
the location of the flame and the hot temperature spots inside the liner. Given the better simulation of the mixing
of hot and cold flows in the k-¢ Standard model, it can be expected that the temperature distribution inside the liner
and also at the outlet surface of the liner will have a lower temperature than the simulation with the k-¢ Realizable
model. The temperature distribution in the simulation with the k- Standard model is more uniform and the overall
temperature inside the liner is cooler. The outlet temperature profile simulated by the k-¢ Standard model is cooler
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and closer to the profile provided by the reference. Also, the average liner outlet stagnation temperature in the
simulation with the k-¢ Standard has about four percent less error than the k-¢ Realizable model.

Considering all the results presented, such as temperature and velocity at different sections, it can be said that
the combination of the k-& Standard turbulence model with the FGM combustion model can simulate the operating
conditions of the gas turbine combustor with appropriate accuracy.

Conclusions

In this study, numerical simulation of the combustion chamber of an industrial gas turbine was performed with
two combustion models, FGM and EBU, and the k-¢ turbulence model. The results showed that the FGM model
is more accurate in predicting the average outlet stagnation temperature than the EBU. Also, the outlet temperature
profile obtained from the FGM model is closer to the reference distribution and provides a cooler temperature.

In examining the effect of the turbulence model, it was found that the k- Standard model has a better ability
to simulate eddies, mixing of cold and hot flows, and a more uniform temperature distribution than the k-¢
Realizable model. The average outlet stagnation temperature in the k-¢ Standard model was calculated to be 1557.2
Kelvin (1% error) and in the k-¢ Realizable model to be 1656.2 Kelvin (5.26% error), indicating the superiority of
the k-& Standard model.

Examination of the outlet chemical species showed that the most produced pollutant was NO, which is due to
the high temperature of the combustion chamber. Also, the temperature distribution on the liner wall showed that
the flame concentration occurs near the wall and before the first row of holes in the first zone of the chamber,
which can reduce the liner life. Finally, it is suggested that by modifying the swirler and improving the DLE
process, the flame will move away from the wall and the NO production rate will be reduced.

In summary, the combination of the k-¢ Standard turbulence model with the FGM combustion model is considered
a suitable option for accurate simulation of industrial gas turbine combustion chambers.
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Table 1-The functional conditions of the combustion chamber

Quantity Value | Unit
Inlet stagnation temperature 743.5 K
Inlet stagnation pressure 2.15 MPa
Outlet gas stagnation temperature | 1573.5 K
Outlet stagnation pressure 2.06 MPa
Outlet mass flow rate 67.4 kg/s
Fuel pressure at nominal power 2.85 MPa
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Table 2-Boundary conditions
Type of boundary

Title - Parameter Value unit
condition

- . Mass flow 4.11875 kg/s
Air inlet Mass flow inlet Total temperature 743.5 K

. . Mass flow 0.0955 kg/s
Fuel inlet Mass flow inlet Total temperature 300 K

Outlet Pressure outlet Pressure 20.45 bar
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Figure 1- The effect of increasing the number of computational grid cells on (a): axial flow velocity, (b): equivalence ratio in the
recirculation zone, (c): ratio of the flow rate passing through the swirler to the total flow rate of the chamber.
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Figure 2- Three-dimensional computational grid generated for the fluid domain b: Three-dimensional computational grid generated
for the solid domain
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Table 3- The specifications of the performed simulations

Row Title Turbulence Model | Combustion Model
1 Case 1 k-¢ Realizable EBU
2 Case 2 k-¢ Realizable FGM
3 Case 3 k-g Standard FGM
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Figure 3- The location of different sections created on the liner
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Figure 4- Temperature contour inside the combustion chamber in the mid-plane (a) EBU and (b) FGM
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Figure 5- Temperature contour inside the combustion chamber at different sections (a) EBU and (b) FGM
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Table 4- The average exit stagnation temperature

Reference FGM EBU
Outlet Total Temperature [K]
1573 1656.2 1670.5
Error [%] - 5.2 6.1

e il

Figure 6- The probes created for reading the exit stagnation temperature distribution in the radial direction
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Figure 8- Velocity contour and streamlines inside the combustion chamber in the mid-section
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Figure 10- Velocity contour and streamlines inside the combustion chamber in the mid-section
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Figure 11- Temperature contour inside the combustion chamber in the mid-plane
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Figure 12- The combustion chamber outlet temperature profile
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Table 5- The average exit stagnation temperature

Reference Realizable Standard
Outlet Total Temperature [K] 1573 1656.2 1557.2
Error [%] - 5.2 1.0
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Table 6- Pressure parameter validation

parameter Ref. CFD Error [%]
[bar] Inlet total pressure 21.50 21.43 0.3
[bar] Outlet total pressure 20.60 20.59 0.05
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Figure 13- Mass fraction contour of different species in the mid-plane of the combustion chamber
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Table 7- The mass fraction values of different species at the liner outlet

Species Mass Fraction
CH, 7.8e-7
OH 1.75e-5
co 7.8e-7
CO, 6.33e-2
NO, 1.75e-5
NO 1.45e-3
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