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Abstract 
The objective of this paper was to apply the IR imaging capability for individuating 
the role of the pilot burner during combustion instability settlement in a 1 MW 
industrial gas turbine burner under atmospheric conditions. To do that, different 
operative conditions were tested on an industrial Gas Turbine burner fueled by 
natural gas. The infrared images of flames were coupled with photomultiplier and 
microphones measurements. The image analyses evidenced main oscillations at 
low frequencies around 15Hz and 145Hz, and were confirmed by microphones and 
photomultiplier measurements. Moreover, the IR imaging allowed in locating these 
frequencies in the 2D dimensions under humming conditions. The further non-liner 
analysis investigation came out a real time tool and allowed in tacking temporally 
and spatially the oscillating frequencies of the burner. The role of the pilot burner 
during the unstable combustion was clearly evidenced. 
 
Introduction 
Stringent regulations on the reduction of pollutant emissions pushed over the last 
30 years the development of lean low-emission combustors as the main design 
challenge for land-based gas turbines. Lean premixed combustion allows to limit 
NOx emissions but may also induces the onset of instabilities, an undesirable 
behaviour that needs to be avoided. Combustion instability is characterized by 
pressure oscillations in the combustion chamber that produce detrimental effects 
such as increased heat transfer to the combustor walls, flashback or blowout and, in 
extreme cases, mechanical failure, hardly mining the operability of the engine [1-
5]. Due to the continuous growth of energy demand and the expected stricter 
targets regarding NOx emissions, the well-established Rich pilot/Lean scheme of 
standard combustors will be replaced by lean burn chambers. With such strategy 
the onset of pressure oscillations due to thermoacoustics will be present in the 
combustors, potentially affecting flame stability and engine operations. Many 
researches are focused on new concepts for ultra-low NOx burners, with 
developments in fuel preparation and wall cooling techniques in the case of gas 
turbine combustors. Concerning Gas Turbine (GT) a mature technological solution 
for the reduction of pollution, while increasing the specific power, is the use of lean 
mixtures premixed before fuel/air enter into the combustion chamber. Nowadays, 
the study is also steered to their capability of working without any interruption or, 
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at least, without unwanted interruptions. One can easily understand that this aspect 
of the research is synergistic to the previous one because the reduction of 
unproductive time of machines increases the time available for production. 
Considerable work has been done by several research groups in order to understand 
the mechanisms that cause the interaction between heat release fluctuations and 
pressure waves in lean burn gas turbines fueled by natural gas [6-9]. The heat 
release fluctuations produce pressure fluctuations is well known and well 
understood; however, the mechanisms whereby pressure fluctuations result in a 
heat release fluctuations are not. Rayleigh [10] postulated that, for the pressure 
oscillations to be amplified, the heat release and pressure fluctuations must be in 
phase. The exact mechanism of unstable combustion is not yet completely 
understood. Moreover, in order to validate the different numerical models of 
combustion instabilities, real time measurements are needed giving thus the 
possibility of a better description of the phenomena. Acoustic frequencies can be 
easily measured by fast traducers, while the oscillations of the equivalence ratio 
can be obtain performing real time measurements [11]. Other time averaged 
techniques (e.g. LIF, PLIF, Chemiluminescence, etc.) give an idea of the 
combustion process [8,11]. UV–Visible spectroscopy is usually used to obtain 
information on the flame structures. New available technology based on InfraRed 
imaging allows to go forwards improving 2-dimensions studies [9]. This 
technology represents an interesting tool for instability characterization and 
feedback for burner designers. The objective of this paper is to apply the IR 
capability for individuating the role of the pilot burner during combustion 
instability settlement. To do that, different operative conditions were tested on an 
industrial Gas Turbine burner fueled by natural gas. 
 
Experimental Method 
Measurements were performed on 1 MW test rig with optical accesses. These 
accesses permit to carry out investigation on flame instability on full scale 
prototype gas turbine burner at nearly atmospheric condition. The test rig consists 
of a plenum chamber upstream of a swirl inducing burner and a combustion 
chamber downstream of the burner. The circular cross section combustion chamber 
consists of a ceramic flame tube adherent to a metallic water cooled liner. The 
prototype burner is composed by two stabilizing air swirlers and different gas 
injectors: a diffusion nozzle and two premixed systems; the diffusion nozzle 
behaves like a high stability pilot for premixed unstable flame. During the tests, the 
burner was always fed by the main premixed line and in the first step using the 
diffusion line and in the following step using the second premixed line. This caused 
a variation in flame structure and dynamic. The combustion chamber is equipped 
with several optical and/or sampling accesses along the external surface and an 
optic window on the bottom of flame tube: this window permits a high quality 
vision of burner. During the test campaign, the sideward accesses have been used 
to install flush mounted piezo-electric microphones by means of water cooled 
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probes (Fig.1). For reason of confidentiality regarding the industrial process, no 
more detailed figure is presented about the experimental set-up. 
 

