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ABSTRACT 
 

Modern gas turbine combustors implement lean premixed (LPM) combustion system to 

reduce the formation of NOx pollutants. LPM technology has advanced to have the ability to 

produce extremely low level of NOx emissions. The current focus of research on LPM is focused 

on reducing the NOx emission to much smaller scales, which is mandated because of the stricter 

regulations and environmental concerns. However, LPM combustors are susceptible to lean 

blowout (LBO), and other corresponding instabilities as the combustor is operated lean. Therefore, 

it is essential to understand the LBO limits and dynamics of flow in lean operating conditions. One 

of the other primary parameters for the improved combustion chamber designs is an accurate 

characterization of the heat loads on the liner walls in the wide range of operating conditions. 

Currently, there are very limited studies on the flame side heat transfer in reacting conditions. 

Current gas turbine combustion technology primarily focuses on burning natural gas as the gas 

fuel option for industrial systems. However, interest in utilizing additional options due to 

environmental regulations as well as concerns about energy security have motivated interest in 

using fuel gases that have blends of Methane, Propane, H2, CO, CO2, and N2. For example, fuel 

blends of 35%/60% to 55%/35% of CH4/CO2 are typically seen in Landfill gases.  Syngas fuels 

are typically composed primarily of H2, CO, and N2. Gases from anaerobic digestion of sewage, 

used commonly in wastewater treatment plants, usually have 65–75% CH4 with the balance being 

N2.   

The objective of this study is to understand the LBO limits and the effects of the instabilities 

that arise (called near blowout oscillations) as the combustor is operated lean. Near blowout 

oscillations arise as the equivalence ratio is reduced. These oscillations are characterized by 

continuous blowout and re-ignition events happening at low frequencies. The low-frequency 

oscillations have very high-pressure amplitude and can potentially damage the liner wall. The 



 

 

impact of the near blowout oscillations on the flow field and heat transfer on the liner walls are 

studied. To accomplish this, the experiments were conducted at Advanced Propulsion and Power 

laboratory located at Virginia Tech. A lean premixed, swirl stabilized fuel nozzle designed with 

central pilot hub was used for the study. Additionally, this work also studies the lean blowout 

limits with fuel blends of CH4-C3H8, CH4-CO2, and CH4-N2 and also their effect on the stability 

limits as the pilot fuel percentage was changed.  

 Flow field during near blowout oscillations was studied using planar particle image 

velocimetry (PIV) and flame shapes and locations during these oscillations was studied by using 

high-speed imaging of the flame. A statistical tool called proper orthogonal decomposition (POD) 

was utilized to post-process the PIV data and high-speed imaging data. Heat transfer on the liner 

walls was studied using a transient IR thermography methodology. The heat transfer on the liner 

wall during the near blowout instabilities was resolved. LBO limits and near blowout oscillations 

were characterized by studying the pressure measurements in the primary combustor region.    

 Fluctuating heat loads on the liner walls with the same frequency as that of near blowout 

instabilities was observed. The magnitude of fluctuation was found to be very high. Phase sorted 

POD reconstructed flame images demonstrated the location of the flame during near blowout 

oscillations. Thus, blowout and re-ignition events are resolved from the high-speed flame images. 

POD reconstructed flow field from the PIV data demonstrated the statistically significant flow 

structures during near blowout oscillations. A hypothesis for the mechanism of near blowout 

oscillations was explained based on the measurements and observations made.  

Lean Blowout limits (LBO) changed when the percentage of pilot and air flow rates was 

changed. As the pilot percentage increased, LBO limits improved.  Results on the study of fuel 

mixtures demonstrate that the addition of propane, nitrogen and carbon dioxide has minimal effect 

on when the flame becomes unstable in lean operating conditions. However, on the other hand, the 

addition of diluent gas showed a potential blowout at higher operating conditions.  It was also 

observed that Wobbe index might not be a good representation for fuels to study the fuel 

interchangeability in lean operating conditions. 
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GENERAL ABSTRACT 
 

  

Modern gas turbine combustors implement lean premixed (LPM) combustion system to 

reduce the formation of NOx pollutants. LPM technology has advanced to have the ability to 

produce extremely low level of NOx emissions. The current focus of research on LPM is focused 

on reducing the NOx emission to much smaller scales, which is mandated because of the stricter 

regulations and environmental concerns. However, LPM combustors are susceptible to lean 

blowout (LBO), and other corresponding instabilities as the combustor is operated lean. Therefore, 

it is essential to understand the LBO limits and dynamics of flow in lean operating conditions. One 

of the other primary parameters for the improved combustion chamber designs is an accurate 

characterization of the heat loads on the liner walls in the wide range of operating conditions. 

Currently, there are very limited studies on the flame side heat transfer in reacting conditions.  

 The objective of this study is to understand the LBO limits and the effects of the instabilities 

that arise (called near blowout oscillations) as the combustor is operated lean. The impact of the 

near blowout oscillations on the flow field and heat transfer on the liner walls are studied. To 

accomplish this, the experiments were conducted at Advanced Propulsion and Power laboratory 

located at Virginia Tech. A lean premixed, swirl stabilized fuel nozzle designed with central pilot 

hub was used for the study. Additionally, this work also studies the lean blowout limits with fuel 

blends of CH4-C3H8, CH4-CO2, and CH4-N2 and also their effect on the stability limits as the pilot 

fuel percentage was changed.  

 Flow field during near blowout oscillations was studied using planar particle image 

velocimetry (PIV) and flame shapes and locations during these oscillations was studied by using 

high-speed imaging of the flame. A statistical tool called proper orthogonal decomposition (POD) 

was utilized to post process the PIV data and high-speed imaging data. Heat transfer on the liner 

walls was studied using a transient IR thermography methodology. The heat transfer on the liner 

wall during the near blowout instabilities was resolved. LBO limits and near blowout oscillations 

were characterized by studying the pressure measurements in the primary combustor region.   
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 Fluctuating heat loads on the liner walls with the same frequency as that of near blowout 

instabilities was observed. The magnitude of fluctuation was also found to be very high. Flame 

shapes and flow field during near blowout oscillations gave insight into the mechanism of near 

blowout oscillations. A hypothesis for the mechanism of near blowout oscillations was explained 

based on the measurements made. Results on the study of fuel mixtures demonstrate that the 

addition of propane, nitrogen and carbon dioxide has minimal effect on the LBO limits, when the 

flame becomes unstable, in lean operating conditions. But, on the other hand, the addition of 

diluent gas showed a potential blowout at higher operating conditions.  It was also observed that 

Wobbe index might not be a good representation for fuels to study the fuel interchangeability in 

lean operating conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

vi 

 

 

 

 

 

 

 

 

 

 

 

To my wife and parents. Thank you for giving me the strength to keep going. 

 

 

 

  



 

 

vii 

 

ACKNOWLEDGEMENTS 
 

I feel incredibly grateful to have had the opportunity to study a Doctorate degree in 

Mechanical Engineering at Virginia Tech. I did not reach this point on my own, and I owe the 

successful completion of this degree to the many awesome people who have helped me along the 

way.  

I would like to first thank my advisor, Professor Srinath V. Ekkad for supporting me at all 

times. When I was given the task to work on optically accessible combustion project, I did not 

initially understand what it entails and I doubted if I had the experimental skills and experience to 

run the project. However, Dr. Ekkad encouraged me to learn and kept me under the able guidance 

of Dr. David Gomez-Ramirez who was a PhD student when I started. Dr. Ekkad gave all the 

support and freedom to learn and propose new things for the project, which led me to study the 

Lean Blowout limits and near blowout oscillations. He also gently reminded me of my duties and 

responsibilities when I was in bad shape because of some personal loss. That helped me get back 

on track for my PhD and in turn my life.  Thank you Dr. Ekkad for your mentorship, and for giving 

me the amazing opportunity to work on this project.  I would like to also thank the members of my 

advisory committee, Dr. Kornhauser, Dr. Lattimer, Dr. Ng and Dr. Ma for their guiding comments 

during the preliminary exam. I would like to thank Dr. Lowe for offering me guidance on various 

techniques that I used for my research. At the times when I approached you for insight, you always 

kindly agreed to guide me.  

This work would not have been possible without the support of the project sponsors: DOE-

NETL University Turbine Systems Research (UTSR) program and Solar Turbines Incorporated. 

In particular, I would like to thank Robin Ames from NETL for his help and support over the years. 

Thanks to Dr. Fred X. Liberatore, Dr. Ram Srinivasan, Dr. Hee-Koo Moon, Dr. Shaun Ho and Dr. 

Yong Kim from Solar Turbines Incorporated for bringing industry’s perspective into the project 

with their technical insights and for supporting the development of the research combustor 

(including the industrial hardware they donated for testing).   

I would like to especially thank David, without whom my PhD would not have been 

possible. I learned many new things from David, which helped me during my research. He guided 

me all throughout our acquaintance and his work on the combustor rig is pivotal to my research.   



 

 

viii 

 

I would like to thank the Mechanical Engineering staff. I would like to thank Diana Israel 

for always receiving me with a big smile and lot of help. This work would have been more 

complicated had it not been for Diana who handled all the purchases and procurement for the 

project.  

Thank you to my lab mates and friends: Jaideep, Sridharan, Prashant, Sandeep and 

Ranjana, Suhyeon, Mingyang, Shuo, Andrew, Bharath, Samruddhi, Shubham, Vy and Prethive. 

Thank you to those friends from before my time in Blacksburg that continued to stay in touch and 

encouraged me. I would like to acknowledge Sandeep Kedukodi and Suhyeon Park who 

collaborated with me in this project (apart from David). Suhyeon Park helped me while building 

the facility and doing experiments. This work would not have been possible without his help. I 

would also like to thank Yong-bin Ji, a visiting Ph.D. student from China. Yong-bin helped me in 

this project for about a year and his insights helped my research.  

I want to thank the people who encouraged me to pursue Ph.D. I would like to thank my 

undergrad advisor Dr. Moorthi who always believed in me and encouraged me to reach new 

heights. Your teachings continue to guide me to this day.  

I would like to thank my amazing family, thank you for helping me become who I am, 

instilling in me my work ethic, and supporting me every step of the way. Finally, I would like to 

thank my wife, Akshitha. She played a huge role in supporting me always. I would have crushed 

under stress had it not been the soothing company of my wife. My love and thanks are always to 

you. 

  



 

 

ix 

 

1 Table of Contents 

ABSTRACT .................................................................................................................................... ii 

GENERAL ABSTRACT ............................................................................................................... iv 

ACKNOWLEDGEMENTS .......................................................................................................... vii 

LIST OF FIGURES ...................................................................................................................... xii 

LIST OF TABLES ....................................................................................................................... xvi 

1 INTRODUCTION .................................................................................................................. 1 

1.1 Gas Turbine Combustor ................................................................................................... 1 

1.2 Introduction to Lean Blowout and Near Blowout oscillations ......................................... 4 

1.3 Introduction to combustor heat transfer ........................................................................... 8 

1.4 Introduction to combustor flow field ............................................................................... 9 

2 EXPERIMENTAL SETUP ................................................................................................... 12 

2.1 Project Objectives .......................................................................................................... 12 

2.2 Combustor Rig Overview............................................................................................... 13 

 Flow Systems .......................................................................................................... 13 

 Fuel Flow System ................................................................................................... 16 

 Test Section ............................................................................................................. 17 

2.3 Experimental Setup ........................................................................................................ 22 

 Experimental Setup for High-Speed Imaging ......................................................... 22 

 Experimental Setup for Heat Transfer .................................................................... 24 

 Experimental Setup for PIV .................................................................................... 26 

 Pressure Measurements ........................................................................................... 28 

2.4 operation of the rig ......................................................................................................... 36 

3 POST PROCESSING METHODOLOGIES ........................................................................ 37 

3.1 High-Speed Imaging – Proper Orthogonal Decomposition ........................................... 37 



 

 

x 

 

3.2 Heat Transfer .................................................................................................................. 39 

3.3 Particle image velocimetry ............................................................................................. 42 

4 Flame Shapes and structures ................................................................................................. 43 

4.1 Stable Flame ................................................................................................................... 43 

4.2 Instabilities near Blowout Conditions ............................................................................ 50 

4.3 Flame Shape and Location ............................................................................................. 53 

4.4 Conclusions .................................................................................................................... 55 

5 HEAT TRANSFER DURING INSTABILITIES ................................................................. 56 

5.1 Heat Loads on Liner wall – Measurement 1 .................................................................. 56 

5.2 Heat Loads on Liner wall – Measurement 2 .................................................................. 61 

5.3 Heat Loads on Liner wall – Measurement 3 .................................................................. 62 

5.4 Conclusions .................................................................................................................... 64 

6 Flow Field During Instabilities ............................................................................................. 65 

6.1 Mean Flow Field – Instantaneous Snapshots ................................................................. 66 

6.2 Proper Orthogonal Decomposition of Flow Field .......................................................... 70 

6.3 Flow Field During Near Blowout Instabilities ............................................................... 76 

6.4 Conclusions .................................................................................................................... 77 

7 LEAN BLOWOUT LIMITS................................................................................................. 78 

7.1 Experimental Methodology ............................................................................................ 78 

7.2 Methane Fuel .................................................................................................................. 79 

7.3 Propane Fuel ................................................................................................................... 84 

7.4 Fuel Mixtures ................................................................................................................. 87 

 Fuel Composition .................................................................................................... 87 

 Lean Blowout Limits .............................................................................................. 88 

 Lean Blowout Limits (LBO) when pilot fuel varied: ............................................. 91 



 

 

xi 

 

7.5 Conclusions .................................................................................................................... 95 

8 CONCLUSIONS................................................................................................................... 96 

8.1 Recommendations for future work:................................................................................ 98 

References ..................................................................................................................................... 99 

APPENDIX ................................................................................................................................. 107 

A. PHOTOGRAPHS OF THE COMBUSTOR FACILITY ................................................ 107 

 

  



 

 

xii 

 

LIST OF FIGURES 
 

 

Figure 1 Diagram showing gas turbine components [2]. ................................................................ 1 

Figure 2 Comparison between a conventional and a modern SoLoNOx ® lean pre-mixed 

combustor design from Solar Turbines Incorporated ..................................................................... 3 

Figure 3 A hypothesis model for LBO described in the literature [32] .......................................... 6 

Figure 4. Schematic of the typical airflow distribution within a gas turbine combustor. ............... 9 

Figure 5 A Photo Showing the Optically accessible combustion Test Rig .................................. 12 

Figure 6 Simplified piping and instrumentation diagram for the combustor test rig .................... 14 

Figure 7 PID control of air mass flow .......................................................................................... 15 

Figure 8 Old Fuel System - Line Diagram.................................................................................... 16 

Figure 9 New Fuel System - Line Diagram .................................................................................. 17 

Figure 10 Photo of the new fuel line system ................................................................................. 17 

Figure 11 Cross section of the test section.................................................................................... 18 

Figure 12 Test Section of the Combust Rig .................................................................................. 19 

Figure 13 Test Section Components and Material Specifications ................................................ 19 

Figure 14 Block Diagram showing the Test Section .................................................................... 20 

Figure 15 Arrangement inside the settling Chamber .................................................................... 20 

Figure 16. Dome pieces exploded view. Flow is from left to right. ............................................. 21 

Figure 17. Test Section: Ports on the side of the settling chamber are visible. These ports are used 

for coolant supply, pressure measurements, temperature measurement and supply of seeding 

material. ........................................................................................................................................ 22 

Figure 18: Orthogonal and side view of the test section ............................................................... 23 

Figure 19 Experimental Setup for the high-speed imaging .......................................................... 23 

Figure 20 Flame image as visible from the camera. This image has been taken with a regular 

webcam, not the Photran SA4 camera. ......................................................................................... 24 

Figure 21 Heat Transfer Measurements - Experimental setup ..................................................... 24 

Figure 22 Liner Wall with Painted surfaces ................................................................................. 25 

Figure 23 PIV Experiment setup................................................................................................... 26 

Figure 24 Schematic of PIV system at the test section ................................................................. 27 



 

 

xiii 

 

Figure 25 Schematic of pressure transducer placement ................................................................ 28 

Figure 26 A picture showing the copper tube which is used for pressure sampling .................... 28 

Figure 27 Power Spectral Density of pressure measurements - validation .................................. 29 

Figure 28 Power Spectra Density of pressure with and without coolant ...................................... 30 

Figure 29 Power Spectral Density of pressure measurements at different Reynolds Number in cold 

flow conditions.............................................................................................................................. 31 

Figure 30 Power Spectral Density of pressure measurement - cold flow versus reaction ............ 31 

Figure 31 PCB 106B50 Pressure Transducer ............................................................................... 32 

Figure 32 Pressure trace obtained from the dynamic pressure transducer .................................... 32 

Figure 33 Power spectral density of pressure measurements in the old setup during near blowout 

oscillations. ................................................................................................................................... 33 

Figure 34 Power spectral density of pressure measurements during blowout oscillations in the new 

setup .............................................................................................................................................. 35 

Figure 35 Power spectral density of pressure measurements during near blowout oscillation with 

different pilot fuel percentages ..................................................................................................... 35 

Figure 36 LabView interface for the Rig operation ...................................................................... 36 

Figure 37 Schematic of wall temperature measurement with the infrared thermographic camera. 

