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Abstract 
In the current global energy scenario, gas turbine can provide delicate balance between the booming worlds energy requirement and a pollutant free 
sustainable society. Cleaner combustion of fuel (particular natural gas), efficient, reliable, low maintenance and cost effective operation of gas turbine 
attracted scientific community to push the limit further (high efficiency and zero emission gas turbine). Gas turbine combustion process is complex by 
nature as it interacts with turbulence, chemical kinetics and thermodynamics. The combined effect directly affects the component life and cost. To gain 
deeper understanding and develop new eco-friendly combustion technology, continuous effort has been made from last couple of decades. In the present 
doctoral thesis, a downscaled prototype dry low emission technology burner was extensively investigated experimentally. The thesis also aims to compare 
the experimental results with numerical calculations using commercial simulation tools. The main priority of the research work was to understand the flame 
stabilization, flame anchoring physics, the burner operational limits and emission performance. The gas turbine burner hardware was assembled with three 
distinct fuel and sir supply units. Along the centerline, a primary combustion zone, the RPL (Rich-Pilot-Lean) was placed. A Pilot and Main stage was 
placed radially outward direction from the centerline. A secondary combustion (the main flame) zone was produced downstream of the burner throat. The 
primary and secondary flames were stabilized by the swirling motion of the flow. Vortex breakdown and recirculation zones assisted the steady combustion 
process.  

Several conventional measurement techniques were employed for temperature and emission (Carbon monoxide, Nitrogen oxides and unburned 
hydrocarbons) measurement. The experimental work in this thesis also included sophisticated optical measurement. A visually accessible liner (combustor 
region with diverging Quarl section) allowed optical access of the secondary flame region to analyze and record the flame characteristics. Line of sight 
Chemiluminescence (of hydroxyl radical), two dimensional hydroxyls radical planar laser induced fluorescence and particle image velocimetry diagnostic 
techniques were applied to investigate the secondary combustion (flame front and flow). All the experiments were conducted at atmospheric condition 
without any fuel heating. Chemical kinetic calculations were performed using CHEMKIN software for comparing the emission results. Steady and un-steady 
three dimensional computational fluid dynamic study was conducted using ANSYS FLUENT.  

The RPL combustion produced a hot gas stream and provided radicals in to the secondary combustion zone (in the vicinity of forward recirculation zone). 
Initially, a dedicated experiment was conducted to explore the operability of the RPL combustor (primary zone) by varying the equivalence ratios and co-
flow air properties. Results suggested that a slight rich operation could produce maximum radicals (Carbon monoxide, hydroxyls, oxygen and hydrogen 
radicals) without affecting nitrogen oxides emission. The main flame (secondary combustion zone) stabilization process indicated that the secondary flame 
was stabilized around the inner shear layer (where the incoming reactant stream and recirculated hot gas stream interacted with each other) and near the 
liner wall (reactant stream impinged the liner wall). The lean and rich operability limits were identified from the full burner experiments. A sharp increase of 
carbon monoxide concentration was noticed in the proximity of lean blowout equivalence ratio (~ 0.40). Low frequency high amplitude flame pulsation was 
also observed at this operating point. Flame instability and flash back tendency was observed at higher stoichiometry (~ 0.62). The Pilot and RPL stage 
combustion influenced the full burner flame and emission characteristics. Interaction between Pilot stages were investigated and results suggested that rich 
Pilot operation was helpful for stabilizing the main flame at very lean stoichiometric combustion with an emission penalty (Nitrogen oxides concentration 
was increased). Lean RPL operation showed emission benefits but flame instability was increased; therefore, burner operation window was compressed. 
Two dimensional hydroxyls radical planar laser induced fluorescence diagnostics identified the main reaction zone (captured the super-equilibrium hydroxyl 
concentration) and post flame region (where relaxed hydroxyl radicals were noticed in less concentration). The maximum heat release zones were 
identified by the Chemiluminescence imaging. An investigation of liner geometrical modification (aerodynamic variation) and its effect on flame 
characteristic was accomplished removing diverging Quarl geometry and replacing square liner with a circular cross section. The Quarl section 
demonstrated better combustion stability and wider operating window. Without Quarl, a third flame was observed from the outer recirculation zone. Outer 
recirculation zone flame intermittency and coupling with inner (central recirculation zone) flame structure produced high level of combustion dynamics 
issues. High hydrogen fuel (up to 50 % hydrogen by volume was mixed with methane) mixtures were introduced in the prototype burner. High hydrogen 
concentration aided a lean flame (100 K blowout benefit with 50 % hydrogen addition) operation without blowout. In addition, flow field diagnostics was 
carried out using two dimensional particle image velocimetry. The key flow structures (central and outer recirculation zones, shear layer, high speed swirl 
annular jet and vortical structures) were identified. The velocity measurement and radical concentration imaging explained the local wrinkling and dynamics 
of the flame structure.  

