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Abstract 

With the aim to characterize the flame behavior when ultra-lean combustion 

conditions are reached, an experimental investigation was performed on a liquid-

fuel gas turbine derived burner, at different fuel/air ratios and comparing different 

fuel injection modes. Ultra lean conditions have a negative impact on combustion 

efficiency for the instabilities insurgence. High speed acquisitions by a CCD 

camera were performed to investigate the behavior of the spray and the flame close 

to lean blowout. Statistical and spectral analyses were also applied to the flame 

acquisitions to extract suitable parameters for blowout recognition. 

 

Introduction 

To answer to environmental requests, the recent industrial and aeronautical 

burners’ development move toward the reduction of the pollutants, especially the 

Nitrogen Oxides (NOx). This could be reached by the reduction of the fuel/air ratio 

until lean and ultra-lean conditions, this leads to lower flame temperature 

combustion [1] and consequently to a reduction of the NOx emissions. However 

the main limitation is given by the occurrence of flame instabilities close to the 

Lean Blowout (LBO) limit [2, 3]. In gas turbine combustors it is very important to 

avoid and to prevent the negative effects of instability [4]. Hence automatized 

methods and real-time control techniques [5] appear strategic.  

Optical diagnostic techniques allow non-invasive investigations to extract 

significant information about the ongoing combustion process and the approaching 

of LBO. In the last years optical emission measurements from some active species 

involved in combustion process, like OH*, CH*, or CO2* [5, 6], measured using 

photomultiplier tubes have been extensively used. Among the optical techniques 

the high speed camera acquisitions in different spectral ranges (Visible, UltraViolet 

or Infrared Spectral ranges) are also very promising [7-9]. 

The post processing of these images may produce some meaningful combustion 

parameters related to the combustion regime and flame stability, e.g. flame shape, 

brightness but also oscillation frequencies. Furthermore it permits to characterize 

the different regions of the flame.  

Obviously the analysis based on the visible spectral range emissions is easier and 

cheaper then ultraviolet (UV) and infrared (IR) spectral ranges [10].  
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In the literature several investigations were focused on acoustic and aerodynamic 

instability for gaseous premixed or non-premixed fuels [11]. However, liquid 

fuelled combustor has unique processes such as atomization and evaporation. 

These processes make the mechanism more complicated and difficult to be 

investigated. 

In this context the aim of the present work is the individuation of the more suitable 

parameters for a real-time instability monitoring tool for aeronautical and industrial 

application. This objective is followed studying the lean blowout and the flame 

stability in a liquid-fuelled swirling combustor operating in non-premixed and 

partially-premixed combustion modes. The pixel intensities of a temporal series of 

visible spectral range images are meaningful for the flame characterization. 

Starting from these signals the variance was evaluated and a 2D representation of 

this parameter was used for the analysis. A shape analysis was also applied to the 

flame to compare the non-premixed and the partially-premixed regimes and the 

flame behaviour when blow out limit is approached.  

Finally, also the images of the spray in the two regimes were acquired to better 

explain better the difference between the two regimes in term of fuel and air 

alimentation.  

 

Experimental apparatus and operative conditions 

The present investigations were performed at the Green Engine laboratory of the 

University of Salento, equipped with a 300 kW liquid-fueled swirling combustor 

(see Figure 1). The burner is a gas-turbine derived combustor, modified for 

research investigations [12-14].  

The burner operates both in non-premixed (single injection) and partially-premixed 

(multipoint injection) fueling modes. The burner has an inner diameter of 14 cm 

and a length of 29 cm. The air passes through two concentric annular tubes, the 

inner of which is equipped with eight-septa, 45° swirler. In non-premixed mode the 

fuel enters in the chamber through a central single hole (diameter 0.5 mm) while in 

partially-premixed mode there are 8 holes (diameter 0.5 mm), one for each swirler 

septa, along the circumference of 75 mm of diameter (see Figure 1).  

To investigate the effect of equivalence ratio on the instability, the measurements 

are conducted by changing equivalence ratio , by decreasing the air mass flow 

rate and keeping constant the fuel. 

 

 
Figure 1. The Green Engine burner and the particular of the injection holes for, 

respectively, the partially premixed and the non-premixed regimes. 
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The combustor has three circumferential optical accesses and another window in 

frontal position. Each window has two quartz glass plates stacked upon with a 

small gap in between in which coolant air is driven.  

The combustor is equipped with flow meter, thermocouples and pressure sensors 

and the acquisition and the control is implemented using a National Instruments 

LabVIEW® integrate platform.  

High speed CCD camera MEMRECAM GX-3® of NAC Image Technology 

(visible spectral range emission) [15] is used to capture images up to 198,000 fps 

reducing the acquisition region at a single pixel. In the present investigation the 

acquired area is (384 pixels x 288 pixels) at the acquisition rate of 10,000 fps [12-

14]. The electronic shutter was set to 3 µs and the time duration was 1 s for all the 

test conditions. A suitable flame view area of 67 mm (h) and 50 mm (v) was 

recorded during the acquisitions. The depth of field is approximately 2 mm. It was 

located perpendicularly to the flame axis to permit a suitable flame view.  