The region of interest (ROI) is indicated. ..................................................................................... 40 

Figure 38 POD Modes- sensitivity analysis.................................................................................. 44 

Figure 39 Mean and POD modes - Test 1..................................................................................... 44 

Figure 40 POD mode energy distribution for Test 1 .................................................................... 45 

Figure 41 Contour plot for Mode 1 ............................................................................................... 46 

Figure 42 Power Spectral Density of Mode 2 and Mode 4 ........................................................... 46 

Figure 43 Power Spectral Density of pressure and POD Temporal Coefficient .......................... 48 

Figure 44 Power Spectral Density of pressure and POD - Test 2-5 ............................................. 49 

Figure 45 Mean and POD Modes, instabilities near blowout conditions ..................................... 51 

Figure 46 Power Spectral Distribution of pressure and POD – instabilities................................. 52 

Figure 47 Power Spectral Distribution of pressure: Stable Flame (Test 2) and Instabilities ........ 52 

Figure 48 POD Reconstructed Images - Arranged in Phase ......................................................... 54 

Figure 49 Fluctuating Heat Load on the Liner Wall during Near Blowout Oscillations .............. 58 

Figure 50 Heat Load on Liner Wall at x/D 2.5 ............................................................................. 59 



 

 

xiv 

 

Figure 51 Power Spectral Density of Heat Load .......................................................................... 60 

Figure 52 Box plot for the temperature variation on the inner wall at x/D location of 2.5 at one 

time instance. ................................................................................................................................ 60 

Figure 53 Mean heat loads on liner walls during  near blowout oscillations at different pilot fuel 

percentages .................................................................................................................................... 62 

Figure 54 Heat load on the liner wall at x/D = 2.5 during near blowout oscillations as the pilot fuel 

was varied ..................................................................................................................................... 63 

Figure 55 Processing Methodology for the PIV ........................................................................... 65 

Figure 56 Demonstration of flow structures in swirl stabilized combustor .................................. 66 

Figure 57 Mean Velocity Distribution during Near Blowout Oscillations. .................................. 68 

Figure 58 Eight consecutive PIV snapshots.................................................................................. 69 

Figure 59 Mode Energy of u and v component ............................................................................ 71 

Figure 60 POD Mode energies of velocity components for a stable case: 50k Re#; 0.65 Eq; 6% 

pilot. .............................................................................................................................................. 72 

Figure 61 Modes of U-component ................................................................................................ 73 

Figure 62 Modes of V-component ................................................................................................ 74 

Figure 63 Reconstructed PIV ........................................................................................................ 75 

Figure 64 A POD reconstructed Snapshot .................................................................................... 76 

Figure 65 Time trace of pressure measurements showing where the flame enters unstable regime 

(denoted by Oscillations start on the top plot) and where the LBO event happens (denoted by LBO 

on bottom plot) .............................................................................................................................. 78 

Figure 66 LBO and OS limits for Methane Fuel at Different Pilot Fuel Percentages .................. 80 

Figure 67 LBO and OS events at varying air mass flows ............................................................. 81 

Figure 68 Power Spectral Density of pressure measurements during near blowout oscillations at 

different pilot fuel percentages ..................................................................................................... 83 

Figure 69 Power Spectral Density of pressure measurements during near blowout oscillations at 

different air flow rates ................................................................................................................... 83 

Figure 70 Pressure measurement as pilot fuel ratio was increased from 2% to 6% during .......... 84 

Figure 71 LBO and OS limits for propane Fuel at Different Pilot Fuel Percentages ................... 86 

Figure 72 Power spectral density comparison for near blowout oscillations – Propane and Methane

....................................................................................................................................................... 86 

file:///C:/Users/siddh/Desktop/FinalExamination_Siddhartha%20Gadiraju_ETD_V2.docx%23_Toc506934285
file:///C:/Users/siddh/Desktop/FinalExamination_Siddhartha%20Gadiraju_ETD_V2.docx%23_Toc506934285
file:///C:/Users/siddh/Desktop/FinalExamination_Siddhartha%20Gadiraju_ETD_V2.docx%23_Toc506934285


 

 

xv 

 

Figure 73 OS and LBO events for different ratios of methane and propane mixture ................... 89 

Figure 74 OS and LBO events for different ratios of methane and carbon dioxide mixture ........ 89 

Figure 75 OS and LBO events for different ratios of methane and nitrogen mixture .................. 90 

Figure 76 OS and LBO events for different pilot fuel percentage of methane and propane mixture

....................................................................................................................................................... 92 

Figure 77 OS and LBO events for different pilot fuel percentage of methane and carbon dioxide 

mixture .......................................................................................................................................... 93 

Figure 78 OS and LBO events for different pilot fuel percentage of methane and nitrogen mixture

....................................................................................................................................................... 93 

Figure 79 LBO event for different fuel mixtures index with respect to Wobbe index ................. 94 

Figure 80 Picture of the fuel nozzle used .................................................................................... 107 

Figure 81 Picture of the quartz liner painted for heat transfer measurements ............................ 107 

Figure 82 A picture of the test secion showing cables for the ignition system going into the setttling 

chamber ....................................................................................................................................... 108 

 

 

  



 

 

xvi 

 

LIST OF TABLES 
 

 

Table 1 Stable Flame Test Cases .................................................................................................. 43 

Table 2 The experimental conditions for the Heat Transfer measurements-1 .............................. 56 

Table 3 The experimental conditions for the Heat Transfer measurements-2 .............................. 61 

Table 4 The experimental conditions for the Heat Transfer measurements-3 .............................. 62 

Table 5 The experimental conditions for the PIV ......................................................................... 66 

Table 6 Test matrix of different cases tested for LBO limits – Methane Fuel ............................. 80 

Table 7 Test Matrix for LBO experiments with Propane Fuel ..................................................... 85 

Table 8 Composition of fuel mixtures and corresponding Wobbe index. Wobbe index based on 

higher heating value of the fuel .................................................................................................... 87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

1 INTRODUCTION 
 

1.1 GAS TURBINE COMBUSTOR 

Gas turbine combustor is the prime component of the engine, where the fuel energy is 

introduced into the flow. Figure 1 shows the components of the gas turbine. Design optimization 

for efficient operation of the gas turbine combustor is critical and comprehensive work on the 

design practices of the gas turbine combustor is given by the work of Lefebvre and Ballal [1].  

 

Figure 1 Diagram showing gas turbine components [2]. 

Gas Turbine works based on a Brayton cycle. Considering a simple ideal Brayton cycle, 

the efficiency (𝜂) of the cycle increases with increasing pressure ratio (r) across the compressor of 

the gas turbine. The net work output is dependent on the pressure ratio and the temperature at the 

combustor (𝑇3). The expressions for efficiency and work output for the idealized cycle are given 

by Equations 1 and 2. 𝑇1 is the inlet temperature at the compressor, which is generally ambient 

temperature. 𝛾 and 𝑐𝑝 are respectively the ratio of specific heats and the specific heat at constant 

pressure for the working fluid [3]. 

𝜂 = 1 − (
1

𝑟
)

(𝛾−1)
𝛾
 (1) 

𝑊

𝑐𝑝𝑇1
= 𝑡 (1 −

1

𝑟
(𝛾−1)
𝛾

) − (𝑟
(𝛾−1)
𝛾 − 1)  ; 𝑡 = 𝑇3/𝑇1 (2) 
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𝑟
(𝛾−1)
𝛾 =

𝑇3
𝑇4
 (3) 

Using p-T relations, the pressure ratio can be written in terms of 𝑇3 and 𝑇4 (turbine outlet 

temperature) as shown in Equation 3. Therefore, to achieve higher efficiencies, higher pressure 

ratios are required which in turn require for high operating temperatures. The work output is also 

a function of the turbine inlet temperatures. However, higher operating temperatures are limited 

by the physical properties of the combustor and turbine components [4]. Also, cooling 

methodologies (to keep the components in operating range) require the use of compressed air, 

which in turn affects the efficiency and work output of the gas turbine. Therefore, achieving higher 

efficiencies and work outputs is heavily impacted by the design of the combustor and cooling. The 

primary durability issues of the combustor are because of thermal stresses and physical strength of 

the combustion chamber materials at high temperatures. Combustor durability targets for land-

based gas turbines are of the order of 30,000 hours [5]. Extensive use of novel materials and 

thermal barrier coatings extend the life of the burner walls and fuel nozzle [6, 7].  Price et al. and  

Bradshaw et al. reported liner failure in the literature because of the operating conditions [5, 8]. 

Creep and fatigue are reported as the primary reasons for the liner failure. Tinga et al. [9] reported 

that the fast transients could drastically change the stress characteristics (going from compressive 

to tensile stress in some regions) which affect the liner durability.  

However, higher operating temperatures results in the formation of the pollutants. Two 

types of pollutants are of significant concern: Nitric Oxides (NOx), and unburnt hydrocarbons 

(UHC’s). While NOx formation is because of the higher temperatures, formation of UHC’s is a 

result of incomplete combustion (insufficient resident time or low temperatures). The optimum 

combustion temperature to minimize both NOx and CO emissions lies between ∼ 1700 K and 

1900 K [1]. Most modern gas turbines reduce the formation of NOx by operating lean premixed. 

However, to maximize the turbine inlet temperatures (in turn increase the efficiency of the engine); 

dilution with the coolant air is optimized. Despite lean premixed operating conditions, it should be 

noted that the operating temperatures are higher than the maximum allowable temperatures for 

even the superalloys. Overall, reducing emissions also increases the thermal design challenge 

faced by the gas turbine combustor community. Modern combustors have introduced two main 

changes to traditional burners, 1) the use of fuel pre-mixing nozzles, and 2) the reduction of film 
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cooling and dilution/mixing holes along the burner. A comparison between a conventional and a 

modern combustor design from Solar Turbines Incorporated, featuring their SoLoNOx® fuel 

nozzle is shown in Figure 2. Compared to convetional combustor where upto 40% of air is 

premixed, in the SoLoNOx combustor upto 70% of the compressed air is premixed. The primary 

driver for these innovations has been the stringent requirements on NOx emissions. But, this 

reduces the amount of air available for cooling the liner walls. So, it is very important to 

characterize the flame and heat loads in lean operating conditions so that modern combustors can 

be optimized.  

 

Figure 2 Comparison between a conventional and a modern SoLoNOx ® lean pre-mixed 

combustor design from Solar Turbines Incorporated  

In lean premixed combustion, the rates of heat release and chemical radicals resulted from 

combustion reaction are insufficient to sustain the favorable reaction condition for a given flow 

velocity (when operated very lean). The flame will be detached from its stabilization location and 

physically convected out or blown out of the combustor. This is usually referred to as lean blow 

out (LBO). The lean flammability limit or lean blowout limit refers to the condition at which LBO 

occurs, that is, when the time required for chemical reaction becomes longer than the characteristic 
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flow residence time. The operation near the LBO limit, however, may induce undesirable 

combustion characteristics, such as a high level of noise and combustion instabilities, caused by 

local flame extinction and heat release fluctuations, leading to reduced combustion efficiency and 

reduced operability of the combustor. The heat release fluctuations, when coupled with the 

acoustics, can lead to significant pressure and velocity fluctuations near the dump plane; with the 

latter serving as a precursor to flashback especially with fuels associated with higher flame speeds 

such as hydrogen. To avoid LBO and the associated adverse effects, modern premixed gas turbine 

combustors must be operated with a relatively large margin from the LBO limit to extend the range 

of combustor operation closer to LBO (thus reducing the NOx emissions). It is therefore of interest 

and desired to better understand the combustion characteristics close to LBO limit, and physical 

mechanism associated with LBO process to help the design of modern combustors.  

The objective of this study is to understand the LBO limits and the effects of the instabilities 

that arise (called near blowout oscillations) as the combustor is operated lean. Near blowout 

oscillations arise as the equivalence ratio is reduced. These oscillations are characterized by 

continuous blowout and re-ignition events happening at low frequencies. The low-frequency 

oscillations have high pressure amplitude and can potentially damage the liner wall. The impact 

of the near blowout oscillations on the flow field and heat transfer on the liner walls are studied. 

This is the objective of the present research work; to improve our understanding of combustor lean 

operating conditions and aid the design of next-generation gas turbine combustor systems.  

1.2 INTRODUCTION TO LEAN BLOWOUT AND NEAR BLOWOUT OSCILLATIONS 

Lean premixed combustion always has the risk of a blowout. When the rate of heat release 

or the availability of the free radicals for the combustion are insufficient for given flow conditions 

(in lean operating conditions), the flame can enter a possible instability regime called near blowout 

oscillations. During this process, the flame can detach from the fuel nozzle and can convect out 

resulting in a blowout. This phenomenon is called lean blowout (LBO). The term LBO refers to 

the operating conditions (generally equivalence ratio or the adiabatic flame temperature) at which 

blowout happens. This happens when the flow scales are faster than the reacting scales. The near 

blowout oscillations are generally characterized by high amplitude pressure fluctuations caused by 

the local flame blowout and re-ignition events happening at low frequencies. Operating a 

combustor in these conditions can lead to poor efficiencies (low temperatures) while also 
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increasing the pollutants (because of local high equivalence ratios and un-burnt fuels). When these 

fluctuations couple with acoustics, the resulting pressure amplitudes lead to the damage of the liner 

walls. For some fuels with higher flame speeds, these operating conditions can potentially lead to 

flashback. Therefore, modern premixed combustors are generally operated with sufficient margin 

from the LBO limits [10]. However, since the lean operation is desired, it is of interest to 

understand the flame, flow, heat transfer and LBO limit characteristic.  

The literature is abundant with the research on the LBO phenomenon and near blowout 

oscillations. Extensive numerical and experimental studies have been conducted in this area of 

research. Large-scale unsteadiness, local blowout, and re-ignition phenomenon have been studied 

extensively. Zukoski et al. [11] conducted experiments concerning the mechanism of the flame 

blowout from bluff bodies. Chao et al. [12]  studied in the blowout process of a jet flame. Nicholson 

et al. [13]  studied flame stabilization in the wakes of bluff bodies. De Zilwa et al. [14] studied 

combustion oscillations close to the lean stability limits. Thiruchengode et al. [15] proposed an 

active control mechanism to reduce the LBO margin.  Nair et al. [16] studied the detection 

mechanisms blowout. Noble et al. [17] studied the effects of syngas mixture composition on the 

flashback and blowout.   

Many research groups tried to characterize the LBO based on the combustion parameters 

such as flow velocity, equivalence ratio, pressure, etc. This kind of scaling is specific to combustor 

geometry and configurations [17, 18, 19, 20]. Most the research was concentrated on bluff body 

combustors. The literature is also abundant with work on LBO that deals with active control of the 

combustors to operate in a stable regime. Sturgess et al. [21] studied the effect of back pressure 

for the control. Gutmark el al. [22] used chemiluminescence and neural networks for active 

combustion control. Li et al. [23] used tunable diode laser for active control of lean blowout. 

Murganandam et al. [24] proposed an active control mechanism for turbine engine conditions. 

Domen et al. [25] proposed using a dynamic system theory for detection and prevention of lean 

blowout. Various LBO mechanisms have been proposed in the literature. For bluff body 

combustors, LBO mechanism has been proposed by Williams et al. which involves an energy 

balance between the fresh fuel-air mixture and hot recirculating mixtures [26]. Other mechanisms 

that involve a balance between chemical reaction rate are also abundant in the literature. However, 

LBO limits, near blowout mechanism is still a challenging topic to understand for various burners 

[27, 28]. This is particularly true for fuel mixtures.   
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Some of the alternative fuel options that the scientific community is exploring are gasified 

coal, oxygen-blown gasifiers, processed biomass, landfill gas, syngas, refinery waste gas, etc. 

Other concepts of alternate fuels such as adding hydrogen to natural gas are also being widely 

studied and considered by the industry. Griebel et al. [29] studied LBO limits for hydrogen-

enriched flames. Fackler et al. [30] studied NOx behavior with alternative fuels in lean conditions.  

Significant lean blowout limit extension was observed by addition of Hydrogen to methane fuel 

as reported by Schefer et al. [31].  

 

Figure 3 A hypothesis model for LBO described in the literature [32]  

Zhu et al. [32] proposed a hypothesis for the near blowout oscillation mechanism. As the 

equivalence ratio of the flame is reduced, the flame resistance to turbulence is reduced. Flame 

quenching or local blowout can happen where turbulence levels are high. Turbulence levels are 

high near the fuel nozzle and the shear layers of the inner recirculation zone [33] [34]. Thus, local 

blowout happens near the nozzle and the shear layers. The flame is subsequently pushed towards 

the areas of low turbulence (inside the inner recirculation zone). Owing to the increased residence 

times in the inner recirculation zone, the flame can sustain inside and may eventually reignite the 

exhausted non-burnt gases in the shear layers. The cycle repeats itself as continuous blowout and 

re-ignition at low frequencies.  If the equivalence ratio is further reduced, the re-ignition may not 



 

 

7 

 

happen and eventually lead to LBO. Figure 3 summarises the hypothesis described in this 

paragraph.  

It is widely accepted that both flow and combustion kinetics play an important role in the 

LBO and near blowout oscillations. However, flow self-similarity across various combustion 

operating conditions were observed by Gomez et al. [35] and Park et al. [34]. Moreover, it should 

be emphasized that the behavior of the flame front depend on some crucial parameter such as 

flame-vortex interaction, flame-wrinkling, flame holding and their relations to the flow field and 

turbulence levels. Therefore, flame front instabilities play an essential role in understanding the 

LBO limits and near blowout oscillations. Therefore, the study of the flame location and the flow 

behavior during near blowout oscillations play an essential role in understanding the phenomenon.  

Domestic natural gas supply in the US has higher than 90% of methane with small amounts 

of heavier hydrocarbons such as ethane, propane and some inert gases such as nitrogen, carbon 

dioxide, and water vapor. Other alternative fuels (other than H2 addition) are syngas, landfill gases, 

LNG addition, waste gas from sewage, etc.  Fuel blends of 35%/60% to 55%/35% of CH4/CO2 are 

typically seen in landfill gases. Gases from anaerobic digestion of sewage used commonly in 

wastewater treatment plants, usually have 65–75% CH4 with the balance being N2.   

Characteristics such as flame stability, lean blowout limits, emissions of NOx, soot, etc. 

depend a lot on the fuel composition since it affects the chemical and physical processes of the 

flame and its interaction with the surroundings. Fuel composition effect on stability limits of 

premixed combustors was studied by Wicksall et al. [36], and the authors found that hydrogen 

addition extended the stable operating regime while the addition of propane has an adverse effect 

on the stability limits. Addition of inert gases, such as carbon dioxide and nitrogen, did not show 

significant impact on the flammability limits in those test conditions. However, the fuel nozzle 

used was a laboratory scale premixed swirler. The dynamics of swirl stabilized fuel nozzle with 

central pilot hubs can be different as observed in this current work.  

OH* signal and other acoustic signals were successfully used to identify the onset of precursor 

events and lean blowout limits. Gribel et al. [29] used OH* signal to identify the lean blowout and 

unstable flame conditions.  Nair et al. [16] used acoustic signals to identity LBO events for 

different kinds of burners. Prakash et al. [37] used acoustic signals on swirl stabilized fuel nozzle 

to identify lean blowout precursors. Cohen et al. [38]  used pressure information on the combustor 

walls to identify the instabilities during near blowout oscillations. While the objective of these 
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papers is to identify precursor events and instabilities in lean conditions, the onset of unstable 

flame and lean blowout event can be identified using pressure or acoustic signals. The current 

work in this dissertation uses pressure signal to identify the onset of instabilities and lean blowout 

limits 

1.3 INTRODUCTION TO COMBUSTOR HEAT TRANSFER 

The earliest attempts to characterize the combustion heat transfer along the combustion liner 

wall was carried out by Lefebvre and co-workers [39, 40]. Most of the earlier work is semi-

empirical. For internal convection, Lefebvre and Ballal [1] pointed out that, “the uncertainties 

regarding the airflow pattern, the state of the boundary layer development, and the effective gas 

temperature make the choice of a realistic model almost arbitrary.” Equation 4 was suggested to 

calculate the convective heat fluxes within the combustor. Selecting reference mass flows, 

velocities and temperatures are suggested to be very challenging.  A proper validation of 

experimental engine wall temperatures was found. However, peak load distributions and 

temperature field calculation at the time were limited.  Nevertheless, these calculations can be 

helpful in the early design phases of a gas turbine burner system and were in fact used while 

designing the research combustor used in this work [41]. 

𝑄𝐶
′′ = 0.02 ReC,∞

0.8   
 𝑘∞

𝐷𝐶
 (𝑇∞ − 𝑇𝑊) (4)     

Transient IR thermography methodology was used to study heat loads on the liner wall. Heat 

transfer on the liner walls was studied extensively in non-reacting conditions. Carmack et al. [42] 

studied heat transfer distribution in a can combustor for radial and axial swirlers. Kedukodi et al. 