 
Figure 1. Experimental set-up apparatus 

 
One of the optical accesses was used to install a photomultiplier equipped with an 
interferential filter and a focusing lens. The filter is centered at 430±10nm. This 
wavelength represents the specific chemiluminescence of CH* radical [12, 13]. 
The signal processing was performed at 20 kHz. The data undergone a Fast Fourier 
Transformation. Fast IR imaging was performed using a SC6800 Camera from 
FLIR Systems with a InSb sensor matrix of 640x512 pixels and a sensitivity ranged 
between 1 and 5µm. The films were acquired at 1.5 kHz with a sized windows of 
320x188 pixels. Data were transferred to the Data Transfer System by mean of a 
CoaxPress© cable. The integration time of the sensor was optimized to obtain a 
signal-to-noise ratio greater than four. A 100 mm lens (f:2.3, Si:Ge) was used and 
focused at a distance of 2.5 m from the camera, namely 0.5 m far from the burner 
throat. A neutral density filter for the whole band was used to reduce the flame 
intensity during the acquisition. A sapphire window was used on the combustor 
optical access. Images were analyzed by the ResearchIR Software® and 
Labview®. IR Imaging was performed together with fast recording of both 
pressure transducers and CH* chemiluminescence. Three conditions were 
investigated: 

 Stable Condition: 100 Base load; 
 Transition Condition: 100 Base load; 
 Unstable “Humming” Condition: 100 Base load. 

 
Results and Discussion 
The investigations aimed to individuate fluctuating frequencies under the different 
combustion conditions changing the equivalence ratio of the pilot burner. The 
Transition Condition was obtained with an equivalence ratio φ= 0.7x φo, while 
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Unstable Humming Condition was reach with an equivalence ratio φ= 0.65x φo. 
The Fast Fourier Transform analyses applied on the acquisitions gave an averaged 
idea of the distribution of the frequencies of the combustor for a selected working 
condition. They were performed on a sliding averaged window of 2x2 pixels. The 
results are reported on Figure 2 for the different combustion conditions as raw 
values (left part) and normalized to the maximum peak intensity for each condition 
(right part). 
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Figure 2. Frequency analysis (FFT) for the different combustion conditions 
 
We observed that flame intensities present different frequency distribution. The 
Stable Condition presents values ranged between 5 Hz and 70 Hz, while Transition 
and Unstable conditions, generates higher frequency range reaching up to around 
145 Hz. It is worthwhile to note, the change of the frequency peak intensities 
between the different conditions as reported on Fig. 2 (right part). The main 
frequencies under Stable Condition (5 Hz and 15 Hz) switched to 5Hz and 145 Hz, 
when the combustion is starting to become unstable. Moreover, a new frequency 
appears at around 60 Hz. While the 5 Hz frequency can be attributed to the 
methane auto-ignition oscillation behaviour [14], the identification of the other 
main frequency (145 Hz) is not clear, but is correlated to the pressure transducer 
and photomultiplier measurements. Once identified the frequency distribution 
functions for the different combustion conditions, a spatial distribution plot for 
every main frequency has been performed. Figure 3 represents the spatial 
distribution of the main frequency intensity for Stable Condition (15 Hz), 
Transition Condition (145 Hz) and the Unstable Condition (145 Hz). In the case of 
stable condition, the peak intensity is uniformly distributed around the burner, 
while passing from transition to unstable condition enhanced the intensity towards 
the centre of the burner, close to the pilot burner. This clearly indicates that the 
“Humming” phenomenon arise nearby the pilot burner. This indication is of great 
importance for the burner design and optimization. 
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Figure 3. Spatial distribution of the main frequency intensity under the 
different combustion regimes: Stable (a), Transition (b) and 
Unstable (c) 

 
Conclusions 
The role of the pilot burner during combustion instabilities settlement was studied 
in a 1 MW industrial gas turbine burner under atmospheric conditions. Different 
operative conditions were tested including Transition and Humming conditions by 
changing the equivalence ratio of the pilot burner. The equivalence ratio of the 
pilot burner was changed from φo (Stable condition) to 0.65xφo. The infrared 
images of flames were coupled with photomultiplier and microphones 
measurements. The image analyses evidenced main oscillations at low frequencies 
around 15Hz and 145Hz, and were confirmed by microphones and photomultiplier 
measurements. Moreover, the IR imaging allowed in locating these frequencies in 
the 2D dimensions under humming conditions. The role of the pilot burner during 
the unstable combustion was clearly evidenced by IR imaging post processing 
analysis. Finally, the further non-liner analysis investigation came out a real time 
tool and allowed in tacking temporally and spatially the oscillating frequencies of 
the burner. 
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