A preliminary effort was demonstrated to model the full burner with numerical three dimensional calculations. Different combustion (laminar flamelet and 
flamelet generated manifold) and turbulence model (Reynolds-averaged Navier–Stokes, Scale adaptive simulation and large eddy simulation) were 
implemented in ANSYS FLUENT computation. Numerical calculation added value to the experimental results by providing a detail understanding of scalar 
and vector fields, especially from the locations, where optical diagnostic was not possible. The computed flame structure and flow futures were compared 
with the experimental results. A simplified reactor based modelling was also formulated based on computational simulation results. The aim was to investigate 
simulation techniques conceptually that could possibly be applied in coming studies to obtain a better numerical modeling and validation activities of turbulent 
gas turbine combustion design and development. 
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Popular Science Description 

“I find out what the world needs. Then I go ahead and try to invent it.” 

Thomas Alva Edison 

As the world’s, energy demand continues to grow; a thirty percent increase of global 
energy need is predicted for the next twenty-five years. Globally, an intense 
momentum on energy transition is evident from nonrenewable to renewable sources. 
However, at present green energy sources contributed with a minute percentage 
share to the global demand. Solar power contribution is less than 1 % of the 
electricity generation and alternative fuel/battery power technologies account for 
0.1 % of the global transport system. According to the International Energy Agency 
(IEA), oil, coal and natural gas still account for more than 80 % of the global primary 
energy demand. But unfortunately, inefficient energy conversion systems 
(particularly from coal, which has the maximum carbon content) produces air 
pollution (nitrogen, carbon and sulfur oxides), climate change and global warming. 
It is reported that around 6.5 million premature deaths worldwide are due to the bad 
air quality and pollution (World Energy Outlook 2016). Recently, IEA predicted 
that a global shift from coal combustion to natural gas (consumption rise by 50 %) 
to limit the greenhouse gas emission. An efficient method to produce electricity 
from fuel (chemical energy) is to use the gas turbines. A gas turbine is a combustion 
engine that can transform natural gas or liquid fuels to mechanical energy. These 
combustion engines are also well known for their high reliability, low maintenance 
and fast startup/operational flexibility. The gas turbine is the engine at the ‘heart’ of 
the power plant that produces electric current and the combustor (where combustion 
process converts the chemical energy to heat) may be considered to be the ‘heart’ 
of the gas turbine. It can be assumed that the combustor pumps the heat source and 
boosts the fluid power for generating electricity by spinning the turbine blades. In 
many instances, gas turbines can be used in combination with a steam turbine to 
increase efficiency as a combined cycle power plant. The outstanding features (low-
maintenance, high-efficiency) of gas turbine power generation has attracted global 
interest of natural gas-derived electricity for a sustainable society. Gas fired power 
generation systems are capable of reducing global greenhouse gas emissions 
(natural gas combustion reduces carbon dioxide emission by 50 % than coal). 
Economically, advanced gas turbine technology provides customers one of the 
lowest installed costs per kilowatt. At present, the maximum combined cycle 



10 

efficiency of a gas turbine power plant is more than 62 %. A single percent increase 
in gas turbine efficiency equates to millions of dollars in saving of fuel costs and 
tons of carbon dioxide spared from the atmosphere. For a 1 gigawatt power plant, a 
1 percent enhancement in efficiency saves 17,000 metric tons of carbon dioxide 
emissions a year, equivalent to removing more than 3,500 vehicles from the road 
(US DOE report). The efficiency increment and emission reduction is challenging. 
A rigorous effort in engineering and technology development is essential for 
understanding the complex nature of these energy conversion machines. The most 
challenging task of all is to mix and burn the fuel efficiently, which demands a 
massive research and development work on combustion physics. 