[43] studied the effect of geometry changes in a model combustor on swirl dominated flow. Patil 

el al [44] investigated the convective heat transfer on the gas turbine can combustor using both 

numerical and experimental techniques. In the gas turbine industry, combustor heat transfer is 

primarily investigated using numerical models with supporting experimental temperature 

measurements. However, most of the experimental temperature measurements such as 

thermocouple, thermal paints are intrusive or limited in the operating ranges. However, in this 

work a transient IR thermography methodology is used to evaluate heat transfer on the combustor 

liner wall [33] [45]. Because of the advances in the IR camera technology high-frequency 
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acquisitions make it possible to measure transient changes in the temperature (such as during near 

blowout instabilities).  

1.4 INTRODUCTION TO COMBUSTOR FLOW FIELD 

Gas turbine combustors use swirl fuel nozzles to introduce swirl (tangential velocity 

component) into the flow before it enters into the combustion chamber. The swirling jet exiting 

the fuel nozzle generates flow features within the primary combustor zone that are essential for 

flame stability. The steady state flow [19] typically observed within a swirl stabilized gas turbine 

combustor is shown in Figure 4. The salient features of the flow are the location of the shear layers 

and recirculation zones. The central recirculation zone (CRZ) brings hot combustion products back 

to the pre-mixed swirling jet exiting the nozzle, igniting the fresh mixture. The inner shear layer 

formed between the swirling jet exiting the fuel nozzle and the CRZ is where important coherent 

flow structures are observed that enhance the mixing of the fresh mixture and the recirculated 

gases. Understanding of the inner shear layer dynamics is hence crucial for flame location and 

stability, as well as mixing within the burner.  

 

 

 

Figure 4. Schematic of the typical airflow distribution within a gas turbine combustor.  
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The CRZ allows for high-intensity flames with high combustion efficiencies without the need 

of a blunt body for flame stabilization. No longer having to cool a blunt body, swirl fuel nozzles 

simplify cooling requirements while maintaining flame stability, short combustor length, and high 

combustion efficiency.  The recirculation and high turbulence in shear layers achieved by the 

swirling flow improve the flame stabilization significantly. The radial and axial pressure gradients 

produced due to the centrifugal forces in the swirl lead to stagnation near the center line causing 

the vortex breakdown (VB) followed by instabilities. It has been observed  by Syred [46] that the 

precessing vortex core (PVC) which is formed around the combustor recirculation zone boundary 

synchronizes with Kelvin-Helmholtz instabilities. Comprehensive reviews on combustion in 

swirling flows were published in the 1970s and early 1980s [47] [48] [49] [50]. PVC and central 

recirculation zone effects have been extensively covered in these publications. 

The size, characteristics, structure of the flame, central recirculation zone (CRZ) and PVC are 

significantly affected by the flow properties and velocity profiles at the exit of the nozzle as studied 

by Kilik [51] and Sloan et al. [52]. Large-scale coherent flow features such as the PVC are 

important in driving flame instabilities because they generate heat release fluctuations that impact 

the flame structures. Dominant flame structures are often presented in the literature using 

instantaneous snapshots. However, snapshots are insufficient to compare against systems 

operating in different experimental conditions. Proper Orthogonal Decomposition (POD) analysis 

allows for reproducible, statistically converged representations of the key flame and flow features, 

which can be compared to other systems or measurements.  

POD, also known in other fields as Principal Component Analysis (PCA) or Empirical 

Mode Decomposition (EMD), is known to be a suitable statistical tool to study coherent structures 

in turbulent flows. POD analysis has been applied to Particle Image Velocimetry (PIV) data to 

extract coherent characteristics of the velocity fields [53] [54] [55] [56]. However, these works 

used the velocity and density fields as input for the POD and sought to find modes maximizing the 

turbulent energy content. Recently, POD is also used to study flow structures and to validate CFD 

predictions. Blanchard et al. [57] used POD for combustion dynamics validation on bluff body 

flame holders. The results were verified against the CFD results. Terhaar et al. [58] studied vortex 

breakdown types in combustor swirling flow. Many recent studies such as Stohr et al. [59] applied 

POD on advanced laser diagnostic methods like OH-PLIF to analyze a flame characterized by 

hydrodynamic instabilities. Similarly, Duwig and Fuchs [60] used POD focusing on the flame 
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dynamics rather that flow dynamics to explore the flame features with highest OH* variance. To 

observe the flame dynamics in different conditions, Iudiciani et al. [61] applied POD on OH* 

chemiluminescence and high-speed direct light images. More recently [62], the POD was applied 

to direct light images to study the flame oscillations during instabilities. 

It is noted that most of the available literature deals with using scaled or representative fuel 

nozzles which allow for control of geometric and operating parameters [46] [58] [63]. The present 

work complements the literature and attempts to study flame dynamics from a modern industrial 

fuel injector. 
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2 EXPERIMENTAL SETUP 
 

All the experiments made for this dissertation were performed at Advanced Propulsion and 

Power Laboratory (APPL) at Virginia Tech. The lab houses a separate combustion test cell where 

the rig for the optically accessible combustion test rig was built (Figure 5). Apart from the optically 

accessible test rig, the facility contains test cells for Sand ingestion testing, high propulsion jet 

engines, a diagnostics and instrumentation lab, and a transonic blowdown test cell, which measures 

high, Mach-speed propulsion flows [64].  

 

Figure 5 A Photo Showing the Optically accessible combustion Test Rig 

2.1 PROJECT OBJECTIVES 

The design and operation of the rig closely followed the project objectives of UTSR 

project. The overall objective of the project is to characterize the heat transfer in a reacting 

combustor model. For optimal design of the gas turbine combustor thermal management, 

characterization of the flame side heat transfer is of utmost importance. Study of the flow field in 

reacting condition is a secondary objective, which is very important to understand the convective 

loads on the combustor. To simulate realistic combustor conditions, it is very important to use the 

actual industrial hardware. Therefore, this project and experimental facility used a low-emission 

SoLoNOx® fuel nozzle from Solar Turbine Inc.  The main stages involved in this project are  

1. Initial measurements on a simplified annular combustor. 

2. Development of optically accessible combustion test facility. 
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3. Characterization of research combustor at non-reacting conditions.  

4. Heat transfer and flow measurements in reacting conditions.  

5. Extending the study of heat transfer and flow in various reacting conditions. 

Stage one of the project complemented previous work in the research group [42, 65, 43], 

which also provided the baseline cases for the characterization of the heat transfer. Stage 2 

involved the design of air and fuel systems; specification, selection, and procurement of equipment 

(valves, flowmeters and instrumentation, acquisition and control hardware, inline heater); design, 

manufacturing, and assembly of a flexible research combustor housing the SoLoNOx nozzle. 

While a detailed description of stage 2 is discussed as part of the Ph.D. dissertation of David-

Gomez Ramirez [41], the current work provides a brief description. Stage 3 and stage 4 of the 

project were completed and were detailed in many publications [41, 66, 56, 35, 67, 68, 34, 43]. 

This work, as part of stage 5, complements stage 4 by extending the research to studying the 

combustor lean operating conditions that lead to lean blowout. The objective is to understand the 

effects of lean operating conditions (that lead to LBO) on heat transfer and flow field of the 

combustor.  

2.2  COMBUSTOR RIG OVERVIEW 

  Flow Systems 

The combustor test section was supplied, by compressed air from two Boge compressors 

that can provide a total of 2.8 lbm/s (1.27 kg/s), air mass flow at an absolute pressure between 150-

170 PSIG (1.135-1.273 MPa). The compressors control system was designed to be operated in a 

cyclic load-unload mode. The loading of the system starts when the pressure falls below 150 PSIG 

and unloading of the system starts when the pressure reaches 170 PSIG. The compressed air then 

passes through air drier (dehumidifier). A compressed air tank, called receiver tank, with a capacity 

of 18.93 m3 follows the air drier. The receiver tank helps in attenuating large pressure excursions 

and helps in blowdown tests. A simplified line diagram of the flow system of compressed air 

supply and combustor test section can be in seen Figure 6. Compressor, dryer and receiver tank 

are APPL equipment and highlighted in blue. Other test cells at APPL share this equipment as 

well.  
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Figure 6 Simplified piping and instrumentation diagram for the combustor test rig 

As seen in Figure 6, after the APPL equipment, the flow systems consist of the flow 

metering section. The flow is then divided between coolant section and main air section. The 

coolant air is metered and regulated separately, which delivers coolant air for critical components 

of the test section. The main airline pressure is regulated by using an 80 mm DN (3 inch NPS) 

Fisher EZR pressure reducing regulator. The main airline is designed to bypass the pressure 

regulator in case of necessity. However, for the research work presented in this dissertation, the 

bypass airline was never used. The main airline is controlled using 100 mm DN (4-inch NPS) 

Fisher ES globe valve. Control and operation of the main airline flow is discussed in next sections. 

An electric preheater with a capacity of 192 KW follows the control valve. The test section 

(combustor), quenching system then follows the heater. Air is then exhausted into the atmosphere 

after the quenching unit. Quenching unit helps in cooling down the hot gases from the combustor 

by spraying water.  

 The design of the flow systems allows for simultaneous and independent control of the 

pressure and flow of air needed for the combustor experiments. The valves for the main air and 

coolant airlines are remotely controlled using electronic positioners. The valves in the system were 

sized following the calculations listed in the ISA-75.01.01 standard for control valve sizing. The 
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standard provides several formulations to calculate the valve flow coefficients depending on the 

units used and the available information on the working fluid. 

 A turbine flowmeter is used for metering the airline. A 65 mm DN (2½ inch NPS) HO-

series turbine flowmeter from Hoffer Flows Incorporated with a signal amplifier was used. The 

flowmeter has an accuracy of 2% over the entire range of operation. The designed operational 

range for the flow system was between 0.024 kg/s (0.052 lbm/s) and 1.81 kg/s (4 lbm/s). Turbine 

flowmeter measures volumetric flow. Therefore, temperature and pressure measurement near the 

flow meter is necessary to calculate mass flow, which are sampled ten diameters downstream of 

the meter. The coolant airline is metered using a 50 mm DN (2-inch NPS) HO series turbine 

flowmeter and thermal mass flowmeter from Eldridge Products, Inc. (EPI).  

 An inline 192 kW electric pre-heater manufactured by OSRAM Sylvania was installed 

upstream of the combustor test section. The heater has a maximum temperature rating of 7000 C 

with a maximum allowable pressure of 200 PSIG. The heater can be operated and controlled by 

PID controller, which can be set to different control strategies for safe operation. All the piping 

was designed and built according to ASME B31 codes. Black carbon steel pipe schedule 40 (SA-

53 Grade B Type E) was used for all the components upstream of the burner. 

 Further, Figure 7 shows the effect of PID control which was used to control the air mass 

flow rate. It can be observed in the figure that, when the PID control was not used, the mass flow 

rate gradually increased, which can be termed as flow rate drift. Flow rate drift was removed by 

PID control.   

 

Figure 7 PID control of air mass flow 
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 Fuel Flow System 

During the process of research on the combustor rig, the fuel system was upgraded to allow 

the study of fuel mixtures. Figure 8 shows the simplified line diagram of the old fuel system design. 

The old system was designed to be operated with methane as fuel at 150 PSIG. Appropriate fuel 

pressure regulating equipment following the recommendation from NFPA code 37 (Standard for 

the Installation and Use of Stationary Combustion Engines and Gas Turbines [69]) were followed. 

Two EPI thermal mass flowmeters are used for metering the gas flow; calibrated for different 

ranges providing metering between 0.33 and 163 kg/hour (0.0002 and 0.1 lbm/s) with at least 6% 

accuracy. Check valves and fuel flow arrestors were provided for additional safety. For most of 

the studies involving methane only fuel, the old fuel system was used.  

 The Fuel flow system was later upgraded to allow for fuel mixtures. Alicat Scientific’s 

MCR-Series mass flow controllers were used for fuel metering and control. Figure 9 shows the 

line diagram for the fuel flow system. To achieve the desired ratio of fuel mixtures, flow rates of 

two different fuels were independently controlled. The fuel streams were then mixed to form the 

total fuel. Pilot fuel can be set to operate with either the mixture or one of the fuel component. 

 

Figure 8 Old Fuel System - Line Diagram 
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Figure 9 New Fuel System - Line Diagram 

 

Figure 10 Photo of the new fuel line system 

 Test Section 

The industrial nozzle provided by Solar Turbines® Incorporated was designed for 

operation within the research combustor. The Solar Turbines® nozzle was designed to be operated 

in an annular combustor. So, a model annular combustor (with just one nozzle) with a diameter of 

203 mm (8 inches), approximately matching the expansion observed in the annular combustor, 

was designed to fit the fuel nozzle. The idea behind this model annular combustor was to make 

numerical modeling easy. Once the experimental data is validated with approximate numerical 

models, future numerical studies can explore the interaction between adjacent nozzles in an 

annular arrangement. 
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Figure 11 shows a cross-section of the test section, which was designed for continuous 

operation in reacting conditions. The test section consists of the rectangular settling chamber which 

allows for smooth flow of air into the nozzle. One side of the settling chamber is connected to the 

compressed air line after the inline pre-heater. Other side of the settling chamber houses a nozzle 

and dome plate. The compressed air passes through the settling chamber into the combustor region 

via fuel nozzle. The settling chamber houses various connections for the coolant air supply, for the 

dome plate and various other fittings, which is discussed in later sections. The settling chamber 

(excluding dome plates) was made out of carbon steel (ASTM A516, selected for its machinability 

while still being able to operate at the required combustor inlet temperatures). 

The primary combustion region downstream of the nozzle is a cylindrical quartz liner as 

shown in Figure 11. The cylindrical quartz liner provides 3600 optical access to the flame allowing 

for various diagnostic techniques. Figure 12 shows a picture of the settling chamber and the 

primary combustion zone. A visible flame (though not at full scale operating conditions) can also 

be observed in the picture.  

 

Figure 11 Cross section of the test section 

 

Swirler
fuel nozzle
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Figure 12 Test Section of the Combust Rig 

 

 

Figure 13 Test Section Components and Material Specifications 
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Figure 14 Block Diagram showing the Test Section 

 

Figure 13 shows the design and various specifications of the test section. Figure 14 shows 

the block diagram of the test section. The plenum chamber shown in the block diagram is 

analogous to settling chamber. The section immediately after the primary combustor zone (quartz 

liner) is called transition piece. Transition piece is a thin metal cylindrical structure designed to be 

housed inside a metal pipe that connects to the primary combustor region. The annular region, 

between the transitions piece and the pipe housing, provides cooling air necessary to cool down 

the transition piece. Coolant air can be supplied externally using the coolant air as discussed in 

previous sections.   

 

Figure 15 Arrangement inside the settling Chamber 
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Figure 15 shows the inside arrangement of the settling chamber. The settling chamber was 

made of carbon steel (ASTM A516, selected for its machinability while still being able to operate 

at the required combustor inlet temperatures). The bottom of the figure is dome plate, while the 

open end of the settling chamber is at the bottom of the settling chamber (when assembled). The 

housing of the fuel nozzle can be observed. Along with the fuel nozzle, coolant supply lines for 

the dome plate can also be observed in the figure. The coolant supply lines are supplied with 

coolant air from the side plates of the settling chamber. The side plates also have provisions for 

various pipe fittings which can be used for the supply of seeding material (discussed in next 

sections) and other provisions. Cables and accessories for pressure and temperature measurements 

on the dome plate are also designed to be run through the settling chamber as can be observed in 

Figure 15. The sharp edges of the plenum (where stress concentration occurs) were not a concern, 

since the test rig was designed to maintain small pressure differentials across the plenum walls (the 

inlet air pressure is approximately the same as the surrounding pressure).  

The design of the dome pieces that attach to the plenum chamber is shown in Figure 16. 

The channels highlighted in blue are for coolant airflow and the channel highlighted in red is where 

the liners sit. Figure 16 was used from the dissertation of the earlier student who worked on the 

same rig [41]. 

 

Figure 16. Dome pieces exploded view. Flow is from left to right.  
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Figure 17. Test Section: Ports on the side of the settling chamber are visible. These ports 

are used for coolant supply, pressure measurements, temperature measurement and supply 

of seeding material. 

2.3 EXPERIMENTAL SETUP 

 Experimental Setup for High-Speed Imaging 

High-speed imaging was performed using Photron SA4 Camera. The lens used was 105mm 

f/2.8 EX DG OS HSM Macro Lens. The dynamic range of the camera is 58.1dB. The pixel size is 

20 𝜇𝑚. All the images were acquired at 500 frames per second at 1024 × 1024 pixel resolutions. 

To reduce the computational time, the images were cropped and scaled to 416 × 400 pixel 

resolution. At least 1800 images were acquired for all conditions tested. The objective of the high-

speed imaging is to study the flame shapes. So, the flame was imaged at the desired experimental 

conditions.  

All the images were taken from a side view (X-Y plane) as shown in Figure 18. Figure 19 

shows the experimental setup used for the high-speed imaging experiments. The camera is 

projected at the quartz liner as shown. The white tubes visible in the image are the coolant air 

supply lines for the transition piece. Appropriate care has been taken to avoid coolant lines in the 
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region of interest for flame imaging.  During the experiments (not visible in Figure 19), a 

blackboard was used to cover the other side of the primary combustion zone. This was done to 

have a black background for the flame imaging. The camera was externally triggered from a remote 

location when the flame imaging was performed. To reduce the noise of the flame images, the 

experiments were performed with all lights turned off in the test room.  

 

Figure 18: Orthogonal and side view of the test section 

 

 

Figure 19 Experimental Setup for the high-speed imaging 



 

 

24 

 

 

Figure 20 Flame image as visible from the camera. This image has been taken with a 

regular webcam, not the Photran SA4 camera. 

 Experimental Setup for Heat Transfer 

The experimental setup for the Heat Transfer closely resembles that of the High-Speed 

Imaging. A FLIR SC6700 camera, with a detector spectral range of 1 to 5 μm was used for the IR 

measurement. The objective of the heat transfer measurement is to calculate the heat loads on the 

liner walls. This was accomplished by measuring the surface temperatures of the liner wall. The 

detailed heat transfer technique and analysis is shown in section 3.2. This section here describes 

the experimental setup. Figure 21 shows the experimental setup used the heat transfer 

measurement. Though the figure shows an optically clear liner wall; for the sake of heat transfer 

experiments, liner wall was painted black.  

 

Figure 21 Heat Transfer Measurements - Experimental setup 
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 The IR camera measures the temperature by analyzing the radiation from the surface to 

which it is projected and focused. Since the combustor liner wall is optically transparent, the 

surfaces are painted with high emissivity black paint. The objective of the current heat transfer 

experiment is to simultaneously measure both the inside surface and outside surface temperature. 

