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Abstract 

LES simulations were conducted on a gas-fueled swirled burner which exhibits 

self-excited combustion instabilities in certain operating conditions. The 

experimental data were measured at the German Aerospace Center (DLR), where 

they performed comprehensive experimental investigations on premixed swirling 

CH4/air flames at atmospheric pressure in a experimental gas turbine combustor 

with optical access. The flame investigated exhibited self-excited oscillations at 

about 290 Hz, well captured by the numerical prediction, which shows a typical 

agreement with the experimental data in terms of temperature, velocities and 

species concentration profiles.  
 

Introduction 

Lean premixed combustion in gas turbines (GT) is widely used in order to meet 

stringent low NOx emissions demands. If this technique allows the achievement of 

a quite homogeneous temperature distribution, thermo-acoustic instabilities are a 

common problem in gas turbine combustors operating in lean premixed mode. 

Pulsations, caused by resonant feedback mechanism coupling pressure and heat 

release [1–7], can lead to strong perturbations in the gas turbine and even to the 

destruction of system components. 

The mechanism bringing instabilities are not well understood yet and it is the result 

of the complex interaction between several factors like combustor mixing, 

pressure, flow field,  geometry and heat release.  

Equivalence ratio fluctuations is one of the major cause of flame instability [8, 9]: 

for example changes in air inlet velocity cause variations of the flow rate but may 

also produce mixing fluctuations and the introduction into the combustion zone of 

pockets with different equivalence ratio that can generate instabilities. 

The problem is not completely solved even though active and passive control 

mechanisms have been designed to reduce the phenomenon.  

The instabilities of turbulent premixed flames have been the subject of intense 

research in the last ten years. Numerical simulation tools at this moment are still 

not completely reliable in the studies of combustion instabilities and large Eddy 

Simulation (LES) offers great possibilities for what concern the self-excited 

combustion oscillations prediction [1–3, 10–14]. But precise and complete sets of 
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experimental data are needed for code improvements and validation. Non-intrusive 

optical measurements and in particular laser-based techniques are the correct 

choice since they not interfere with the flow and reaction zones and additionally 

the spatial and temporal resolution are sufficient to resolve the fluctuations in 

turbulent flames.  

 

Experimental apparatus 

In this study the experimental campaign conducted at the German Aerospace 

Center (DLR)  [15] was chosen as test case. The burner nozzle was designed by 

Turbomeca S.A. and was operated with premixed CH4/air, which for an 

equivalence ratio of Φ = 0.7 (25 kW) exhibited a strong self-excited 

thermoacoustic oscillation at a frequency of about 290 Hz. 

In Fig. 1 is shown a schematic of the entire system. Air at ambient temperature 

flows through a radial swirler to the burner nozzle. The fuel gas (CH4) is supplied 

through small holes within the radial swirler with high momentum to ensure good 

mixing before entering the 85x85 mm combustion chamber. The burner is operated 

at 25 kW with an equivalence ratio of 0.70. Reynolds number at the nozzle is about 

35000 and the swirl number is approx. 0.6. 

 

 
Figure 1. Experimental apparatus. 

 

The combustion chamber is delimited by large quartz windows in order to apply 

laser and optical diagnostic techniques. OH chemiluminescence, which represents 

also a measure of the heat release rate, was used in order to determine shape and 

position of the flame. Laser Raman scattering was applied for temperature and 

species concentration measurement, while velocities were measured by LDV. The 

measurements were performed with phase resolution, i.e., triggered with respect to 

the phase of the pressure pulsation measured by a microphone. The measurements 

were performed at 8 phase angles.  
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Figure 2. Computational grid. 

 

Simulations set-up 

The simulations were conducted using the commercial code ANSYS-FLUENT. 

The computational grid consists of about 4.000.000 (fig. 2) of computational cells. 

For the combustion chamber a hexahedral grid properly refined at the chamber 

inlet was adopted, while, given the geometric complexity, a tetrahedral grid was 

used for the plenum. The dynamic Smagorinsky-Lilly LES approach was used for 

turbulence. The turbulence-chemistry interaction was modeled using the Eddy-

Dissipation-Concept model [16], in conjunction with a simple 2-steps and 5 species 

mechanism [17] and a more complex 46-steps and 17 species chemical mechanism 

[18]. For pressure-velocity coupling the SIMPLE approach was adopted. A second 

order spatial discretization scheme was used for pressure, a bounded central 

differencing scheme for momentum, a third order MUSCL [19] was adopted for all 

the others variables and a second order implicit scheme was chosen for temporal 

discretization. The gas kinetic-theory was used for thermal conductivity, mass 

diffusivity and viscosity calculation. Simulations were run in parallel on a 96 cores 

of ENEA-CRESCO cluster. 

 

Results and discussion 

Pressure signals coming from microphones placed in the chamber and the plenum 

oscillate at a frequency of about 290 Hz and the two signals are not in phase. The 

two signals registered at the same positions during the simulation are reported in 

figure 3. The dominating frequency of both is about 250 Hz. The figure also shows 

that the trace of the signal from the plenum is smoother than that from the 

combustion chamber. This was confirmed experimentally. Mean temperature field 

is similar for the two mechanisms used, but the simple one exhibits general higher 

values. On the other hand instantaneous fields reveal very high and unrealistic 

temperature peaks in this case, with respect experimental data. The flame is 

anchored at the nozzle exit, where the swirl effect generates an inner recirculation 

zone. Here the recirculation of hot products ignites the incoming fresh mixture, 

stabilizing the flame, which assumes the shape of a cone (fig. 4). Chemical 
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reactions however extend until up to chamber walls. An outer recirculation zone it 

is also present at the chamber corners. Temperature and species radial profiles are 

reported in figure 5. If the external part of the profiles matches satisfactorily with 

the experimental data, there is a certain mismatch for the internal part. It seems that 

the inner recirculation zone predicted by the simulations is less wide in terms of 

reaction, even if is well captured in terms of flow field (fig. 6). 

Mixing of fuel and air within the swirler it is not perfect, as results from CH4 

profile at nozzle exit and the pulsating behavior of the flame is mainly due to 

changes in equivalence ratio of the fuel air mixture entering the combustion 

chamber. When pressure in the chamber is low, air flow velocities increase and the 

fresh mixture is not able to burn, also due to ignition delay.  

 
Figure 3. Pressure signal in the plenum and in the chamber. 

 

 
 

Figure 4. Mean (left) and instantaneous (right) temperature (a) (K) and OH mass 

fraction (b). 
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Figure 5. Temperature (top) and O2 mole fraction (bottom) radial profiles. 

 
Figure 6. Axial velocity profiles. 
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chamber walls, where velocities lower and the elapsed time is sufficient for mixing 

and ignition delay. This cause an increase in pressure and a subsequent reduction in 

air flow, that again generates a fuel-rich mixture. It is then possible to conclude that 

pressure fluctuations and heat release sustain each other, fulfilling the criterion for 

self sustained oscillations in flames of Rayleigh. 
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