The combustion process is a complex phenomenon and requires understanding of 
underlying physics of gas turbine combustion - fluid dynamics, turbulence, 
chemistry, thermodynamics, aerodynamics and acoustics. Most efficient electricity 
generation is possible at high temperature. However, they produce higher amount 
of pollutant emission (nitrogen oxides) at high temperature. To reduce emission, 
low emission technologies are developed. The perfect fuel-air mixing and lean 
combustion technologies displayed high confidence on reliable, eco-friendly, 
efficient power generation using gas turbine. The lean combustion technology 
development lead to several new challenges, which includes flame stabilization, 
combustion pulsation/dynamics (unsteady heat release and acoustic pulsation), lean 
blowout and fuel flexibility problems. Apart from that, flexible generation with load 
variation (with distributed grid), quick startup and turndown characteristics made 
the new combustor development more and more challenging. Economic and 
environmental reasons, extended operability and fuel flexibility is important for new 
combustion devices. A common combustion system capable of operating with wider 
ranges of heavy hydrocarbons, hydrogen and inerts will have an advantage to 
accommodate the future fuel gas trends and provide value to gas turbine operators. 

Siemen’s 4th generation Dry Low Emission burner concept is developed to satisfy 
the gas turbine efficiency, fuel flexibility and emission compliance for a large and 
stable operating range. In the present work, the lab scale version of the Dry Low 
Emission burner was examined extensively for understanding the combustion 
process. Burner performance was evaluated using the prototype version, which 
provided insight into flame structure, anchoring and stabilization. The operational 
flexibility and fuel flexibility were investigated to map the emission confidence 
level of the burner. The optically accessible combustion chamber made possible to 
perform detailed experimental investigations which are difficult to perform in real 
engine environment. Advanced laser diagnostic techniques (Particle image 
velocimetry and Planar laser induced fluorescence) were employed to investigate 
the flow and flame. The numerical simulation work complemented the experimental 
results and bolstered the research and development activities of the new low 
emission technology burner. 
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 Abstract 

In the current global energy scenario, gas turbine can provide delicate balance 
between the booming worlds energy requirement and a pollutant free sustainable 
society. Cleaner combustion of fuel (particular natural gas), efficient, reliable, low 
maintenance and cost effective operation of gas turbine attracted scientific 
community to push the limit further (high efficiency and zero emission gas turbine). 
Gas turbine combustion process is complex by nature as it interacts with turbulence, 
chemical kinetics and thermodynamics. The combined effect directly affects the 
component life and cost. To gain deeper understanding and develop new eco-
friendly combustion technology, continuous effort has been made from last couple 
of decades. In the present doctoral thesis, a downscaled prototype dry low emission 
technology burner was extensively investigated experimentally. The thesis also 
aims to compare the experimental results with numerical calculations using 
commercial simulation tools. The main priority of the research work was to 
understand the flame stabilization, flame anchoring physics, the burner operational 
limits and emission performance. The gas turbine burner hardware was assembled 
with three distinct fuel and sir supply units. Along the centerline, a primary 
combustion zone, the RPL (Rich-Pilot-Lean) was placed. A Pilot and Main stage 
was placed radially outward direction from the centerline. A secondary combustion 
(the main flame) zone was produced downstream of the burner throat. The primary 
and secondary flames were stabilized by the swirling motion of the flow. Vortex 
breakdown and recirculation zones assisted the steady combustion process. 

Several conventional measurement techniques were employed for temperature and 
emission (Carbon monoxide, Nitrogen oxides and unburned hydrocarbons) 
measurement. The experimental work in this thesis also included sophisticated 
optical measurement. A visually accessible liner (combustor region with diverging 
Quarl section) allowed optical access of the secondary flame region to analyze and 
record the flame characteristics. Line of sight Chemiluminescence (of hydroxyl 
radical), two dimensional hydroxyls radical planar laser induced fluorescence and 
particle image velocimetry diagnostic techniques were applied to investigate the 
secondary combustion (flame front and flow). All the experiments were conducted 
at atmospheric condition without any fuel heating. Chemical kinetic calculations 
were performed using CHEMKIN software for comparing the emission results. 
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Steady and un-steady three dimensional computational fluid dynamic studies were 
conducted using ANSYS FLUENT. 