To achieve this, half the total inside surface area is painted black to measure the inside surface 

temperature. Part of the overlapping area (as that of inside-painted part of inside surface) on the 

outside surface is painted black as well. Figure 22 shows the demonstration of the painted liner 

walls. Using this setup, when the IR camera is projected on to the liner wall, simultaneous 

measurements of both inside and outside surface temperature is possible. Few things that should 

be noted are, 1) The distance between the liner wall and the IR camera decides the resolution of 

the measurement, 2) Since the part of the liner painted black on the outside is overlapped by the 

surface painted on the inside, the increase in the temperature of the liner outside wall is only 

because of the conduction through the liner wall, 3) the change is the temperature of the liner inside 

surface is the combined effect of both radiation and convection.  

 

 

Figure 22 Liner Wall with Painted surfaces 

 For all the cases presented in this work, the IR camera acquisition rate was set to be 120 

Hz. One of the limitations of the heat transfer measurement was the maximum temperature that 

could be recorded with the IR camera (∼573 K).  Research on different optical filters led to the 

identification of the Schott KG family of glasses as a potential filter to remove the quartz radiation 

almost entirely, and increase the maximum temperature measurable by the IR camera. The filter 

practically eliminated the contribution to the total radiance from the quartz liner, but limited the 

lowest detectable temperature by the IR sensor to ∼ 425 K. So an independent calibration was 
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performed using a thermocouple and the filter. The obtained data with the filter is then corrected 

using the calibration curve. A detailed analysis of the technique and the reasoning behind the filter 

is provided in the thesis of David Gomez Ramirez [41].  

 Experimental Setup for PIV 

To study the flow field during instabilities, A PIV system was installed on the combustor 

rig. Figure 23 shows the experimental setup for the PIV measurements. A double pulse Nd: YAG 

laser (Nano-L 135-15 double cavity Q-switched) and a FlowSense 4M MkII camera were the 

primary components for the PIV measurements.  The maximum pulse energy was 140 mJ at 532 

nm. The thickness of laser sheets was 5 mm, and spatial resolution of the camera was 2048×2048 

with 8-bit pixel data. An optical bandpass filter (Omega Optical 532BP10, 10 nm bandwidth at 

532 nm) was attached in front of 76 mm lens system of the camera. Dantec Dynamic Studio was 

used to operate the PIV system, and to acquire data.  

 

Figure 23 PIV Experiment setup 

The laser was made to shoot the laser sheet parallel to the ground at the same height as that 

of the center point of the fuel nozzle (or the primary combustor region). The FlowSense 4M MkII 
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camera was installed on top of the test section and captured image pairs on a flat laser sheet. A 

schematic shown in Figure 24 describes the PIV setup.  

The following are the setup conditions for the PIV measurement.  

 The aperture of camera lens system was f/2 (fully open).  

  Laser power was set close to its maximum (~130 mJ per pulse).  

 The time between laser pulses was set to 30 µs.  

 Repetition rate was set to 7.4 Hz (limited by the camera) 

 Distance from the laser sheet and the camera was ~0.9 m. 

 

Figure 24 Schematic of PIV system at the test section 

One of the primary challenge for the good PIV measurement is seeding density. The flow 

field that need to be measured should be inundated with sufficient amount of particles. The idea 

here is that the particles are extremely lightweight and they follow the streamlines fn the flow. For 

the PIV setup discussed in this work, a cyclone seeder was used for seeding. A cyclone seeder has 

one inlet and one outlet. Particles are kept in a seeding chamber and a continuous stream of air 

agitates the particles in the seeder. The outlet of the seeding chamber is connected to the settling 

chamber. When the air passes through the seeding chamber, seeding particles are carried along 

with it.  A bypass air was tapped from upstream of air control valve, which supplied about 1-2 g/s 

air to the seeder. 1 µm alumina particles (Baikowski, CR1) were injected into the settling chamber 

and introduced to the test section along with air. The relaxation time of the particles, defined by 

𝜏𝑠 = 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
2 𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (18 𝜇𝑓𝑙𝑢𝑖𝑑)⁄  was calculated as 12.1-2.4 μs, assuming 1 μm alumina in air 

at 15-16000 C. Particle seeder wasgently shaken during the measurement, to maintain sufficient 

particle density continuously.  
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 Pressure Measurements 

 

Figure 25 Schematic of pressure transducer placement 

 

Figure 26 A picture showing the copper tube which is used for pressure sampling 

 In order to characterize the temporal evolution of the flow oscillation in reacting conditions, 

pressure measurements upstream and downstream of the fuel nozzle and on the dome plate were 

measured. The pressure measurements, upstream and downstream of the nozzle, were obtained 

using an Omega PX309 sensor, which has a time response of less than 1 ms. A PCB 106B50 model 

pressure transducer was placed on the dome plate for the pressure measurements. Block diagram 

in Figure 25 shows the placement of the pressure transducers. A copper tube was used as a pressure 
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sampler, and the other end of the tube is fitted with the pressure transducer as shown in Figure 26. 

The copper tube helped in protecting the sensor from the high-temperature environment. For some 

of the initial measurements, PCB transducer was not used on the dome plate. Only the two 

OMEGA transducers (upstream and downstream of the nozzle) were used. The next section 

describes the validation of the pressure measurements made using the OMEGA transducers.  

 

Figure 27 Power Spectral Density of pressure measurements - validation 

2.3.4.1 Validation for the pressure measurements made using OMEGA transducers: 

A major challenge while measuring the pressure fluctuations within the burner was the 

placement of the pressure transducer. Due to the hot combustion gases and operating limits of the 

sensor, the sensor was placed in the cooling channel downstream of the combustor zone; i.e., 

within the cooling jacket of the transition piece. Location of the sensor is schematically shown in 

Figure 25. Since the cooling channel was open to the main flow path, it was theorized that strong 

pressure fluctuations in the flame (main flow path) would propagate back into the coolant jacket 

flow field. Multiple validation measurements, as described in the following section were 

performed to validate the sensor and sensor placement location to measure low-frequency 

oscillations. For validation experiments of the pressure sensor, the quartz liner was replaced and a 

bass amp speaker was positioned in the main gas path to induce harmonic pressure oscillation in 

the flow field. Known frequencies were played to induce pressure waves, which were measured 

using the pressure sensor. In Figure 27, the power spectral density of the measured pressure signal 

shows 40 Hz and 90 Hz, which is consistent with input signals to the speaker. Welch averaging 
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was used for calculating the power spectra reported in this paper. The additional frequency peak 

at around 200 Hz was consistent in repeated experiments, and it may represent the second 

harmonic of the primary 90 Hz signal. Other such peaks at higher frequencies (not shown here) 

were observed, which are likely the signal harmonics. The above validation was carried out 

without any airflow.  

 

Figure 28 Power Spectra Density of pressure with and without coolant 

Figure 28 shows the Power Spectral Density (PSD) for the pressure measurements, 

highlighting the effects on the pressure signal because of coolant flow in transition piece. The 

objective of these measurements was to quantify the effects of the coolant flow oscillations on the 

pressure measurements. When there is coolant air, a strong signal at 200 Hz was noticed. Other 

higher harmonics were also present but were not relevant for this study, as the majority of flow 

oscillations for the research combustor were below 200 Hz. Furthermore, Figure 29 shows similar 

behavior at different Reynolds number of 50k, 75k and 120k. Figure 30 shows the pressure 

measurements under reaction and cold flow conditions. The frequency peaks generated by the 

coolant flows at around 200 Hz affected the power spectra under the reacting conditions. Further, 

consistent spectrum under 100 Hz was noticed for all the experiments involved in reacting 

conditions. Hence, for the present study, focus was placed on the oscillations below 100 Hz. In all 

the pressure measurements, noise in the signal was observed at frequencies above 200 Hz. Since, 

most of the discussion in this paper deals with oscillations below 100 Hz, no noise reduction 

algorithms were used on the signal. 
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Figure 29 Power Spectral Density of pressure measurements at different Reynolds Number 

in cold flow conditions 

 

Figure 30 Power Spectral Density of pressure measurement - cold flow versus reaction 

2.3.4.2 Pressure measurements made using PCB Transducer: 

To better understand the acoustic patterns and combustion oscillations, it is required to record 

and analyze the pressure measurements as close to the combustion chamber as possible. The 

present upgrade to the pressure acquisition system involves measuring the pressure field using a 

high response pressure transducer on the dome plate.  

 PCB-106B50 transducer was used. 
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 A pressure port on the dome plate is connected to the pressure transducer via copper tube 

coil.  

 The copper coil will help the transducer operate in the temperature range prescribed by the 

manufacturer.  

Specifications of the transducer: 

 ICP® Acoustic Pressure Sensor, 500 mV/psi, Resolution 0.00007 psi (+86 dB), accel. 

comp. 

 Measurement Range: 5 psi (34.45 kPa) 

 Sensitivity: (±15%) 500 mV/psi (72.5 mV/kPa) 

 Low Frequency Response: (-5%) 0.5 Hz 

 Resonant Frequency: >=40 kHz (>=40 kHz) 

 Electrical Connector: 10-32 Coaxial Jack 

 

Figure 31 PCB 106B50 Pressure Transducer 

 

 

Figure 32 Pressure trace obtained from the dynamic pressure transducer 

Figure 32 shows the pressure trace during combustion. The pressure during near blowout 

oscillation can be observed. It can be observed that the pressure fluctuations are ten times higher 

during near blowout oscillations compared to that of stable operation. 
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2.3.4.3 Pressure Measurements after the fuel line upgrade 

After the new fuel line upgrade, blow out experiments have been conducted to observe the 

acoustic variations, if any, because of the changes in the fuel line. Pressure measurements have 

been taken on the dome plate using a dynamic pressure transducer. Figure 33 shows the power 

spectral density of the pressure measurements during near blowout oscillations. The critical 

observation in the plot is the 7.5 Hz peak oscillations and corresponding harmonics that can be 

observed. Lean blowout oscillations happen when the equivalence ratio of the flame reduces to 

lean limits, where the flame loses its anchoring on the nozzle, and momentary blowout happens.  

However, because of the recirculation of hot air, there happens to be re-ignition of the flame. This 

cycle continues at low frequencies, as observed in the chart shown. If the equivalence ratio goes 

on decreasing, at some critical equivalence ratio, there will be a flame blowout. While this 

phenomenon is primarily because of the reduction in the equivalence ratio, it is of primary 

importance to isolate the effect of changes in the fuel delivery. The question here is; how much 

does fuel flow variations effect in the near blowout oscillations in the current rig.  

 

Figure 33 Power spectral density of pressure measurements in the old setup during near 

blowout oscillations. 
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Figure 34 shows the power spectral density of the pressure measurements during blowout 

oscillations after the fuel line upgrade. Before comparing power spectral densities, the following 

paragraph discusses the changes made to fuel line compared to the old setup. A detailed description 

can be seen in other sections of this report. Previously, Valtek valves are used to control to fuel 

flow rates. This involved changing the percentage opening of the valve to make changes in the fuel 

flow rate.  Currently, Alicat mass flow controllers have been installed to control the fuel flow rates. 

This setup has better control of fuel mass flow while also reducing the hysteresis effects. Also, one 

other notable change with the fuel line is the length of the fuel line between the fuel valve and the 

nozzle. The current setup has substantially less length compared to the old setup.  

2.3.4.3.1 Comparison of pressure spectral in the old and new setup during blowout oscillations: 

Like all the previous observation of the near blowout oscillations, low-frequency fluctuations and 

their corresponding harmonics were observed. The conditions at which the near blowout 

oscillations were observed are  

 Reynolds number: 50K (with respect to nozzle throat diameter) 

 Pilot fuel split ratio: 6% 

The case presented in Figure 33 corresponds to same Reynolds number (50K) as that shown in 

Figure 34. However, a difference that must be noted; the pilot split ratio was not held constant in 

the old case. At the start of the experiment, the pilot ratio was held at 6%.  Only the main fuel mass 

flow was reduced, to reduce the equivalence ratio in the old case. Therefore, the pilot fuel split 

ratio increased as the overall equivalence ratio is reduced. The new setup allowed for better control 

of the mass flow, which helped in maintaining the pilot split ratio constant.  

Despite the changes in the rig and operating conditions, it is interesting to note that the main 

frequency remained the same (7.5 Hz). Figure 35 shows PSD when the pilot percentage is kept at 

3% and 1%. It is very interesting to note that pressure spectra remained almost same as that 

compared to 6% pilot case. From this, following inferences can be made 

 Pressure measurements remained same for different pilot fuel percentages for one 

particular mass flow rate.  

 The frequency of oscillations may be independent of the pilot fuel percentage.  

 Power spectra remained similar to that of the old case (before the rig upgrade). This shows 

that near blowout oscillations may be independent of the fuel flow oscillations. 
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The last inference about near blowout oscillations being independent of fuel flow 

oscillations need to be further validated by comparing the fuel flow charts in both cases. Observing 

the effect of mass flows and 0 percent pilot percentage on the near blowout oscillations will give 

more information on the cause of the near blowout oscillations.  

 

Figure 34 Power spectral density of pressure measurements during blowout oscillations in 

the new setup 

 

Figure 35 Power spectral density of pressure measurements during near blowout 

oscillation with different pilot fuel percentages 
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2.4 OPERATION OF THE RIG 

The experimental rig is primarily controlled using NI PXIe-1082DC data acquisition system 

(DAQ). Most of the sensors, flowmeters, valves are connected to the DAQ and interfaced using 

LabVIEW control. The control is done remotely from a different room to ensure safety during the 

operation. The camera systems for the PIV, IR thermography and high-speed imaging are 

controlled and operated by a separate computer (also remotely). Figure 36 shows the LabVIEW 

interface that is used to control and operate the rig. A discussed in previous sections, PID control 

for the air flow was used using LabVIEW interface. The desired flow rate is inputted into the 

LabVIEW and appropriate signals to control the valves are sent to the valve using the DAQ. The 

input for the fuel mass flow controllers is also done using the LabVIEW interface. Apart from that, 

the pressure and temperature measurements are monitored and recorded using the same interface. 

For simultaneous operation of various systems and to ensure safety, it was required to have at least 

two personnel to operate the rig and conduct experiments.  

 

Figure 36 LabView interface for the Rig operation 
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3  POST PROCESSING METHODOLOGIES 

3.1 HIGH-SPEED IMAGING – PROPER ORTHOGONAL DECOMPOSITION 

High-speed imaging was performed using Photron SA4 Camera. The lens used was 105mm 

f/2.8 EX DG OS HSM Macro Lens. The dynamic range of the camera is 58.1dB. The pixel size is 

20 𝜇𝑚. All the images were acquired at 500 frames per second at 1024 × 1024 pixel resolutions. 

To reduce the computational time, the images were cropped and scaled to 416 × 400 pixel 

resolution. It should be noted that the images are line of sight integrated measure of light intensity. 

At least 1800 images were acquired for all conditions tested.  

Other authors have provided an extensive explanation of the mathematics behind proper 

orthogonal decomposition [53] [54] [70]. In this study, the POD was implemented using the 

snapshot method which is described as follows. The number of snapshots or flame images obtained 

in each run, 𝑁, can be represented by a 𝑚 × 𝑛 matrix, which in turn has 𝑚 × 𝑛 data points 

corresponding to the geometric locations. All the images are mean subtracted to get the fluctuating 

part which is represented for the N snapshots as shown in Equation 2. 

𝑋 = [𝑥1 𝑥2… . 𝑥𝑁] = [
𝑥1
1 ⋯ 𝑥1

𝑁

⋮ ⋱ ⋮
𝑥𝑚𝑛
1 ⋯ 𝑥𝑚𝑛

𝑁
] (1)

 

 

where 𝑥𝑁 represents the information about a snapshot. That information corresponds to light 

intensity at each pixel. Auto covariance matrix 𝐶 is introduced as shown in Equation 2 and an 

eigenvalue problem is solved as shown in Equation 3. 

𝐶 = 𝑋𝑇𝑋 (2) 

𝐶𝐴𝑖 = 𝜆𝑖𝐴𝑖  (3)  

where 𝐴 is the eigenvector matrix. The eigenvalues, representing the eigenmodes are then 

determined. Covariance is defined as the joint variability of two random variables. It is understood 

as a measure of how an observation of a variable changes with respect to another variable. In this 

case, pixel intensity is considered as one variable, while the snapshots are considered as the other 

variable. The covariance matrix 𝐶 corresponds to a measure of how pixel intensity fluctuations are 
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related during the period of acquisition. The significance of each snapshot to the variance in the 

data can be represented by its eigenvalues and eigenvectors. Each eigenvalue then represents the 

variance captured by the corresponding eigenvector. Correspondingly, eigenvectors weigh each 

snapshot according to significance. Therefore, POD modes can be defined as shown in Equation 

4. 

𝜑𝑖 =
∑ 𝐴𝑛

𝑖 𝑥𝑛𝑁
𝑛=1

‖∑ 𝐴𝑛
𝑖 𝑥𝑛𝑁

𝑛=1 ‖
 (4) 

where 𝑖 = 1,2, … . , 𝑁. A POD mode represents projection of entire pixel intensity fluctuation of 

the entire dataset on to corresponding eigenvector. The mode with the largest eigenvalue 

corresponds to most dominating POD mode, with decreasing eigenvalues corresponding to lower 

significance of the mode to the overall dataset. The first POD mode indicates the pixel intensity 

distribution in space that represents the highest amount of time variability in the data set. 

Consequently, the first POD mode shows the most dominant structure in the system. When the 

POD is applied on flame images, it would show the maximum spatial variance of the fluctuations, 

thus giving out the dominant features in the flame. In this case, the first POD mode represents the 

most dominating structure in the flame as captured by the camera. The subsequent modes represent 

the structures in the flame according to their statistical significance. Thus, the spatiotemporal 

dynamics of the images or snapshots can be deconstructed into their constituent modes of 

maximum spatial variance. The contribution of each POD mode representing each eigenvalue, 𝜆𝑖, 

to the total fluctuating energy is defined as shown in Equation 5. The mode amplitudes coefficient 

at pth snapshot can be defined as shown in Equation 6. 

𝐸𝑖 =
𝜆𝑖

∑ 𝜆𝑗𝑁
𝑗=1

 (5) 

𝑎𝑝 = [𝜑1 𝜑2……𝜑𝑁]𝑇𝑥𝑝 (6) 

𝑿𝒏,𝑹𝒆𝒄 = 𝝋
𝒊  𝒂𝒏

𝒊  (𝟕) 

Mode amplitude coefficient represents how a feature in the flame corresponding to each mode 

varies across all the snapshots or data set. Therefore, mode amplitude coefficient represents the 

time evolution of the deconstructed flame features in each POD mode. Furthermore, a Fourier 
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transform decomposes the coefficient into its main frequency components, which can be compared 

to the pressure fluctuations. Images can be reconstructed based on a specific mode as shown in 

Equation 8. The normalized mean image of the flame snapshots cannot be a sufficient 

representation of the entire flame features because the data can be skewed due to experimental 

conditions and would not be able to capture any flame dynamics. So, the POD analysis can be 

useful to extract the dominant flame features in the images. 