For the spray visualization the camera collects the scattering signal from individual 

droplets traversing the laser sheet. These visualizations were performed by the 

high-speed camera Memrecam GX-3. A 532-nm 50-mW 335 laser (MGL-III-532) 

was used to illuminate the visualization plane and a Nikkor 60 mm f/2.8 d A/F 

objective with an interference filter (λ = 532 nm) was mounted on the camera. The 

laser sheet was approximately 2-mm thick and was positioned on the top radial 

window of the combustion chamber. The images (1280 × 368 pixels) were 

recorded at 250 Hz. 

 

Post processing techniques 

Different post-processing approaches were applied with the aim to individuate the 

most useful parameters to be suitable for an automatic recognition of the LBO and 

to compare the two injection modes.  

The CCD camera acquired a temporal series of images for each operative condition 

(corresponding to a value of fuel/air ratio) at a frequency of 10 kHz. Each pixel has 

been represented through an intensity value, codified using 8 bit (range of 

luminosity from 0 to 255). A quasi-circular mask was fixed in order to cut the 

spurious light from reflections at the boundaries of the circular window. The 

original I(x,y,t) signal has been normalized with respect to the space and the time 

(or better, respect to the number of time-step in which an image is taken) [12]. 

First of all the images of the air and fuel injection, without combustion, were 

analysed calculating the mean image and the variance, in order to underline the 

difference between single and multipoint injection modes. The second step of the 

analysis was focused on the flame behaviour. As regarding the statistical analysis 

the variance maps were calculated, for a better identification of the region in which 

the fluctuation is more evident. For the flame shape analysis the Heywood 

Circularity Factor (HCF) was also evaluated, as follows: 
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To calculate the perimeter a MatLab® routine evaluates the edges of the flame and 

counts the border’s pixels, for the area all the pixel inner the edges are counted. 

 

Results and discussion 

As the scattered light intensity is related to the amount of liquid present, the spray 

visualizations by laser sheet permit a qualitatively investigation exploring the effect 

of the injection mode and fuel/air ratio on the mixing between liquid spray and air, 

as shown in Figure 2. 

Even if the effects of the variation of the fuel-to-air ratio should be more evident in 

the changes to the chemistry of combustion, however it also leads to change the 

physical mechanisms of the atomization process. 

In the case of single central injection, the spray cone captured by imaging extends 

farther downstream at high fuel/air ratio. As the fuel ratio decreases the spray 

penetration length decreases for both large and small drops. More turbulent energy 

is imparted on the spray aiding in atomization creating finer droplets and bringing 

the spray lengths upstream toward the injector. 

The case with the multipoint injection (partially premixed) has the most dispersed 

flow with a high degree of mixing and a penetration length lower that of the single 

fuel spray. In this case when the fuel/air ratio decreases the fuel distribution 

remains homogenous. 

The impact of these observations in changing spray pattern with changing fuel/air 

ratio may help to predict the location of the flame zone. 

Figure 3 shows the variance maps obtained for the two different injection modes: 

different values of  are shown to directly compare a stable and an unstable case 

near lean blowout. In a single injection (non-premixed regime) it is possible to 

observe that the variance assumes a high value in the central region of the 

combustion chamber and faraway the injection axis. Furthermore the variance rises 

when the fuel/air ratio decreases and the blowout limit has been approached. In this 

condition flame oscillations at high frequencies are evident especially in the outer 

region of the flame area, as shown in Figure 4.  

In the case of multipoint injections (partially premixed regime), the peripheral zone 

is the most interested by the flame oscillations, then the variance assumes lower 

values than in the non-premixed combustion (Figure 3). 

A parameter that well describes the change in the flame area with the variation of 

the fuel/air ratio is the HCF, reported in Figure 5. It is evident that the flame area 

tends to decrease approaching the blowout in both the regimes and contemporary 

the HCF parameter tends to grow up. For non-premixed flame the flame area drops 

rapidly and reaches its lowest value at  = 0.212, suggesting a well-defined limit 

under which the geometrical stability of flame is critical and extinction may occur. 
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Figure 2. Fuel injection visualizations for the two regimes and different values of 

.  

 
Figure 3. Variance map for the injection mode and different values of  

 

 
Figure 4. Dominant frequency [Hz] 

for the non-premixed combustion for 

two fuel/air ratios  

 
Figure 5. HCF trends respect to the 

fuel/air ratio for the two regimes 

 

For the partially premixed mode the flame area at  = 0.212 is higher than the non-

premixed flame. Hence, partially premixed combustion allows to delay quenching 

problems and to operate the combustion process at an equivalence ratio very close 

to the lean blowout limit. 

 

Conclusions 

An experimental analysis on a liquid fuel burner under different injection modes 

and combustion regimes was performed with the aim to characterize the flame 

behaviour in proximity of the blowout. The spray characterization shows 

substantial differences in the mixing between fuel and air for the two injection 

modes. In the case of single central injection, the spray extends farther downstream 
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at high fuel/air ratio and its penetration length decreases by lowering the fuel/air 

ratio. A high dispersion of the fuel droplets and degree of mixing are evident in the 

case with the multipoint injection (partially premixed). This has a significant 

impact on the flame behaviour.  

The variance maps of the flame acquisitions by the high rate CCD camera 

underline the area where flame oscillations are more evident. Partially premixed 

regime permits to reach more stable flame regimes and lower value of fuel/air ratio 

before the blowout. This is confirmed also by the HCF parameter and the flame 

area values. Furthermore results demonstrate that parameters extracted by the CCD 

acquisitions and related to the flame shape and variance may be suitable for the 

recognition of the incipient instability due to the onset of lean blowout. Hence, they 

may be easily used in real-time identification methods. 
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