The RPL combustion produced a hot gas stream and provided radicals in to the 
secondary combustion zone (in the vicinity of forward recirculation zone). Initially, 
a dedicated experiment was conducted to explore the operability of the RPL 
combustor (primary zone) by varying the equivalence ratios and co-flow air 
properties. Results suggested that a slight rich operation could produce maximum 
radicals (Carbon monoxide, hydroxyls, oxygen and hydrogen radicals) from the 
RPL without affecting nitrogen oxides emission. The main flame (secondary 
combustion zone) stabilization process indicated that the secondary flame was 
stabilized around the inner shear layer (where the incoming reactant stream and 
recirculated hot gas stream interacted with each other) and near the liner wall 
(reactant stream impinged the liner wall). The lean and rich operability limits were 
identified from the full burner experiments. A sharp increase of carbon monoxide 
concentration was noticed in the proximity of lean blowout equivalence ratio (~ 
0.40). Low frequency high amplitude flame pulsation was also observed at this 
operating point. Flame instability and flash back tendency was observed at higher 
stoichiometry (~ 0.62). The Pilot and RPL stage combustion influenced the full 
burner flame and emission characteristics. Interaction between Pilot stages were 
investigated and results suggested that rich Pilot operation was helpful for 
stabilizing the main flame at very lean stoichiometric combustion with an emission 
penalty (Nitrogen oxides concentration was increased). Lean RPL operation showed 
emission benefits but flame instability was increased; therefore, burner operation 
window was compressed. Two dimensional hydroxyls radical planar laser induced 
fluorescence diagnostics identified the main reaction zone (captured the super-
equilibrium hydroxyl concentration) and post flame region (where relaxed hydroxyl 
radicals were noticed in less concentration). The maximum heat release zones were 
identified by the Chemiluminescence imaging. An investigation of combustor 
geometrical modification (aerodynamic variation) and its effect on flame 
characteristic was accomplished removing diverging Quarl geometry and replacing 
square liner with a circular cross section. The Quarl combustor arrangement 
demonstrated better combustion stability and wider operating window. Without 
Quarl, a third flame was observed from the outer recirculation zone. Outer 
recirculation zone flame intermittency and coupling with inner (central recirculation 
zone) flame structure produced high level of combustion dynamics issues. High 
hydrogen fuel (up to 50 % hydrogen by volume was mixed with methane) mixtures 
were introduced in the prototype burner. High hydrogen concentration aided a lean 
flame (100 K blowout benefit with 50 % hydrogen addition) operation without 
blowout. In addition, flow field diagnostics were carried out using two dimensional 
particle image velocimetry. The key flow structures (central and outer recirculation 
zones, shear layer, high speed swirl annular jet and vortical structures) were 
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identified. The velocity measurement and radical concentration imaging explained 
the local wrinkling and dynamics of the flame structure. 

A preliminary effort was demonstrated to model the full burner with numerical three 
dimensional calculations. Different combustion (laminar flamelet and flamelet 
generated manifold) and turbulence model (Reynolds-averaged Navier–Stokes, 
Scale adaptive simulation and large eddy simulation) were implemented in ANSYS 
FLUENT computation. Numerical calculation added value to the experimental 
results by providing a detail understanding of scalar and vector fields, especially 
from the locations, where optical diagnostic was not possible. The computed flame 
structure and flow futures were compared with the experimental results. A 
simplified reactor based modelling was also formulated based on computational 
simulation results. The aim was to investigate simulation techniques conceptually 
that could possibly be applied in coming studies to obtain a better numerical 
modeling and validation activities of turbulent gas turbine combustion design and 
development. 
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Nomenclature 

C1 Convective heat flux (hot side) [W/m2] 

C2 Convective heat flux (cold side) [W/m2] 

D Diameter   [m] 

Da Damköhler number  [-] ܿ̅ Mean reaction progress  [-] ܿᇱഥ  Mean reaction progress variance [-] ݂ ̅ Mean mixture fraction  [-] ݂ᇱഥ  Mean mixture faction variance [-] 

K1-2 Conductive heat flux  [W/m2] 

Ka Karlovitz number  [-] 

LCV Lower calorific value  [MJ/kg] 

P Pressure   [N/m2] 

R1 Radiative heat flux (hot side)  [W/m2] 

R2 Radiative heat flux (cold side) [W/m2] 

Re Reynolds number  [-]  ݑᇱ RMS velocity   [m/s] ܵ Laminar flame speed  [m/s] ்ܵ Turbulent flame speed  [m/s] 

SN Swirl number   [-] 