3.2 HEAT TRANSFER 

A transient heat transfer technique using IR thermography was used for this work. The heat 

transfer into the combustion liner wall was studied. This involved simultaneous measurement of 

the inside surface temperature (flame side) and outside surface temperature (ambient side) of the 

liner wall using an IR camera. To measure the temperature of the surfaces, the quartz glass liner 

wall was coated with high-temperature black paint. The inside surface is coated with black paint 

in the entire region of interest as shown in Figure 37. The outside surface was partially painted 

with black coat. This ensured that the inner coat was visible from the outside. Figure 37 shows the 

region of interest (ROI) as captured by the IR camera with both inner wall coat and outer wall coat 

simultaneously visible.  

An IR camera (FLIR SC6700) was used to measure the surface temperatures of the liner walls. 

A Schott KG2 glass of 3 mm thickness was used as a filter. This was done to remove the absorption 

and emission signal radiated from the quartz glass. The spectral response of the IR camera was 1-

5 𝜇𝑚 and KG glass filters absorbs 2.8-5  𝜇𝑚. The quartz glass is transparent (no absorption and 

emission) in 1-2.8 𝜇𝑚 range, which was used for temperature measurement. A separate calibration 

was done using a thermocouple measurement and the obtained calibration curve was used to 

correct the temperature measurement. More details of the measurement technique, calibration of 

the temperature, and the effectiveness of the KG glass to block the emission from the quartz liner 

were discussed in previous studies [35] [41] [34].  

The analysis to calculate the heat load on the liner walls consisted of measuring the time 

evolution of the inside and outside wall temperatures. The obtained temperature measurements 

acted as a boundary condition in a finite difference model to calculate the temperature distribution 

across the liner thickness. From the inner wall temperature gradient in the solved temperature 
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distribution, the heat flux from the working fluid into the material was estimated. The frequency 

at which IR thermography was performed was at 120 Hz. Since it was already known that the near 

blowout oscillations happen at low frequencies (<20 Hz), 120 Hz for IR data was good enough to 

resolve the fluctuations.  

 

Figure 37 Schematic of wall temperature measurement with the infrared thermographic 

camera. The region of interest (ROI) is indicated. 

The following section describes the mathematical formulation behind the heat transfer 

technique. The solution of a two-dimensional cylindrical solid temperature distribution is a 

standard problem in conduction heat transfer, where the heat equation for the temperature of an 

inner point within the liner thickness at a given time is expressed by Equation 8  

 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
=
𝜕

𝜕𝑥
(𝛾
𝜕𝑇

𝜕𝑥
) +

1

𝑟

𝜕

𝜕𝑟
(𝛾𝑟

𝜕𝑇

𝜕𝑟
) (8) 

The conductivity of the quartz 𝛾, and the product 𝜌𝐶𝑝 are a function of temperature, and 

hence implicitly a function of location and time. 𝑥 is the axial length of the liner wall. 𝑟 is the 

thickness of the liner wall.  Equation 8 was discretized using the implicit Euler method, with first 

order finite differences in time and second order in space. The discretized equation is given by 

Equation 9 in terms of the space node indices 𝑖 and 𝑘 (𝑥 and 𝑟 coordinates respectively), and time 

index 𝑛. 

(𝜌𝐶𝑝)𝑖,𝑘
𝑛−1 𝑇𝑖,𝑘

𝑛 − 𝑇𝑖,𝑘
𝑛−1

Δ𝑡
      = 𝛾𝑖,𝑘

𝑛−1  (
𝑇𝑖+1,𝑘
𝑛 − 2𝑇𝑖,𝑘

𝑛 + 𝑇𝑖−1,𝑘
𝑛

Δ𝑥2
)   

+
1

𝑟
[𝛾𝑖,𝑘

𝑛−1 (
𝑇𝑖,𝑘+1
𝑛 − 𝑇𝑖,𝑘−1

𝑛

2Δ𝑟
) + 𝛾𝑖,𝑘

𝑛−1𝑟 (
𝑇𝑖,𝑘+1
𝑛 − 2𝑇𝑖,𝑘

𝑛 + 𝑇𝑖,𝑘−1
𝑛

Δ𝑟2
)] (9)
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After rearranging unknown terms to the left of the equation and known terms to the right, the 

formulation at each node in the solid becomes Equation 10. To simplify the process, the thermal 

properties of the quartz are taken from the previous time step. The azimuthal boundaries in the 

numerical model were considered adiabatic surfaces (𝜕𝑇/𝜕𝜃 = 0).   

 

𝑇𝑖,𝑘
𝑛 (

(𝜌𝐶𝑝)𝑖,𝑘
𝑛−1

Δ𝑡
+
2𝛾𝑖,𝑘

𝑛−1

Δ𝑟2
+ 
2𝛾𝑖,𝑘

𝑛−1

Δ𝑥2
)

+ 𝑇𝑖,𝑘+1
𝑛 (−

𝛾𝑖,𝑘
𝑛−1

2rΔ𝑟
− 
𝛾𝑖,𝑘
𝑛−1

Δ𝑟2
) 

+𝑇𝑖,𝑘−1
𝑛 (

𝛾𝑖,𝑘
𝑛−1

2rΔ𝑟
− 
𝛾𝑖,𝑘
𝑛−1

Δ𝑟2
)

+𝑇𝑖+1,𝑘
𝑛 (− 

𝛾𝑖,𝑘
𝑛−1

Δ𝑥2
)

+𝑇𝑖−1,𝑘
𝑛 (− 

𝛾𝑖,𝑘
𝑛−1

Δ𝑥2
)

}
 
 
 
 
 
 

 
 
 
 
 
 

= 
(𝜌𝐶𝑝)𝑖,𝑘

𝑛−1

Δ𝑡
𝑇𝑖,𝑘
𝑛−1                                       (10) 

The system of equations was solved using the MATLAB. The constant temperature 

boundary conditions at 𝑘 = 0 and 𝑘 = 𝑘𝑘 were given by the IR readings and the axial boundaries 

were modeled as adiabatic (𝑇0,𝑘
𝑛 = 𝑇1,𝑘

𝑛  and 𝑇𝑖𝑖,𝑘
𝑛 = 𝑇𝑖𝑖−1,𝑘

𝑛 ). The heat flux normal to the inner liner 

wall (from Fourier’s law) was equated to the heat transfer from the working fluid according to an 

energy balance at the boundary as shown by Equation 11.   

−𝛾
𝜕𝑇

𝜕𝑟   𝑟=𝑟0
 = ℎ(𝑇𝑟=𝑟0 − 𝑇∞)                                                                (11) 

In terms of the discretized variables and node indices, the heat transfer coefficient was 

evaluated according to Equation 12.  

  

ℎ𝑖
𝑛 = −𝛾𝑖,𝑘

𝑛−1
𝑇𝑖,𝑘0
𝑛 − 𝑇𝑖,𝑘1

𝑛

Δ𝑟

1

(𝑇𝑖,0
𝑛 − 𝑇∞)

                                                              (12) 

 

Where 𝑘0 and 𝑘1 are the reference elements taken to estimate the temperature gradient. For 

the results presented 𝑘0 = 0 and 𝑘1 = 1 were used in the grid with a total of 𝑘𝑘 = 15 elements 

along 𝑟.  
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3.3 PARTICLE IMAGE VELOCIMETRY 

The experimental setup for the PIV is discussed in Section 2.3.3. The initial processing of 

the data was performed using Dynamic Studio. To reduce the background noise in the data, local 

minimum was calculated and subtracted for the raw images. The corrected images are then 

normalized with time-averaged images. Interrogation area of 32×32 was used and adaptive 

correlation of the vectors was performed. Neighborhood and peak validations verified the vectors 

after adaptive cross-correlation. The velocity vectors are then exported for further data analysis. 

MATLAB functions for median filters such as ‘nanmedfilt2’ and ‘nanmean’ functions were used 

to smoothen the data and remove the noise. Due to the use of the cylindrical quartz liner, during 

the experiment, the PIV camera captured multiple glares. This caused a loss of data in some 

locations of the region of interest.  

The velocity vectors obtained then are further analyzed using POD technique.  POD 

decomposes the given flow field into various flow structures depending on their statistical 

significance. The flow structures are calculated from the Eigenvectors of the covariance matrix of 

ensemble of data (PIV flow field fluctuation components). While auto-covariance calculates the 

variance of the velocity fluctuation at each location in time, solving the Eigenvalue problem for 

auto-covariance gives different Eigenvalues and corresponding Eigenvectors, which explains the 

variance. Thus, the flow field is decomposed into various flow structures which are each a solution 

for the variance observed in the flow field. However, eigenvalues, when sorted out in descending 

order, give statistical significance to the possible solution of the variance observed. Therefore, 

higher the Eigenvalue, the more statistical significance assigned to the flow structure observed. 

When such a structure is projected on to the actual data set, the derived vector (called POD time 

coefficient) gives the information of how the structure varies in time. Therefore, POD time 

coefficients for each Eigenvalue stores information of how each flow structure varies in time. Thus, 

POD decomposed the flow field into various flow structures and their variation in time separately. 

 When the selection of decomposed structures (only the structures corresponding to more 

significant Eigenvalues) are projected on to their variation in time, reconstructed flow fields are 

obtained showing the significance of the structures observed. 
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4  FLAME SHAPES AND STRUCTURES 

This chapter discusses the flame shapes and structures. The flame shapes are studied using 

high-speed imaging. The experimental setup for high-speed imaging is discussed in the section 

2.3.1. The technique and analysis of the high-speed imaging was discussed in section 3.1. The first 

section discusses the stable flame structures. Proper Orthogonal Decomposition (POD) was 

applied on the high-speed images to study the flame shapes. The second part discusses the flame 

shapes during near blowout oscillations. The final part discusses the further analysis of the flame 

images taken during near blowout oscillations.  

4.1 STABLE FLAME 

As discussed in the previous sections, pressure measurements and high-speed imaging were 

used to analyze combustion oscillations. In the current section, application of POD on flame 

images acquired for a stable flame is discussed. While various cases were tested as listed in Table 

1, the following section focuses on Test 1 as shown in Table 1.  

Table 1 Stable Flame Test Cases 

Test Re # Eq Ratio Pilot % 

1 50K 0.75 6 

2 50K 0.65 6 

3 50K 0.65 0 

4 50K 0.65 4 

5 75K 0.65 6 

The number of samples considered is an important parameter for the analysis of POD. In all 

the cases presented in this paper, more than 1800 samples were considered. To further assess the 

reliability of the modes, a sensitivity analysis was performed. Two random ensembles of data, for 

example A and B, were randomly chosen with 1000 samples in each ensemble. The POD was 

applied to both the ensembles of data and a correlation coefficient was calculated. The correlation 

coefficient is defined as shown in Equation 12.  

𝐸(I) =√|φA
I  .φB

I | (12) 
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Figure 38 POD Modes- sensitivity analysis 

 

Figure 39 Mean and POD modes - Test 1 
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The correlation coefficient is an inner product of two modes of the same order but, from 

different ensembles of the data. If the inner product of two variables is close to unity, it implies 

that the variables are independent of each other. If the correlation coefficient is close to one for a 

particular mode, it means that the mode is independent of the ensemble. Discrepancies in the mode 

will result in a decrease of the correlation coefficient [61]. Figure 38 shows the sensitivity analysis 

performed on one of the cases. It can be observed that the correlation coefficient for the first six 

modes is close to one. This implies that the first few modes are ensemble independent. As the 

mode number increases, discrepancies in the modes also increase. This might be due to the noise 

in the images acquired. As the mode number increases, the correlation coefficient approached zero. 

POD was applied to all the 1800 available samples. Figure 39 shows the mean image and first 

five POD modes of Test 1. The mean image is often referred to as Mode 0 in literature. It should 

be remembered that POD modes are the fluctuations to be added on top of the mean image. Since 

the images are a line of sight averaged, the mean image looks symmetrical. It is entirely different 

compared to chemiluminescence images (which target particular species), where some asymmetry 

can be observed [61]. In this case, visible light (within spectral response of the camera sensor) 

from the flame was recorded without filtering. 

 

Figure 40 POD mode energy distribution for Test 1 
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Figure 41 Contour plot for Mode 1 

 

Figure 42 Power Spectral Density of Mode 2 and Mode 4 

 



 

 

47 

 

Though the mean image suggests a V-shape flame (which is expected with a swirl-stabilized 

flame), it does not provide a complete understanding of the flame structure or features. 

Furthermore, it can be observed that the intensity of the image, downstream of the combustor, is 

higher than that at the nozzle (x/D = 0). This might be because of the radiation from the burnt gases 

and slight flame liftoff from the nozzle. Figure 40 shows the energy distribution of POD modes. 

As with any POD analysis, higher modes represent most of the energy. While Mode 1 has most of 

the energy (9%), it can be observed that other modes up to Mode 5 have at least 4% each, which 

can be representative of the useful dynamics within the flame. 

Figure 41 shows the contour plot of Mode 1. The scale and signs of the contour plot are 

arbitrary because the modes are to be multiplied by the mode amplitude coefficient. The structure 

shown in Mode 1 also indicates the central recirculation zone, which cannot be observed from the 

time-averaged mean image. Mode 1 qualitatively suggests that the flame reattaches to the liner 

wall at axial location of 1.5 times the nozzle diameter. In previous studies [56], it was found that 

the flow impingement location on the liner wall for the non-reacting case was around 1.3 times the 

nozzle diameter. Flow impingement location is defined as a point of zero axial velocity as the jet 

impinges on the combustor liner. The iso-lines observed in the contour plot of Mode 1 indicate the 

highest variability of the light intensity in the region of central recirculation zone and the shear 

layers. This corresponds to the region where the V-shape flame is contained.  Thus, Mode 1 

indicates the size and extent of the central recirculation zone, albeit qualitatively. 

Compared to the mean image, which looks symmetrical around the axis, Mode 1 shows the 

regions of high and low intensities around the axis of the fuel nozzle (y/D= 0). This indicates the 

rotation of the flame, which is an inherent nature of the swirl-stabilized flame. Mode 2 and Mode 

4 appear to be paired modes. They indicate longitudinal oscillations in the flame. Downstream of 

the fuel nozzle, near x/D=2.5, it can be observed that both modes have opposite intensities. Further, 

the PSD of the two modes indicates a similar pattern as shown in Figure 42. Computing a temporal 

phase shift between the two modes reveal a phase shift close to 90o at around 39 Hz. Thus, it can 

be inferred that, these two modes indicate the oscillations caused by the combustion reaction. In 

the following discussion, the mode amplitude coefficients of Mode 4 were used to compare against 

pressure measurements. 
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Figure 43 Power Spectral Density of pressure and POD Temporal Coefficient 

For quantitatively analyzing the character of the stable flame, pressure measurements were 

recorded as described in previous sections. PSD of the pressure measurements, when compared 

with PSD of the mode amplitude coefficients of the POD, is shown in Figure 43. The frequencies 

of high-intensity oscillations were observed and found to be consistent with both measurements. 

This suggests that both measurements are capturing the same dynamics. Hence, one may conclude 

that the flame dynamics have significant oscillations at 39 Hz for which the features were observed 

in Mode 2 and Mode 4. Similar longitudinal observations were observed in previous studies [61], 

albeit at different frequencies corresponding to experimental rig. The peak at 200 Hz, as discussed 

previously, was associated with the coolant air. The PSD of the POD mode amplitude coefficients 

is limited to less than 250 Hz because of the acquisition of high-speed imaging at 500 frames per 

second. Further analysis of the modes can help visualize the flame at particular frequencies. 

Though mode amplitude coefficients of the POD modes are consistent with the pressure 

oscillations; phase averaging did not reveal any consistent pattern. This phenomenon might be 

because of the line of sight averaged images, where existing patterns might be overshadowed by 

the radiation from the gases in the same plane.  
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5.2 Stable Flame – Other Cases  

A - Test 2 

 

B – Test 3 

 

C – Test 4 

 

D - Test 5 

 

Figure 44 Power Spectral Density of pressure and POD - Test 2-5 

Other experiments at different conditions as listed in Table 1 are reported in this section. In all 

the cases tested, the frequency of the variability observed in the high-speed imaging was consistent 

with the pressure oscillations measured. For Test 2, 3 and 4, the pilot fuel to main fuel split ratio 

was varied while keeping the Reynolds number and equivalence ratio constant. For Test 2 and Test 

3, where the pilot fuel was 6% and 4% respectively, it was observed that dominant frequency was 

32 Hz. This observation was consistent with both the POD mode amplitude coefficients and 

pressure measurements and can be observed in Figure 44 (A, B). However, when there is no pilot 

fuel (Test 4 - Figure 44(C)), pressure spectra reveal that the flame was not as stable, as indicated 

with an increase in the amplitude of low-frequency oscillations. This behavior is expected because 

the additional pilot fuel helps to maintain a stable flame at low equivalence ratios. It is interesting 

to observe that at a higher Reynolds number (75K Re - Test 5), but with similar equivalence ratio 

(0.65) as that of Test 2, the PSD remained similar with dominating frequency at 32 Hz. This may 
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indicate that the oscillations are self-similar with Reynolds number, as has been observed for the 

flow velocity similarity at isothermal conditions [56]. However, additional pressure and flame 

imaging cases at different Reynolds numbers must be tested to infer and analyze if the pressure 

oscillations are in fact independent of the mass flow conditions. The information about the mode 

shapes and corresponding paired modes (as discussed for Test 1) are not reported in this paper for 

Tests 2, 3, 4 and 5. This is because similar results were obtained for sensitivity study, mode energy 

distribution, and the phase angle between coupled modes at dominant frequencies. In the next 

section, POD applied to high-speed images acquired during instabilities is discussed. 

4.2 INSTABILITIES NEAR BLOWOUT CONDITIONS  

The dynamics and structure of the flame during the instabilities, caused as the equivalence 

ratio reduced to near blowout conditions, were studied to complement the observations during a 

stable flame operation. Near blowout regime was obtained by decreasing the fuel flow rate 

gradually, until strong oscillations appeared. The experimental conditions for the instabilities 

discussed in this section are 50k Re with 0.15E-3 lb/s of pilot fuel mass flow. The pilot mass flow 

corresponds to 3% of the main fuel flow rate when the equivalence ratio is 0.65. While conducting 

experiments, the authors were limited to controlling the fuel flow rate of the main fuel, while 

keeping the pilot fuel flow rate constant (only in this section). As the fuel flow rate was decreased 

to near blow out conditions, instabilities were observed, and high-speed imaging was acquired 

when the equivalence ratio was around 0.45. As the fuel flow rate was further decreased, a 

complete blowout occurred at equivalence ratio of 0.40. Near blowout instabilities comprise of 

blowout and re-ignition occurring at low frequencies, causing a steady rumbling sound around the 

combustor. This can be observed as the flapping of the flame.  

Like previous sections, the POD was calculated on the high-speed images acquired during 

instabilities to extract the main mode shapes and the mode amplitude coefficients of the flame 

oscillations. Figure 45 shows the mean image and first five modes. Mean image and Mode 1 look 

similar, except near the nozzle. This phenomenon is probably because of the excessive radiation 

from the gases, captured by the high-speed camera. Due to the blowout and re-ignition instabilities, 

the gases occupy most of the combustor region which in turn was resolved in POD Mode 1 as the 
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highest variation. Other POD modes, especially Mode 2 and Mode 4, give an indication of the 

blowout and re-ignition. 

Figure 46 shows the power spectra of mode amplitude coefficients for POD Mode 1, compared 

against the power spectra of the pressure measurements. It is evident that the POD and pressure 

data show consistent results. Figure 47 shows the power spectra of pressure during near blowout 

instabilities compared with power spectra of pressure during the stable regime. Low-frequency 

oscillations and corresponding resonant frequencies, because of the instabilities, are evident.  

 

 

Figure 45 Mean and POD Modes, instabilities near blowout conditions 
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Figure 46 Power Spectral Distribution of pressure and POD – instabilities 

 

Figure 47 Power Spectral Distribution of pressure: Stable Flame (Test 2) and Instabilities 
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4.3 FLAME SHAPE AND LOCATION 

Figure 48 shows the POD reconstructed images, which are arranged, based on the phase 

angle. The POD reconstruction was performed based on first five modes of POD.  Mean image of 

a stable flame can also be seen in the Figure 48. As represented in the mean image, the fuel nozzle 

is located on the right side. This is true for the POD reconstructed images as well. The direction 

of the flow is from right to left. The phase angles from -180 to 180 degrees are shown completing 

one full cycle of oscillations. One full cycle represents a blowout and a re-ignition event.   

At phase angle -180, 180 and 0 the flame shape and location indicates blowout events. The 

phase angles -90 and 90, indicates re-ignition event. Phase angle -180 shows the flame location in 

the primary combustion zone, during the oscillations, after the flame is blown off. It appears that 

flame is quenched at the nozzle and reaction is concentrated in the central recirculation zone. 

Compared to stable flame, where various flame structures are observed in the IRZ, during this 

phase of the near blowout oscillations, it appears as if the flame is pushed radially inwards into the 

IRZ forming a region of reacting gases inside the IRZ. The next image of phase angle -90 shows 

the flame concentrated close to the nozzle. Because of the swirl flow, the hot reacting gases can 

swirl back towards the nozzle. The hot reacting gases can potentially re-ignite the fuel-air mixture 

near the nozzle. That could be the reason of the flame location as observed in the plot shown as 

phase angle 90. Comparing the phase angle plot of 180, it can be concluded that the  reaction cease 

to happen in the shear layers and that flame is pushed radially inside the IRZ.  

During this process of re-igniting in the shear layers and blowout, it can be observed that 

flame front pulsates near the wall at locations where the flame front generally does not appear in 

stable combustion. Oscillating flame in such locations can potentially mean pulsating temperatures 

near the wall. Though the global equivalence ratio is low, such pulsating flame fronts could mean 

alternating locally rich combustion (very high temperatures) and cold non-reacting gases near the 

liner wall.  Such pulsating flame structures coupled with high amplitude pressure fluctuations can 

potentially damage the liner wall. In the next chapter, heat loads during near blowout oscillations 

are studied. Having understood the flame shapes and locations during near blowout oscillations, 

heat loads on the liner wall can be studied with flame locations in perspective.  
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Figure 48 POD Reconstructed Images - Arranged in Phase 

Mean Image of Stable Flame 

Fuel Nozzle 

Flow Direction 
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4.4 CONCLUSIONS 

This initial part of this chapter focused on the use of POD as a post-processing technique to 

understand and visualize the flame dynamics produced by an industrial fuel nozzle operating 

within an optical combustor. The experiments were conducted at equivalence ratios of 0.65, 0.75; 

different Reynolds numbers of 50K, 75K; and three pilot fuel to main fuel ratios of 0%, 3%, 6%. 

Experiments were also conducted under instability conditions originating due to the reduction of 

equivalence ratio into near blowout regime. High-speed direct light images and pressure 

measurements obtained during the experiments were compared to analyze the flame structure. 

POD using the snapshot method was applied on the flame images to obtain the dominant features 

of the flame, which are not adequately represented by the mean images.  POD helped in the 

deconstruction of the flame images into a lower order model, thus allowing for the visualization 

of the dominant flame shapes. It was found that the PSD of mode amplitude coefficients of the 

POD are consistent with the pressure oscillations. Furthermore, the peak frequency was consistent 

with the temporal phase shift of 900 between two modes, which suggests that the flame structures 

shown in those modes correspond to flame oscillations at that frequency. This was true in all the 

cases presented in this study, including the instability experiments. Thus, POD can be a helpful 

tool in visualizing combustion oscillations. This is also true in the case of the instabilities that 

occur near lean blowout conditions. This work proves that POD based tools can be used as part of 

the post-processing routines to obtain valuable information from the data obtained with simple 

methods like high-speed direct light imaging. Further, application of POD based tools on data 

obtained from OH* PLIF can reveal more interesting dynamics of the flame.  

The later part of the chapter focussed on the reconstruction of the flame images based on POD 

modes (specifically during near blowout oscillations). The reconstructed images when arranged 

according to their phase angle showed the flame location and behavior during near blowout 

oscillations. The blowout and re-ignition events can be observed. These observations are further 

used to understand the flame and flow behavior during near blowout oscillations.  
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5 HEAT TRANSFER DURING INSTABILITIES 
 

 This section discusses the heat transfer on the liner wall during near blow out instabilities. 

IR thermography measurements on the liner wall give information about the heat loads. A detailed 

description of the heat transfer experimental procedure is described in section 2.3.2. Section 3.2 

detailed the post-processing methodology followed for the analysis of the data obtained using IR 

thermography methodology. The initial section of the chapter discusses the heat load on the liner 

wall during near blowout oscillations at one particular experimental conditions. Varying heat load 

on the liner wall during the near blowout oscillations is discussed by showing the heat loads at 

various time instances. The next section of the chapter discusses the heat loads at different 

experimental conditions. The conclusions and limitation of the experiment are later discussed.   

5.1 HEAT LOADS ON LINER WALL – MEASUREMENT 1 

 This section discusses the head load on the liner wall during near blowout oscillations at 

the experimental conditions as shown in Table 2. Though the data is shown at an equivalence ratio 

of 0.48, the measurement of the data started with the stable flame. The stable state at which 

measurement started is at same airflow and pilot fuel percentage but at an equivalence ratio of 

0.65. Measurement of the data at stable flame also acts a reference data set to normalize the heat 

loads during the near blowout oscillations. As the equivalence ratio was further reduced, the heat 

transfer measurements continued until the experimental set conditions shown in Table 2.  

Table 2 The experimental conditions for the Heat Transfer measurements-1 

Parameter Value 

Air Flow 34 g/s ~ 50,000 ReNd 

Equivalence ratio 0.48 

Pilot Fuel  6 % 

Fuel  Methane 

IR Camera frequency 120 Hz 
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It is known that near blowout oscillations happen at frequencies less than 15 Hz. For the 

heat transfer measurement, the temperature measurements are made at a frequency of 120 Hz. 

Therefore, the measurements should be able to resolve the change in temperatures observed on the 

liner walls during near blowout oscillations. Since the acquisition rate is 120 Hz, it should be noted 

that the time resolution in the finite difference model is 1/120 s. The spatial resolution in the axial 

direction is the limited by the pixel resolution of the IR camera. Each pixel provided one data 

point. The reader is suggested to refer the dissertation by David Gomez [41] for detailed 

description of the calculation methodology.  

Figure 49 shows the heat load on the liner wall during near blowout instabilities at five 

time instances. The plot at time instance t = 0.01 s, represents the heat load on the liner wall after 

an instantaneous blowout. Because of an instantaneous blowout, delay of ignition of the fresh air-

fuel mixture exiting out of the fuel nozzle happens. The non-reacting gases, which are relatively 

cold surround the liner wall. Thus, momentary cooling down of the liner wall happens and, this 

explains the negative heat load on the liner wall at corresponding time instance. However, because 

of the existing swirl flow, the hot gases re-ignite the air-fuel mixture at the nozzle. The re-ignition 

initiates the combustion reaction near the nozzle, which causes a spike in the heat load on the liner 

wall near the nozzle, as observed at time instance t = 0.03 s. The combustion reaction engulfs the 

entire primary combustion region, because of the swirl flow, which explains the spike in the heat 

load as observed at time instance t = 0.06 s. As discussed in previous sections, because of lean 

operating conditions, the flame will not be able to sustain constant re-ignition and thus initiating a 

blowout near the fuel nozzle. The blowout near the nozzle causes instantaneous reduction of the 

heat load on the liner wall near the nozzle as observed at time instance t = 0.08 s. During that same 

instance, the flame is pushed radially inwards and downstream simultaneously which explains the 

continued high heat loads downstream. As the reacting gases move downstream, the non-reacting 

gases once again surround the liner wall and the cycle continues. The variation in the heat loads at 

different time instances, as discussed above, can also be explained from the flame locations as 

observed in Figure 48. So it can be concluded that the instantaneous heat loads during near blowout 

oscillations are the result of the local blowout-re-ignition in the primary combustion region. The 

next section discusses about the heat loads on the liner wall at one location of the liner wall.  
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Figure 49 Fluctuating Heat Load on the Liner Wall during Near Blowout Oscillations 
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Figure 50 shows the transient heat load on the liner wall at an axial location of x/D 2.5. A 

clear sinusoidal trend of the heat load on the liner wall can be observed. The magnitude of heat 

loads during these oscillations is point of concern. The heat loads during near blowout oscillations 

are normalized using the heat loads at an equivalence ratio of 0.65. Since the near blowout happens 

at lower equivalence ratios (0.48 in this case), the adiabatic flame temperature of combustion will 

be low (thus the bulk temperature of the combustion is also low). So the normalized heat loads 

more than 10 implies a huge magnitude for heat loads. This kind of high magnitude fluctuations 

can potentially damage the liner wall by inducing creep. Figure 51 shows the power spectral 

density of the heat load on the liner wall. A clear peak at 7.8 Hz can be observed and corresponding 

harmonic frequencies can be observed. This is similar to the POD temporal coefficients and 

pressure measurements during near blowout oscillations, as reported in a previous publication [66] 

and shown in previous sections. This shows that the effect of near blowout oscillations can be 

directly seen on the liner wall. It should be noted that the Biot number for the quartz glass is 

comparatively higher than the metal liners traditionally seen in the gas turbine combustors. So, the 

effect of varying heat loads can potentially be higher compared to the experiments shows in this 

work.  

 

Figure 50 Heat Load on Liner Wall at x/D 2.5 
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Figure 51 Power Spectral Density of Heat Load 

 

Figure 52 Box plot for the temperature variation on the inner wall at x/D location of 2.5 at 

one time instance.  

 For the sake of simplification, the azimuthal variation in the temperature was assumed non-

varying. This assumption may be justified very well in stable operating conditions. However, 

during near blowout oscillations, when the flame is unstable and rapidly varying this assumption 

might fall short of reality. Nevertheless, analysis of temperature variation in the azimuthal 

direction in the region of interest was observed to be very less as shown in Figure 52. Therefore, 

the heat load calculation is not wrong, but the physical phenomenon where the flame is not 



 

 

61 

 

uniformly distributed (during near blowout oscillations) in azimuthal direction can potentially give 

different results if multiple region of interests are measured simultaneously on the liner wall. 

However, it should also be noted that flow field during near blowout oscillations suggested a strong 

axial fluctuation compared to radial components of the velocity fluctuations (discussed in next 

chapter), which indicates that the axial variation (as studied here) of heat transfer can be more 

distinct than in other directions. Nevertheless, the study of heat loads as discussed in this work 

provided insight of how near blowout oscillations affect the heat loads on the liner walls.    

Table 3 The experimental conditions for the Heat Transfer measurements-2 

Parameter Value 

Air Flow 34 g/s ~ 50,000 ReNd 

Equivalence ratio 0.48 

Pilot Fuel  3 % 

Fuel  Methane 

IR Camera frequency 120 Hz 

 

5.2 HEAT LOADS ON LINER WALL – MEASUREMENT 2 

Furthermore, heat loads during near blowout oscillations were also tested at different pilot 

fuel percentage as shown in Table 3. Figure 53 shows the mean heat load on the liner wall during 

near blowout oscillations at two different pilot fuel percentages of 6% and 3%. The mean heat 

loads show heat load distributions very dissimilar to that of stable flame heat load distributions. 

At axial locations downstream of the fuel nozzle, because of huge fluctuating magnitude (negative 

heat load as well), the mean heat loads shows less magnitude. Higher heat loads closer to the nozzle 

(in the corner re-circulation zone) can potentially damage the liner walls, because of lack of cooling 

in such areas. The normalized magnitude of less than one is expected because of the lean operating 

conditions. At two different pilot fuel percentages, the mean heat loads remained almost constant. 

From the discussion in the previous sections, the near blowout oscillation frequency remains same 

for both cases. While the changing of pilot fuel percentages changed the stability limits, the overall 

effect on the heat load on the liner wall appears to be less. In the next section, the heat load on the 

liner wall as the pilot fuel was changed during one experiment was discussed.   
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Figure 53 Mean heat loads on liner walls during  near blowout oscillations at different pilot 

fuel percentages 

Table 4 The experimental conditions for the Heat Transfer measurements-3 

Parameter Value 

Air Flow 34 g/s ~ 50,000 ReNd 

Equivalence ratio 0.48 

Pilot Fuel  Varied from 2% to 6% 

during the experiment. 

Fuel  Methane 

IR Camera frequency 120 Hz 

5.3 HEAT LOADS ON LINER WALL – MEASUREMENT 3 

In this section heat loads on the liner wall for experimental condition shown in Table 4 are 

discussed. This experiment case is similar to that discussed in Table 6- Test case number 9. The 

variation of pilot fuel percentage with time during the experiment can be seen in Figure 70. Figure 
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54 shows the time variation of heat load on the liner wall at 
𝑥

𝐷𝑁
= 2.5 as the pilot fuel vas varied 

from 2% to 6%. At time ~ 60s, the pilot fuel percentage was 2% and near blowout oscillations 

started. The equivalence ratio was kept constant, and only pilot fuel was increased to 6%. It can 

be observed that as the pilot fuel was increased, heat loads on the liner wall decreased. In the 

previous section, it was observed that heat loads did not vary in two separate experiments where 

two different pilot fuel percentages were tested.   From the measurements, as discussed in previous 

chapters, increase in pilot fuel percentage made the flame stable (near blowout oscillations 

stopped). So, in this current experimental case the flame stabilization (decrease in the pressure 

oscillations magnitude) decreased the net magnitude of heat loads on the liner walls. This provides 

a valuable information for the combustor design that the effect of heat loads on the liner wall 

during near blowout oscillations can be minimized by instantly varying the pilot fuel percentages.   

 

Figure 54 Heat load on the liner wall at x/D = 2.5 during near blowout oscillations as the 

pilot fuel was varied 
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5.4 CONCLUSIONS 

Heat load on the liner walls in three different experimental conditions during near blowout 

oscillations was studied in this chapter. The following conclusions are made: 

 Fluctuating heat loads on the liner walls with the same frequency as that of near 

blowout instabilities was observed.  

 The fluctuating heat loads when can be explained by the location of the flame as studied 

in the previous chapter.   

 The magnitude of fluctuation was also observed to be very high, which can potentially 

damage the liner walls.  

 Mean heat loads during near blowout oscillations at different pilot fuel percentages 

remained similar.  

 The magnitude of peak heat loads on the liner walls decreased with pilot fuel, when the 

pilot fuel percentage was increased during the operation.  
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6 FLOW FIELD DURING INSTABILITIES 
 

This section discusses the flow field in the primary combustor zone during near blowout 

oscillations. Particle Image Velocimetry (PIV) technique on the combustion zone provided flow 

field to understand the near blowout oscillations. Section 2.5 detailed the experimental setup used 

for the PIV measurement. Section 3.4 described the methodology behind the PIV and the post-

processing methodology used for the analysis. The initial section of this chapter discusses the mean 

flow field during the near blowout oscillations. Since the topic of discussion is near blowout 

oscillations; the mean flow fields do not provide a lot of information regarding the flow during the 

oscillations. The instantaneous snapshots are then discussed which show the limitations of the PIV 

measurement system used. The study of instantaneous flow field also reveals that the mechanism 

of near blowout oscillations is not evident. Therefore, the next section discusses the application of 

Proper Orthogonal Decomposition (POD) on the flow fields. Analysis of the POD modes showed 

evidence of the flow structures that are evident during near blowout oscillations. Therefore, POD 

reconstructed instantaneous snapshots of the velocity fields are presented in the later sections. The 

reconstructed images gave insight into the mechanism during near blowout oscillations. Table 5 

shows the experimental conditions for the data discussed in this chapter.  

 

 

Figure 55 Processing Methodology for the PIV 
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Table 5 The experimental conditions for the PIV 

Parameter Value 

Air Flow 34 g/s ~ 50,000 ReNd 

Equivalence ratio 0.45 

Pilot Fuel  6 % 

Fuel  Propane 

PIV frequency 7.5 Hz 

No. of Snapshots 800 

Seeding Material  Titanium Oxide 

6.1 MEAN FLOW FIELD – INSTANTANEOUS SNAPSHOTS 

 This section discusses the mean flow field during the near blowout oscillations. However, 

understanding of flow field in stable conditions plays a major role in understanding flow field 

during near blowout oscillations. Chapter 1 introduced the flow field during in the swirl stabilized 

combustor in details. Nevertheless, a brief description is provided in the following paragraphs. 

 

 

Figure 56 Demonstration of flow structures in swirl stabilized combustor 
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Figure 56 shows a simplified explanation of the flow field in the swirl-stabilized 

combustor. The salient features are the central or inner recirculation zone (IRZ) and corner 

recirculation zone (CRZ). The IRZ brings back the hot combustion gases towards the fuel nozzle 

and ignites the fresh fuel-air mixture exiting out of the nozzle. The IRZ allows for high-intensity 

flames with high combustion efficiencies without the need of a blunt body for flame stabilization. 

IRZ can be understood as the flow structure formed as the swirling jet exiting the fuel nozzle 

expands into the combustion chamber, recovering axial pressure, and eventually triggering the 

breakdown of the vortex and subsequent backflow [71]. Higher velocities and higher Turbulent 

Kinetic Energies (TKE) were observed in the shear layers between the IRZ and CRZ [56, 34]. Due 

to this complex flow, regions of low TKE’s inside the IRZ.  

Figure 57 shows the mean velocity flow field measured during near blowout oscillations. 

The velocity of the flow field is normalized using a reference velocity. The reference velocity is 

the bulk velocity of the air exiting out of the fuel nozzle. The location, (
𝑟

𝐷𝑁
) = 0, represents the 

center of the fuel nozzle.  Though the primary combustion region occupies an axial-distance more 

that  
𝑥

𝐷𝑁 
= 3, the measurement region for the PIV is less than 

𝑥

𝐷𝑁 
= 2.8. It can also be observed 

that data is lost at the boundaries.  It can be observed in the plot that the data is lost or not visible 

between (
𝑟

𝐷𝑁
) =  −1.2 𝑡𝑜 − 1.5. The lack of the data is because of the limitations during the 

experiments. The color scale shows the magnitude of the velocity. The arrows show the direction 

and magnitude of the velocity. 