ST Stokes number  [-] 

T Temperature   [K] 

TKE Turbulent kinetic energy  [m2/s2] 

Yfuel Fuel mas fraction  [-] 
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Abbreviations 

CFD Computational fluid dynamics 

CRN Chemical reactor network 

CRZ Central recirculation zone 

CIVB Combustion induced vortex breakdown 

C/S Cross section 

DNS Direct numerical simulation 

DLE Dry low emission 

DLN Dry low NOx 

EV Environmental burner 

ER Equivalence Ratios 

FGM Flamelet generated manifold 

FFT Fast Fourier transform 

HFD High frequency dynamics 

HRSG Heat recovery steam generator 

ICCD Intensified charge-coupled device 

IFD Intermediate flame dynamics 

ISL Inner shear layer 

LFM Laminar flamelet model 

LFD Low frequency dynamics 

LES Large eddy simulation 

LBO Lean blowout 

MFD Medium frequency dynamics 

MNQC Multi nozzle quite combustor 

Nd: YAG Neodymium-doped yttrium aluminum garnet 

NG Natural gas 

OSL Outer shear layer 

ORZ Outer recirculation zone 
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PSR Perfectly stirred reactor 

PFR Plug flow reactor 

PIV Particle image velocimetry 

POD Proper orthogonal decomposition 

PLIF Planar laser induced fluorescence 

PVC Precessing vortex core 

PPMVD Parts Per Million, Volumetric Dry 

RQL Rich quench lean 

RMS Root mean square 

RPL Rich-pilot-lean 

RANS Reynolds-averaged Navier–Stokes 

SAS Scale adaptive simulation 

SEV Sequential environmental burner 

T/C Thermocouple 

TIT Turbine inlet temperature 

TAPS Twin-annular pre-swirl 

TBC Thermal barrier coating 

UHC Unburned hydrocarbon 

UV Ultraviolet 

ULN Ultra low NOx 

URANS Unsteady RANS 

Greek characters ߜ Flame thickness  [m] ߜ Inner layer thickness  [m] ߬ Chemical time scale  [s] ߬ Flow time scale  [s] Φீ Global Equivalence ratio  [-] 
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 Turbulent dissipation rate  [m2/s3] ߯ Scalar dissipation rate  [1/s] ߝ Turbulent kinetic energy  [m2/s2] ߢ

Chemical Compounds 

C2* Electronically excided diatomic carbon 

CH* Electronically excided methylidyne radical 

CO Carbon monoxide 

CO* Electronically excided carbon monoxide 

CO2 Carbon dioxide 

CO2* Electronically excided carbon dioxide 

H Atomic hydrogen 

H2O Water 

N Atomic nitrogen 

N2 Nitrogen 

NO Nitrogen monoxide 

NOx Nitrogen oxide 

N2O Nitrous oxide 

O Atomic oxygen 

O2 Oxygen 

OH Hydroxide radical 

OH* Electronically excided hydroxide 

SOx Sulfur oxide 

TiO2 Titanium dioxide 
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

For a sustainable society, electricity is an indispensable parameter for social, 
industrial and economic growth. Modern society is extremely dependable on 
electricity for fulfilling industrial, residential, transportation and service related 
need. While the global economic rise demanded higher electricity and power 
generation, in developing countries around 1.2 billion people lack access to the 
electricity [1]. Today’s energy situation and future trend shows (Figure 1.1) 80 % 
increase of electricity demand (in absolute terms). 

 

Figure 1.1: Electricity demand by region and scenario considering different policy [1]. 

The massive electricity demand and supply need deliberate balancing of policy, 
economical and geo-political diversity and environmental needs. According to the 
recent agreement in Paris [1], the “New Policies Scenario” global energy mix for 
the top five energy demanding regions is shown in Figure 1.2. 
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Figure 1.2: Global energy mix, present and future scenario [1]. 

The analysis clearly indicates a faster growth of renewable energy sources. 
However, fossil fuel contribution is significant to fulfil the massive electricity 
demand. As per the prediction, among the fossil fuels, natural gas consumption can 
be 50 % higher; whereas a reduction of coal and oil demand is predicted. 
Considering the world diversity and supply-demand statistics, fossil fuel 
contribution cannot be ignored in the near future. The most challenging task using 
the fossil fuel is to reduce the green house and toxic gas emission. The problem is 
directly related to unregulated energy production and use, poorly regulated 
inefficient combustion of fuel. Emission of particulate matter, CO2, SOx, NOx and 
CO in to the atmosphere creates severe health hazards. Combustion of coal and 
biomass (still used for cooking in developing countries) are the main source (Figure 
1.3) of air pollution (i.e. SOx, NOx and particulate matter), which leads to smog and 
3.5 million premature deaths each year [1]. 
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Figure 1.3: Estimated anthropogenic emissions of the main air pollutants by source, 2015 [1]. 

As a whole, at present day, meeting the global energy demand without affecting the 
environment (pollution reduction) is the major focus of the engineering and 
scientific community. Advanced technology development for clean efficient power 
generation and combustion system are critical for a sustainable society. 

Gas turbine is one of the best available technology in the market for addressing 
energy demand, cost and greenhouse gas emission. The gas turbine market is not 
only limited to power generation. The aerospace/aviation industry, marine 
propulsion, defense sectors are highly dependent on gas turbines. Major gas turbine 
manufacturers (i.e. GE, Siemens) and government funded agencies spend billion 
dollars on technology development to increase gas turbine efficiency and emission 
reduction. Continuous research on material science, aerodynamics, heat transfer and 
combustion improved gas turbine simple cycle (~ 45 %) and combustion cycle (~ 
62.22 %) efficiency. Historically, with the evolution of gas turbine combustor type 
(diffusion control to lean premixed), emission reduction technologies (water and 
steam injection) are also evolved. New emission reduction technologies (EV, SEV, 
ULN, DLN and DLE) are capable of reducing the NOx emission level below 9 
ppm.at higher turbine inlet temperature [2, 3]. In the last decades, laboratory scale 
combustor research (experimental and numerical) supported new technology 
development with fundamental studies, complex diagnostics, modelling and high 
fidelity numerical simulations. Detailed experiments with unique visualization 
capability of lab scale combustion chamber enhanced the understanding of 
combustion process, its stabilization and static and dynamical properties with high 
degree of confidence [4, 5]. Advanced laser diagnostic techniques are applied for 
exploring internal flame structure, reaction zones and the complex flow-flame 
interactions [6-9]. Simultaneously, combustion, turbulence and numerical model 
development provided extra thrust in gas turbine (combustion and flame) research 
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(DNS and LES) [10-13]. Laboratory testing and product development capabilities 
are extended significantly using the simulation and high performance computing. 
New concept development (power generation and propulsion sector) for 
burner/nozzle development (i.e. flame sheet combustor , late staging concept, lean 
premixed TAPS and RQL) enhanced the gas turbine operational capability and fuel 
flexibility without compromising on emission [14-16]. Several parameters are 
associated with a new burner development need to be concerned about. The flame 
stabilization is a challenging process for a fuel flexible operation (LCV and high 
hydrogen content fuels) [17]. The combustion process inside gas turbine is highly 
sensitive to the geometry. The slight modification of geometry can alter the burner 
aerodynamics and mixing profile, which inherently affects the burner emission 
performance and operability. A strong interaction between flame, flow-field and 
instability is observed from experiments [18, 19]. The lower flame temperature 
combustion is generally susceptible to the instabilities (LBO and combustion 
dynamics). All these factors (extremely complicated and interlinked) are critical for 
designing a new combustion system. Considering the non-accessibility (optical 
visibility and laser diagnostics) and complexity (high pressure and load) of the real 
gas turbine engine running in the field, laboratory scale experiments provided a 
great deal of information (flame and flow) using model or prototype combustor. The 
experimental/simulation results can be applied directly or indirectly (used as model 
development and CFD validation) for new combustion technology development. 