Even during the near blowout oscillations, it can be observed from the mean flow field that 

the higher velocities can be observed in the shear layers. Compared to the flow fields of the stable 

cases [34], the mean flow field looks very similar. However, in reality, due to the constant blowout 

and re-ignition phenomenon during the near blowout oscillations, the flow field will be disturbed. 

Nevertheless, the mean flow field during near blowout oscillations projects the idea that the swirl 

flow exists even during the near blowout oscillations. One other critical observation is that the 

magnitude of the velocity in the shear layers decreased closer to the walls. This might be because 

of the averaged flow field. Thus, studying the mean flow field during near blowout oscillations is 

not sufficient. The next sections discuss the instantaneous snapshots instead of the mean flow field.  
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Figure 57 Mean Velocity Distribution during Near Blowout Oscillations.  

Figure 58 shows eight consecutive PIV snapshots. Each plot shows the velocity magnitude 

and direction. It should be noted that the velocity magnitude and direction are calculated from the 

individual components of velocity measured by PIV system. Only two components of the velocity 

are used to calculate the flow fields at each snapshot because of the planar measurement of PIV. 

Axial-radial direction measurements are made as discussed in previous sections. Compared to the 

mean flow field shown in Figure 57, all the snapshots are inverted along the x-axis. Along the line 

(
𝑟

𝐷𝑁
) = 0.5, it can be observed that the data was lost at some locations. This loss of data is 

attributed to the experimental difficulties. The velocity magnitude is normalized with the reference 

velocity as discussed in previous paragraphs. 
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Figure 58 Eight consecutive PIV snapshots  
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For the instantaneous snapshots of Figure 58, it can be observed that the flow field is 

disturbed during the near blowout instabilities. At various time instances, the higher velocity 

magnitudes are distributed at various locations. In the snapshot three of Figure 58, very high 

magnitude of velocity can be seen in the IRZ, while at snapshot eight higher magnitudes can be 

observed at downstream axial locations. Instantaneous snapshots show more dynamics about the 

near blowout oscillations compared to the mean flow field. However, due to the rapid blowout and 

re-ignition events happening during the near blowout oscillations, the PIV flow fields look as if 

they are filled with noise. Therefore, it is very important to analyze the PIV flow fields further to 

understand the flow dynamics during the near blowout oscillations.  

6.2 PROPER ORTHOGONAL DECOMPOSITION OF FLOW FIELD 

 The objective here is to isolate different aspects of the flow field to understand the flow 

better. Therefore, proper orthogonal decomposition (POD) technique was applied to the PIV 

measurements. A detailed description of the POD was given in section 3. POD decomposes the 

given flow field into various flow structures depending on their statistical significance. The flow 

structures are calculated from the Eigenvectors of the covariance matrix of an ensemble of data 

(PIV flow field fluctuation components). While auto-covariance calculates the variance of the 

velocity fluctuation at each location in time, solving the Eigenvalue problem for auto-covariance 

gives different Eigenvalues and corresponding Eigenvectors, which explains the variance. Thus, 

the flow field is decomposed into various flow structures which are each a solution for the variance 

observed in the flow field. However, eigenvalues, when sorted out in descending order, give 

statistical significance to the possible solution of the variance observed. Therefore, higher the 

Eigenvalue, the more statistical significance assigned to the flow structure observed. When such a 

structure is projected on to the actual data set, the derived vector (called POD time coefficient) 

gives the information of how the structure varies in time. Therefore, POD time coefficients for 

each Eigenvalue stores information of how each flow structure varies in time. Thus, POD 

decomposed the flow field into various flow structures and their variation in time separately. 

 When the selection of decomposed structures (only the structures corresponding to more 

significant Eigenvalues) are projected on to their variation in time, reconstructed flow fields are 

obtained showing the significance of the structures observed. The next section discusses the 

application of POD on the PIV vectors obtained during near blowout oscillations. The POD is 
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separately applied to the two velocity components obtained using PIV and the flow field is 

reconstructed to observe flow structures (statistically significant) during the near blowout 

oscillations.  

 

Figure 59 Mode Energy of u and v component 

Figure 59 shows the mode energy distribution of top ten POD of the two velocity 

components. As discussed in section 3.1, mode energy is the ratio of the Eigenvalue to the sum of 

all the Eigenvalues. For both the velocity components, the mode energy approached zero for lower 

modes (lower modes are structures with low Eigenvalues). From this, it can be concluded that the 

structures decomposed, using lower Eigenvalues, are statistically insignificant for both the velocity 

components. From the figure, for the axial component of the velocity, top two Eigenvalues 

comprise 20% of the total energy. For the radial velocity component, the mode energy is 

comparatively less significant for top modes. Though the mode energies are low for the radial 

component of the velocity, POD decomposition is still significant because the radial component 

of the velocity can decide the direction of the velocity vector.  Figure 60 shows the mode energy 

distribution of velocity components for the flow field in a stable combustion case. It can be 
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observed that both velocity components have similar mode energies. However, during near 

blowout oscillations, the axial component is more significant, because of blowout and re-ignition 

events impacting the axial component of the flow.  

 

Figure 60 POD Mode energies of velocity components for a stable case: 50k Re#; 0.65 Eq; 

6% pilot.  

Figure 61 shows the top four modes of the axial velocity component of the PIV flow field 

during near blowout instabilities. The color bar is arranged to an arbitrary scale. Mode 1 indicates 

the locations where variance in velocity fluctuations for which there is highest statistical 

significance. The color bar of Mode 1 only indicates the relative change in variance compared to 

other locations in the same mode. Extreme variance in the data can be observed in the shear layers 

(shown in red) and in the IRZ region (shown in blue). It is interesting to observe that the variance 

observed in the shear layers does not extend all the way to the wall. In a stable flame, the shear 

layers are very strong, and little variances can be observed. Therefore, strong variance in shear 

layers as observed in Mode 1 indicates that, during near blowout oscillations, the flow in shear 

layers is not as strong (in terms of velocity magnitude) in axial direction. Mode 2 indicates flow 

structures where extreme variance is observed in the IRZ and zones of other extremes engulfing 

the IRZ. This indicates that the flow velocities are extremely varying in the inner recirculation 

zone. The extremities of the variance can be perceived as the direction. Variation of the flow 

velocities mean changes in the TKE and pressure at each location.  



 

 

73 

 

 

 

Figure 61 Modes of U-component 

A discussion of the change in TKE is incomplete without studying the other components 

of the velocities. Figure 62 shows the top four POD modes of the radial components of the velocity. 

Mode 1 shows highest variance in the radial velocity fluctuation observed in the shear layers. The 

two extreme values in the shear layers indicate the direction. Having observed the different modes 

of both velocity components, the next step is to reconstruct the flow field using the POD modes. 

As discussed in previous paragraphs, POD reconstruction is the projection of POD modes to their 

corresponding temporal coefficients. The original fluctuation component of the flow field can be 

reconstructed if all the POD modes are used for reconstruction and added together. However, since 

it was established that top POD modes showed most of the energy, POD reconstruction can be 
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done with only a few modes, which will highlight the flow structures observed in Figure 61 and 

Figure 62. 

 

Figure 62 Modes of V-component 

  For the sake of analysis of in this work, four POD modes of each component are used for 

reconstruction of the flow field. Figure 63 shows eight consecutive snapshots of the reconstructed 

flow field. The color bar indicates the magnitude of the velocity and arrows show both direction 

and magnitude of the velocity components.  It should be noted that the only fluctuating component 

of the velocity is plotted. The total flow field can be obtained by adding the mean velocity flow 

field to each of the snapshots. However, since the intention is to study the flow field during near 

blowout oscillations, studying the fluctuating components can give a better idea of the flow field. 

Compared to the instantaneous snapshots of the original PIV measurement in Figure 58, the 

reconstructed snapshots show flow features that have statistical significance. Thus, POD analysis 

on the field was able to decompose the velocity field into various flow features and the 

reconstruction of the flow field highlighted the dynamics to be studied. 
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Figure 63 Reconstructed PIV 
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6.3 FLOW FIELD DURING NEAR BLOWOUT INSTABILITIES 

 The near blowout instabilities happen when the equivalence ratio is reduced to near lean 

blowout (LBO) limits. The flame resistance to the velocity decreased as the equivalence ratio is 

reduced and flame liftoff might happen. Initial flame liftoff happens near the fuel nozzle, and in 

shear layers since, the velocity is high at the nozzle and shear layers. Therefore, the flame would 

be pushed radially inwards towards the IRZ which instantly reduces the velocity near the shear 

layers and the nozzle.  Because of the unburnt gases in the IRZ, the flame can continue to burn in 

the IRZ and increase in the velocity magnitude locally can take place. Snapshots marked three and 

four in Figure 63 indicate this phenomenon. Because of the continued burning in the IRZ and 

reduced velocities in the shear layers, the unburned gases in the shear layers are re-ignited in the 

shear layers. Combustion in the shear layers increases the velocity, while hot burned gases swirl 

back into the IRZ reducing the velocity magnitudes. Snapshots marked five, six and seven in 

Figure 63 indicate this phenomenon. The study of these snapshots indicates how the flow field 

varies during near blowout oscillations.  

 

Figure 64 A POD reconstructed Snapshot 
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 A blowout event marked with reduced velocities in the shear layers and increased velocities 

in the IRZ towards downstream of the nozzle, and a re-ignition event marked with increased 

velocities in the shear layers was evident from the discussion in the previous paragraph. However, 

a very interesting phenomenon can be observed in the snapshot marked one, two and eight.  A 

closer look at the snapshot three can be seen in Figure 64.  It shows a straddled IRZ and higher 

backflow in the corner recirculation zone. Higher velocities in these regions can only be possible 

because of the presence of the combustion. This might be the after-effect of the flame liftoff in the 

shear layers. Increase in the magnitudes of velocities in these regions can potentially quench the 

flame locally near the nozzle. However, as discussed and shown in snapshots marked three and 

four, the sustained flame in the IRZ reignites the fuel-air mixture again. However, when the 

reaction within the IRZ fails, there is a potential for the LBO to happen. Unfortunately, the PIV 

measurement was not able to capture the blowout event.  

6.4 CONCLUSIONS  

In this chapter, flow field during near blowout oscillations was studied. Proper orthogonal 

decomposition was to reconstruct the flow field which provided better insight into the near blowout 

mechanism. The following conclusions can be made from this chapter 

 POD modes decomposed the flow field during near blowout oscillations into various 

structures that represent the oscillations seen in the flow field.  

 POD helped visualize the flow in low-order model, where each separate flow 

structure can be studied separately based on statistical significance.  

 POD based reconstruction for the flow field during near blowout oscillation revealed 

the flow dynamics that are otherwise engulfed with noise in the original flow field.  

 The flow field showed the mechanism behind the near blow out oscillations.  
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7 LEAN BLOWOUT LIMITS 

 In this chapter, Lean Blowout (LBO) limits and near blowout, oscillations are discussed. 

The first section of the chapter discusses the identification mechanism used for observing LBO 

limits. The second section discussed the LBO limits of methane fuel. The third section discusses 

the LBO limits of the propane fuel and the fourth section discusses the LBO limits of various fuel 

mixtures.  

7.1 EXPERIMENTAL METHODOLOGY 

LBO limits are determined using the pressure measurements. The measurements are typically 

carried out by achieving a stable flame with the desired fuel mixture. For all the cases discussed 

in this chapter, the equivalence ratio was maintained at 0.65 initially. This corresponded to a stable 

flame. The total fuel flow rate was then gradually decreased until blowout happens. While the fuel 

flow was decreased, fuel mixture ratio (when fuel mixtures are used), pilot fuel percentage and air 

flow rate was kept constant. Fuel mixture ratio was kept constant by re-calculating the set point of 

each fuel mass flow controller. The set points are calculated based on the mixture ratio and pilot 

fuel percentage.  During this process, ample time was given for the fuel flow system to stabilize 

between each change in the fuel flow setting. This was observed by corroborating the fuel set point 

 

Figure 65 Time trace of pressure measurements showing where the flame enters unstable 

regime (denoted by Oscillations start on the top plot) and where the LBO event happens 

(denoted by LBO on bottom plot) 
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and actual fuel flow reading for each of the fuel mass flow controllers.  As the fuel flow rate was 

decreased, the flame initially became unstable before the blowout phenomenon happened. The 

equivalence ratios at which flame becomes unstable and blowout happened were noted by 

matching the corresponding pressure measurements. 

  Figure 65 shows the time trace of the pressure signal during experiments involving methane 

flame. Airflow rate was set at 34 g/s and pilot fuel percentage at 6%. The top plot of Figure 65 

shows the time instance when the flame starts to become unstable. A sudden change in amplitude 

of pressure fluctuation acts as an indicator. This indicates the onset of near blowout oscillations. 

The event is denoted by ‘oscillations start (OS)’ henceforward. The bottom plot in Figure 65 shows 

the time trace of pressure measurements as the blowout event happened after a sustained low-

frequency high amplitude pressure fluctuation. ‘LBO’ in the chart denotes the blowout event. The 

terms OS and LBO are used in this dissertation to describe the events like the ones shown in Figure 

65.  The equivalence ratios for OS and LBO in Figure 65 are 0.56 and 0.38 respectively. The 

adiabatic flame temperature was calculated for a range of equivalence ratios using the open source 

Cantera software [72] for each of the fuel mixtures. GRI 3.0 mechanism was used for the 

calculation of the same. The adiabatic flame temperature was noted for the OS and LBO events.  

7.2 METHANE FUEL 

 In this section, LBO limits for the combustor with various operating conditions with 

methane fuel is discussed. Various operating conditions such as varying pilot fuel percentage, 

varying air flow rates were tested. The test matrix for the different cases tested is shown in Table 

6. First six test cases deal with varying pilot fuel percentages. For these cases, the pilot fuel vas 

kept constant at desired operating condition and equivalence ratio is reduced until blowout 

happens. For test cases 7 and 8, higher LBO limits were tested at higher air mass flows. For the 

test case 9, an initial pilot fuel percentage of 2% is kept constant and equivalence ratio was 

gradually reduced until the near blowout oscillations started. Then, the equivalence ratio was held 

constant and pilot fuel was gradually increased to 6%. This test case provides an idea of how the 

pilot fuel percentage effects the stability of the flame. For all the cases, LBO limits and OS start 

events are recorded using pressure measurements.   
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Table 6 Test matrix of different cases tested for LBO limits – Methane Fuel 

Test no Re # Pilot % 

1 50k 0% 

2 50k 2% 

3 50k 3% 

4 50k 4% 

5 50k 5% 

6 50k 6% 

7 75k 6% 

8 100k 6% 

9 50k varying 
 

 

 

Figure 66 LBO and OS limits for Methane Fuel at Different Pilot Fuel Percentages 
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Figure 66 shows LBO and OS limits for the methane fuel at six different pilot fuel 

percentages ranging from 0-6%. The upper limits of 6% is selected based on the industry 

recommendations. Since the nozzle used for this work is designed to work with pilot fuel for stable 

operation, at 0% pilot it can be observed that the both OS events and LBO events happened very 

closely and at higher adiabatic flame temperatures. Once the near blowout oscillations start at 0% 

pilot fuel conditions, the flame in the inner recirculation zone will not be able to sustain combustion 

for a longer time to have the re-ignition back in the shear layers. So the LBO happens almost 

instantaneously after the OS events happen. It can be observed that as the pilot fuel increased, LBO 

happened at lower adiabatic flame temperatures, and thus increasing the lean operational limit of 

the combustor. As the pilot fuel percentage increases, during the near blowout oscillations, the 

combustion can sustain at lower equivalence ratios in the IRZ because of the increase in the local 

equivalence ratio.  

Figure 66 also shows that the critical adiabatic flame temperature for the OS event changed 

by only 2% as the pilot fuel percentage decreased. Previous studies [34] on same combustor have 

shown that the change in the velocity fluctuations was insignificant with the change in the pilot 

fuel percentage. Therefore, the OS event happened almost at same adiabatic flame temperature.    

 

Figure 67 LBO and OS events at varying air mass flows 
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Figure 67 shows the OS and LBO events at different mass flows. Three different mass 

flows were tested. It should be noted that the pilot fuel was kept constant even though the mass 

flow rate was increased. Similar to the last section, OS events happened at almost same adiabatic 

flame temperature. Self-similarity in the normalized velocity fluctuations (at same equivalence 

ratios and pilot fuel but different mass flows [34]) could be the reason behind this as well. 

Nevertheless, the LBO events happened at higher adiabatic flame temperatures as the mass flow 

rate increased. At higher airflow rates, during the near blowout oscillations, the local TKE’s could 

be much higher locally in the IRZ. That may lead to early LBO.  

The next section discusses the pressure measurements during near blowout oscillations. 

Figure 68 shows the power spectral density of pressure measurements during near blowout 

oscillations at different pilot fuel percentages (Test number 1 to 6 in Table 6). Except for the case 

when there is no pilot fuel percentage, the spectra indicates that the oscillations happen at the same 

frequency of 7.8 Hz. This 7.8 Hz frequency corresponds to the blowout and re-ignition events 

happening during near blowout oscillations.  Figure 69 shows the power spectral density of the 

pressure measurements at different airflow rates (Test number 6, 7 and 8 in Table 6). It can be 

observed that the frequency increased as the airflow rate increased. The maximum Strouhal 

number that was observed in the cases tested is of the other 0.04. The Strouhal number is based on 

the bulk velocity exiting out of the nozzle and nozzle diameter. The Strouhal number is of order 

of magnitude less than expected Strouhal numbers for the jet vortex shedding (around 0.1-0.3). It 

is known that the vortex breakdown helps in the formation of the inner recirculation zone (IRZ). 

 For comparison, the Strouhal numbers for the stable case flame as shown in Figure 43 is around 

0.12.  Therefore, as the equivalence ratio is reduced the frequency of the oscillations decreased 

which lead to the failure of vortex breakdown. This explains the flow field observed during the 

near blowout oscillations. While the explanation justifies the flow field and flame locations, the 

decrease in the frequency of oscillations can be result of the decrease in the equivalence ratio which 

changes the flame properties.  

 The next section discusses test number 9 in Table 6. Pilot fuel variation during the near 

blowout oscillations is studied. The pilot fuel percentage was two, when the near blowout 

oscillations started. The equivalence ratio was kept constant and the pilot fuel was increased.  
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Figure 68 Power Spectral Density of pressure measurements during near blowout 

oscillations at different pilot fuel percentages 

 

 

Figure 69 Power Spectral Density of pressure measurements during near blowout 

oscillations at different air flow rates 
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Figure 70  shows the time trace of the pressure measurements on left axis for the test case 

number 9 in Table 6.  Pilot fuel percentage is displayed on the left axis. The equivalence ratio of 

the flame was decreased while keeping the pilot fuel percentage at 2. Once the near blowout 

oscillation started, after around time t=60s, the pilot fuel percentage was changed. The equivalence 

ratio was kept constant at 0.55. It can be observed that as the pilot fuel flow rate increased, the 

amplitude of pressure fluctuations decreased. It was observed that the near blowout oscillations 

also stopped as the pilot fuel percentage was increased.  