In this thesis, experimental and numerical investigations conducted on a laboratory 
scale prototype 4th generation DLE burner (designed and developed by Siemens 
Industrial Turbomachinery AB, Sweden) are described. The new burner concept is 
based on aerodynamic flame stabilization with the help of swirl flow and vortex 
breakdown. A swirl burner design can produce excellent fuel-air mixing in a short 
residence time. A shorter flame shape and flame stability could be improved 
utilizing the aerodynamic flow structure [20]. The flame macro structure provides 
the detail information of flame anchoring, its length and heat release region. 
Thermal heat load on the combustor wall, cooling flow and local flame quenching 
are directly affected by the flame stabilization. The flame anchoring and 
stabilization process were experimentally investigated using different optical 
diagnostic techniques (diverging Quarl and liner was optically accessible). It is a 
known fact that Pilot flames are essential for better flame stability at part load and 
lean operation [21]. Investigation of fuel partitioning through Pilot and RPL showed 
direct relationship between emission and Pilot flame combustion. The Variation of 
operating condition and burner staging effect (Pilot and RPL) investigations were 
extremely important to define the operational stability of the burner in the lean and 
rich operating regime. Apart from that, the burner staging concept is important for 
multiple fuel (Wobbe Index variation) handing capability without shifting the flame 
stabilization/heat release location. The local equivalence ratio modification, flow 
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and flame interaction can trigger combustion pulsation problem. This could damage 
the burner hardware and initiate an unwanted trip of the gas turbine. Aerodynamic 
stability and fuel flexibility tests showed the burner operational robustness. 
Numerical analysis (chemical kinetic calculation and CFD modelling) was very 
important in order to obtain a better understanding of gas turbine combustion. 

1.2 Thesis Objective 

The primary objective of this thesis was understanding the DLE burner concept in 
detail using experimental and numerical tools. The macro structure of the flame 
(stabilization, anchoring, shape and length) required to be explored using optical 
diagnostic tools. Flow field investigations were aimed at shedding light on the 
highly swirled turbulent combustion flow field. Burner stable operability window 
(lean blow out and flashback) and emission characteristic mapping were required to 
be identified using different fuels and combustor geometries. Based on experimental 
and conceptual computational study, model validation was to be conducted by 
comparing OH-PLIF, emission and PIV results. 

1.3 Methodologies 

An atmospheric experimental setup was built at Division of Combustion Physics 
laboratory of Lund University. The first test was designed to explore only the RPL 
(central stage of the burner, acted as a small Pilot) combustion section. In this 
experiment, Pilot fuel and Main stage (fuel and air supply) hardware was eliminated. 
Thereafter, for all the experiments same experimental setup (with full burner) was 
utilized. The following measurements were conducted with collaboration of 
Division of Combustion Physics, Lund University. 

• Temperature was monitored from the RPL outer wall and combustor exit 
using B, N and K Type T/C’s. Additional T/C’s were placed for monitoring 
air preheat, reactant temperature at burner throat location, liner head end 
and exhaust gas temperature. 

• Emission measurement was performed from the liner exit using a water 
cooled multi holed probe. Primarily, NOx, CO and UHC concentrations 
were tracked. 

• High speed (up to 4700 Hz) and low speed (10 Hz) OH Chemiluminescence 
imaging for identifying the maximum heat release region. 
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• The flame front (including post flame zone) location was visualized by the 
OH-PLIF system (10 Hz). 

• Flow field measurement using a 4 Hz 2D PIV system. 

• Liner cross section was varied from square C/S to circular C/S. The 
diverging Quarl geometrical section was eliminated (defined as Dump 
combustor) and compare with Quarl case (the Baseline). 

• Methane (99.5 % pure) was used as fuel for baseline condition. In the later 
stage up to 50 % Hydrogen (by volume) was blended with methane gas. The 
natural gas supplied to the laboratory (Lund City NG grid) was also used 
for testing. 

Apart from that numerical simulations were performed. 

3D CFD simulation of the full burner (360 degree) was conducted using 14 million 
(RANS and SAS) and 22 million (LES) polyhedral cells. The mesh included the 
fuel and air supply holes, swirl vanes and cooling slots. A mesh sensitivity study 
was conducted for the baseline case. 

Simplified chemical reactor network (CRN) model was constructed using the CFD 
calculated flow split information, PSR and PFR. One dimensional heat loss 
calculation (conduction, convection and radiation) was incorporated with the CRN 
model to predict correct emission (CO and NOx). 

1.4 Limitations 

The research work included in this thesis suffers from following drawbacks 

• No high pressure experiment was conducted. 

• The primary flame (RPL) was not visually accessible. 

• Simultaneous flame and flow diagnostic was not performed. 

• No dynamic pressure measurement was possible to capture instabilities. 

Detailed CFD calculation using different combustion, NOx and turbulence model 
was not performed. Model validation and optimization require further investigation 
in future. 
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1.5 Thesis Outline 

This doctoral thesis is comprised with six chapters followed by six published, four 
submitted and one ready to submit research papers. 