 

Figure 70 Pressure measurement as pilot fuel ratio was increased from 2% to 6% during  

near blowout oscillations 

7.3 PROPANE FUEL 

 In this section, experiments and results to identify LBO and OS events for the research 

combustor when propane fuel was used is discussed. LBO and OS events for operating conditions 

with different pilot fuel percentages was discussed as shown in Table 6. Near blowout oscillations 

when the propane fuel was used is compared with the measurements made when methane was 

used.  
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Table 7 Test Matrix for LBO experiments with Propane Fuel 

Test no Re # Pilot % 

1 50k 0% 

2 50k 2% 

3 50k 3% 

4 50k 4% 

5 50k 5% 

6 50k 6% 
  

 Figure 71 shows the LBO and OS event for the combustor when the propane fuel was used 

at different pilot fuel percentages. The corresponding data for the methane is also showed for 

comparison. Similar to methane, OS events happened at similar threshold values. However, it 

should be noted that OS events started at lower equivalence ratios (thus lower adiabatic flame 

temperatures) than for the methane fuel. Therefore, the stable operational limit is with propane 

fuel is better when compared with methane fuel. More discussion on LBO limits and OS events 

are discussed in next section (Fuel mixtures). Figure 72 shows the power spectral density of the 

pressure measurements during near blowout oscillations with both propane and methane showed 

together. It is interesting to observe that power spectra looked similar for both fuels. This indicates 

that near blowout oscillations are not because of the heat release fluctuations (heat release is 

different for propane and methane). So the near blowout oscillations are hydrodynamic 

instabilities.  
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Figure 71 LBO and OS limits for propane Fuel at Different Pilot Fuel Percentages 

 

Figure 72 Power spectral density comparison for near blowout oscillations – Propane and 

Methane 
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7.4 FUEL MIXTURES 

 Fuel Composition 

  Lean blowout limits of fuel mixtures of methane diluted with propane, nitrogen, and carbon 

dioxide have been investigated in this paper.  Table 8 shows the composition of various fuel 

mixtures tested and their corresponding Wobbe index. Wobbe Index (WI) is an indicator of 

interchangeability of fuel gases. It is defined as the heating value of the fuel divided by the square 

root of specific gravity. Higher heating value of the fuel mixture was used to calculate the Wobbe 

index.    

Table 8 Composition of fuel mixtures and corresponding Wobbe index. Wobbe index based 

on higher heating value of the fuel 

S 

No 

CH4 

(%V) 

C3H8 

(% V) 

CO2 

(% V) 

N2 

(% V) 

Wobbe 

Index, 

WI 

(MJ/m3) 

1 100 - - - 49.804 

2  100 - - 77.858 

3 90 10 - - 53.196 

4 80 20 - - 56.402 

5 70 30 - - 59.451 

6 90 - 10 - 41.368 

7 80 - 20 - 34.318 

8 60 - 30 - 28.262 

9 70 - 40 - 22.950 

10 50 - 50 - 18.216 

11 90 - - 10 43.235 

12 80 - - 20 37.158 

13 70 - - 30 31.504 

14 60 - - 40 26.214 

15 50 - - 50 21.241 
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  It should be noted that dilution with propane increased the Wobbe index of the fuel mixture, 

while the dilution with CO2 and N2 decreased the Wobbe index. This is expected because of the 

high heating value of propane fuel. For all the cases, 100% methane flame was used as a 

comparison.  

  The adiabatic flame temperature was calculated for a range of equivalence ratios using the 

open source Cantera software [72] for each of the fuel mixtures. GRI 3.0 mechanism was used for 

the calculation of the same. The adiabatic flame temperature was noted for the OS and LBO events.  

Fifteen different fuel mixtures were tested as outlined in Table 8. Previous testing with 

Methane fuels provided operating envelope and flame characteristics within the combustor [66]. 

From this previous work, inlet flow rate of 34 g/s was selected for current testing. This corresponds 

to a velocity of 11 m/s and Reynolds number of 50,000, based on the throat diameter of the fuel 

nozzle. The pilot fuel of 6% was used for all the cases listed in Table 8.   

  Apart from that, for five out of fifteen mixtures, the pilot was varied and OS and LBO 

events were noted. Pure methane, pure propane, 80% CH4-20% C3H8, 80% CH4-20% CO2, 80% 

CH4-20% N2 are the mixtures for which pilot was varied. For each of the fuel mixture listed above, 

the pilot was varied between no pilot fuel to 6% pilot.  

 Lean Blowout Limits 

LPM combustion system are designed to operate at specific turbine inlet temperature for 

particular load levels. The combustion systems must achieve the required product temperature, 

despite the fuel composition changes, with alternative fuels. So, flammability characteristics of 

different fuel mixture compositions are discussed in this section with respect to adiabatic flame 

temperature as well as equivalence ratio. In the end, LBO adiabatic flame temperature was 

compared against the Wobbe index of different fuel mixtures. 

Figure 73 shows the LBO events and OS events for different ratios of methane and propane 

mixture. Flammability characteristic of methane blended with 10%, 20% and 30% propane by 

volume are discussed. As the ratio of propane in the blend increased, the LBO happened at higher 

temperatures corresponding to higher equivalence ratio. The adiabatic flame temperature increased 

by 7-8% when blended with 30% propane when compared to pure methane combustion at similar 

conditions. This can be explained by the fact that propane requires higher activation energy to 

break the carbon-carbon bond compared to carbon-hydrogen bond in the methane. Because of this, 
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radicals necessary to maintain the chain branching reactions are reduced and blowout happens at 

higher equivalence ratio. Therefore, as the propane percentage was increased in the fuel blend, 

LBO happened at higher equivalence ratios corresponding to higher temperatures.  

 

 

Figure 73 OS and LBO events for different ratios of methane and propane mixture 

 

Figure 74 OS and LBO events for different ratios of methane and carbon dioxide mixture 
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Figure 75 OS and LBO events for different ratios of methane and nitrogen mixture 

Figure 73 also shows the critical equivalence ratio and temperature at which oscillations 

start and flame started to become unstable. During the experiments, as the fuel flow rate was further 

decreased after the OS event, low-frequency oscillations were observed which correspond to local 

flame extinction and re-ignition phenomenon. The blowout happened as equivalence ratio was 

further reduced, as discussed in the previous paragraph. Many research groups devised 

identification algorithms based on these blowout precursor events for the control mechanisms to 

maintain stable flames [24], [25]. Figure 73 shows that as propane percentage in the fuel blend 

increased the unstable margin of temperature or equivalence ratio, before blowout happened, 

decreased substantially. It should be noted that change in adiabatic flame temperature or 

equivalence ratio for OS event is between 1-3% as propane in the fuel blend increased.   

Figure 74 and Figure 75 shows the LBO and OS events for fuel mixtures of carbon dioxide 

and nitrogen respectively. Carbon dioxide and nitrogen are inert gases in the combustion and 

dilution with them is studied here. Dilution of methane fuel with carbon dioxide and nitrogen up 

to 50% by volume are presented in the current study. The adiabatic flame temperature for the OS 

events for both nitrogen and carbon dioxide dilution did not show considerable difference (~2% 
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and ~1% respectively), as compared with methane flame at similar operating conditions. This trend 

was also observed with methane-propane fuel mixtures. This shows that the fuel composition has 

little effect on the OS events when combustion is run at fixed pilot percentage.  

Figure 74 shows that LBO adiabatic flame temperature increased by as much as 12% when 

the CO2 dilution is 50% by volume. Figure 75 shows that LBO adiabatic flame temperature 

increased by 7-8% when the N2 dilution is 50% by volume. The increase in adiabatic LBO flame 

temperature and equivalence ratio, when diluted by inert gases such as CO2 and N2, may be 

attributed to the fact that the inert gases soak the available free radicals, thus allowing for an early 

blowout.  

 Lean Blowout Limits (LBO) when pilot fuel varied: 

For all the cases discussed above, pilot fuel percentage was held constant at 6%. However, for 

a premixed fuel nozzle with the central pilot hub, pilot fuel percentage plays an essential role in 

flame stabilization. Many flame stability control mechanisms use variation in pilot fuel percentage 

to achieve stable flame [24]. Thus, it is essential to evaluate the stability limits of the fuel nozzle 

as pilot percentage is changed when fuel blends are used. Figure 76 shows OS and LBO events for 

three different fuels. Pure methane, propane and a blend of 80% CH4-20% C3H8 are discussed. For 

pure methane flames, as the pilot percentage was decreased instability margin reduced and blowout 

happened at higher equivalence ratio. Adiabatic flame temperature range after the OS event and 

before the LBO event is termed as instability margin. At 0% pilot for methane flame, OS and LBO 

events happened at same equivalence ratio. Pilot flame provides a zone of locally rich flames that 

provides enough free radicals for reaction mechanisms to progress for a longer time. This, along 

with the swirl flow helps in local re-ignition phenomenon and thus flame sustains the unstable 

behavior until lower equivalence ratios before blowout phenomenon. As the pilot fuel percentage 

increases, the pilot flame becomes locally rich providing more free radicals for reactions 

mechanism to progress. For the fuel mix (80% CH4-20% C3H8), LBO equivalence ratio improved 

as pilot percentage increased. However, when compared with pure methane flame, LBO happened 

at lower equivalence ratios when pilot fuel was less than 4%. At higher pilot percentages, 

concentration of C3H8 is higher near the pilot flame and since activation energy to break C-C bonds 

is higher, LBO happens at higher equivalence ratio. However, as the pilot ratio was decreased 

concentration of C3H8 is lower and flame can sustain at comparatively lower equivalence ratios 
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(when compared with methane flame at similar pilot fuel ratio).  Figure 76 shows that OS events 

happened at lower equivalence ratios for pure propane flames compared to methane flames. 

However, the addition of propane to the methane did not change OS events significantly as 

compared to pure methane flames. 

Figure 77 and Figure 78 shows the effect of pilot fuel percentage on the 80% CH4-20% CO2 

and 80% CH4- 20% N2 fuel mixture flames respectively. In both cases, though the equivalence 

ratio at which blowout happens remained higher than the methane flame, the trend was similar to 

that of methane flame. This shows that pilot fuel percentage does not significantly affect the 

flammability limits of the nozzle when fuel with inert gas dilution is used (it follows similar trend 

as that of methane flame). A similar trend as that of methane was observed; probably because the 

critical chain branching mechanisms stay similar to that of just methane combustion (CO2 and N2 

are inert gases). However, in the case of fuel blends diluted with propane, the critical chain 

branching mechanisms might change and combustion kinetics play an important role in explaining 

the phenomenon seen in Figure 76. Additional measurements that can show species concentration 

will give better idea and explanation about variations observed with the change in pilot fuel 

percentage.   

 

Figure 76 OS and LBO events for different pilot fuel percentage of methane and propane 

mixture 
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Figure 77 OS and LBO events for different pilot fuel percentage of methane and carbon 

dioxide mixture 

 

Figure 78 OS and LBO events for different pilot fuel percentage of methane and nitrogen 

mixture 
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Figure 79 LBO event for different fuel mixtures index with respect to Wobbe index 

Figure 79 shows the lean blowout adiabatic flame temperatures of different fuel mixtures 

indexed with respect to Wobbe index. Wobbe index is an indicator of the interchangeability of the 

fuel gases. Wobbe index takes into account, the overall heating value of the fuel and density 

effects. It can be observed that for fuel mixtures with CO2 and N2 dilution (inert gases), the 

adiabatic flame temperature at lean blowout decreased with increase in the Wobbe Index. 

However, for the fuel mixtures with methane-propane blend, LBO adiabatic flame temperature 

increased with increasing Wobbe index. Wobbe index of the propane is higher than the methane 

fuel because of its high heating value. Therefore, as the propane volume in the blend increased the 

Wobbe index of the fuel increased and LBO adiabatic flame temperature increased as well 

(observed and discussed with Figure 73).   

When using Wobbe index, to discuss the interchangeability of the nozzle with respect to lean 

operating conditions, careful attention should be given to the fuel blends used. Wobbe index of 

natural gas fuel blends with other fuels such as H2, C2’s and C3’s cannot be compared with Wobbe 

index of fuel blends diluted with inters gases such as CO2 and N2. This is because reaction 

mechanisms that lead to LBO, may be different and the results discussed in the above sections 

show the same.      
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7.5 CONCLUSIONS 

Lean blowout limits and near blowout oscillations are studied in this chapter. Following 

conclusions are drawn: 

 

• LBO limits improved with increasing pilot fuel percentage.  

• The critical flame temperature at which the flame becomes unstable remained constant at 

various conditions tested for Methane and propane flame.   

• Near blowout oscillations happen at same frequencies for different pilot fuel percentages.  

• Near blowout oscillations happen at Strouhal numbers lower than that of vortex shedding 

frequency Strouhal numbers. 

• The critical flame temperature at which the flame becomes unstable did not vary more than 

2-3% when methane fuel blends with various compositions of propane, carbon dioxide and 

nitrogen were tested.  

• An increased in 7-8% of adiabatic flame temperature was observed as the methane fuel 

blends with up to 30% by volume of propane was tested.   

• Dilution of methane fuel with inert gases such as carbon dioxide and nitrogen increased 

the LBO adiabatic flame temperature. 

• Higher pilot fuel percentages for propane blended fuel increased the LBO adiabatic flame 

temperature, while at lower pilot fuel percentages (<3) considerable pattern was not 

observed.  

• For fuels blended with CO2 and N2, variation in the pilot fuel percentage showed a similar 

pattern as that of pure methane flame. 

• Wobbe index may not be a great choice to study the fuel interchangeability at lean 

operation conditions because mechanisms leading to LBO may be different for fuel blends 

with reacting gases such as propane and fuel blends with inert gases such as carbon dioxide 

and nitrogen. 
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8 CONCLUSIONS 

The objective of this study is to understand the LBO limits and the effects of the instabilities 

that arise (called near blowout oscillations) as the combustor is operated lean. The study of the 

flame location and the flow behavior during near blowout oscillations play an essential role in 

understanding the phenomenon. Thus, following measurements are made to accomplish the 

objective.  

• High-Speed Imaging to study flame locations and shape during near blowout 

oscillations. 

• IR thermography to study heat transfer on the liner wall during near blowout 

oscillations 

• PIV to study the flow field during near blowout oscillations 

• Pressure measurements to identify the LBO events and near blowout oscillations.  

 

The conclusions derived from each measurement are separately laid out in each chapter. 

Flame shapes, heat transfer and flow field, helped understand the phenomenon that happens during 

near blowout oscillations.  The measurements also helped understand various effects that might 

limit the lean operational limits of the gas turbine combustor. Based on all the measurements and 

LBO limits at multiple conditions and fuels, following conclusion is made which satisfies the 

overall objective of understanding the LBO limits and near blowout oscillations.  

In a lean pre-mixed swirl stabilized combustor, vortex breakdown leads to the formation of 

the inner recirculation zone, which keeps the flame stable. However, as the global equivalence 

ratio of the flame is reduced, the flame resistance to the flow is reduced. This leads to flame liftoff 

in the areas of high velocities. The high-velocity regions are generally in the shear layers and near 

the nozzle. Because of the flame liftoff near the nozzle and shear layers following events happen 

which are separately reported in the previous chapters.  

• Reacting gases are pushed radially inwards, and partially burnt gases continue to 

burn as they exit out of combustor  

• Fresh fuel-air mixture exiting out the nozzle occupies the regions around the wall 

near the nozzle.  

The effect of such a mechanism is that cold gases cool down the liner near the nozzle, while 

heat loads are instantaneously increased downstream before a rapid cool down because of the non-
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reacting gases engulfing the liner walls. Because of the long resident times in the inner 

recirculation zone, reaction continues to happen there. However, because of the lack of reaction in 

the shear layers, the velocity magnitudes are decreased. This initiates the re-ignition in the shear 

layers. The re-ignition in the shear layers, rapidly increase the heat loads on the liner wall (even in 

the corner re-circulation zones). The re-ignition in the shear layers, increase the velocity magnitude 

resulting in the blowout again. The cycle then repeats until the reaction in the IRZ ceases to happen, 

at which point blowout occurs. This mechanism also explains the LBO limits observed in various 

measurements.  

 

This work contributed to the gas turbine combustor in following ways 

 Achieved the objective of understanding the LBO limits and near blowout oscillations.   

  Established a relatively easy and cheaper way to study flame locations and shapes, 

especially during near blowout oscillations.  

 Demonstration of the transient heat loads on the liner wall during instabilities. Very high 

amplitude fluctuations were reported.  

 The high amplitude heat load fluctuations can be reduced by increasing the pilot fuel 

percentage during near blowout oscillations. This can help reduce the damage to the liner 

walls.  

 Established that in swirl flow combustors with central pilot hub, the near blow oscillations 

are primarily driven by velocity fluctuation (hydrodynamic instabilities) 

 It was established that pilot flame plays a significant role in flame stabilization during near 

blowout oscillations. Operational limits at different pilot fuel percentages were also 

established, which helps in designing the passive control mechanisms.  

 The critical flame temperature at which the flame becomes unstable remained constant at 

various conditions tested.  

 LBO limits were established for 15 different fuel types. This helps in deciding the 

operational limits of the existing engines when fuel interchangeability is being evaluated.  

 It was established that Wobbe index is not a right parameter to evaluate fuel 

interchangeability in lean operating conditions.  

 Lean operational limits and fuel interchangeability effects in lean operating conditions for 

the fuel nozzle is a critical data for the industry sponsors. 



 

 

98 

 

8.1 RECOMMENDATIONS FOR FUTURE WORK: 

 One of the primary limitations of the high-speed direct light imaging is the noise in the 

signal. OH* or CH* chemiluminescence can provide a better signal. To get a quantified 

information about the heat release rates or species concentration, techniques such as PLIF 

should be implemented. 

 Resolving the flow field at higher frequencies can give a better understanding of the 

transient phenomenon. The PIV system used for the current work is limited to low-

frequency acquisitions. Because of that, the flow field analysis was limited to the study of 

instantaneous snapshots.  

 Heat transfer on the liner wall can be evaluated in three dimensions. That way, the heat 

loads can be more representative of actual conditions instead of only providing a brief 

understanding of the transient behavior.  

 LBO limits need to be established at more engine representative conditions such as higher 

temperatures and pressures.  

 The study of fuel interchangeability for lean operational limits should go in the direction 

of theorizing parameters that are more representative of parameters such a heat release, 

type of dilutants, reactive nature of the components and density of the elements.   
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APPENDIX 

 

A. PHOTOGRAPHS OF THE COMBUSTOR FACILITY 

 

Figure 80 Picture of the fuel nozzle used 

 

Figure 81 Picture of the quartz liner painted for heat transfer measurements 
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Figure 82 A picture of the test secion showing cables for the ignition system going into the 

setttling chamber 

 

 

 

 