Chapter 1 

Thesis introduction with background information for the research work. Research 
approach and limitations are also included. 

Chapter 2 

The fundamentals of gas turbine combustion system. Advanced combustion system 
design requirement and challenges are described briefly. This chapter also includes 
the fundamental aspects of turbulent gas turbine combustion. 

Chapter 3 

The industrial burner component and flow path is described here. The atmospheric 
test facility and instrumentation diagram are presented. 

Chapter 4 

Optical and laser diagnostic techniques are introduced in this chapter. Basic 
principle of Chemiluminescence, OH-PLIF and PIV diagnostic techniques are 
described briefly. This chapter also describe the CFD simulation methods and 
models applied in the thesis. Theoretical background of CRN modelling with PSR 
and PFR is discussed. One dimensional heat loss calculation method is described. 

Chapter 5 

Key results from experiment and simulation are highlighted. Summary of the 
research publication is attached here. 

Chapter 6 

Main conclusions of the research work are presented with future scope. 
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CHAPTER 2: GAS TURBINE 
COMBUSTION SYSTEM 

2.1 Gas Turbine Power Generation 

The power generation sector uses gas turbine as a main technology for converting 
fossil fuel energy (chemical) to electricity. The combination of gas turbine with 
steam and HRSG called as combined cycle power plant showed high efficiency and 
reliability. The clean conversion process of chemical energy in to electricity in gas 
turbine gradually replacing coal and oil fired gas units globally. A combined cycle 
power plant layout is depicted in Figure 2.1. The gas turbine drives a generator and 
the remaining thermal energy is extracted from the exhaust gas in HRSG. The 
HRSG is a boiler where water is converted to steam, which drives the steam turbine 
to produce more electricity (same coupled generator for gas and steam turbine). 

 

Figure 2.1: Combined cycle power plant. 

1) Gas Turbine 2) Generator 3) Steam Turbine and 4) Heat Recovery Steam Generator (Source: GE Power). 

1 
2

3
4
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The operating principle of gas turbine can be understood from Figure 2.2. A 
thermodynamics cycle (named Brayton cycle) represent the gas turbine operation. 
The cycle comprises of four processes, as shown in Figure 2.2. From P-V and T-S 
diagram represent the thermodynamic property change of the working fluid. The 
ambient air is compressed isentropically (in ideal case) in the compressor section, 
therefore pressure and temperature of the air is increased (state 1 to state 2). In the 
next stage inside combustor, heat can be added at constant pressure (owing to fuel-
air combustion, from state 2 to state 3). The high temperature gas is expanded 
isentropically in the turbine section (conversion of chemical energy to mechanical, 
from state 3 to state 4). For a closed gas turbine cycle, the exhaust gas can be cooled 
(constant pressure heat loss) and recirculated (state 4 to state 1) [22]. It can be noted 
that the cycle cannot be operated without addition of heat, which makes the 
combustion chamber so important. 

 

Figure 2.2: Gas turbine cycle and components[23]. 

Pressure (P) - volume (v) diagram and temperature(T) - entropy (s) digram for Brayton cycle. ‘q’ represents the heat 
addition and subtraction. 

Before moving further, it is very important to understand the performance of a gas 
turbine cycle. Fundamentally pressure ratio and combustor outlet temperature (TIT 
or firing temperature) defines the gas turbine performance envelop. Figure 2.3 
explains the simple cycle and combined cycle efficiency in terms of power output, 
efficiency and Firing temperature (combustion product gas temperature after first 
stage nozzle). The figure explains that a simple cycle gas turbine efficiency could 
be increased with the increase of pressure ratio (keeping same firing temperature). 
Whereas, in a combined cycle operation pressure ratio shows less pronounced 
effect. On the other hand, increasing the firing temperature (at same pressure ratio) 
increases the power output. But the extra cooling requirement shows a reduction of 
efficiency. In simple cycle arrangement, higher power output can be achieved with 
high efficiency if both firing temperature and pressure ratios are increased 
simultaneously. Interestingly, the combined cycle efficiency could be increased 
with firing temperature. It can be seen that optimum performance parameters are 
different for each (simple or combined) cycle. 
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Figure 2.3: Simple cycle and combined cycle efficiency [24]. 

2.2 Combustor Design Challenges 

As discussed in the previous section, combustion chamber is an essential, perhaps 
the most important component of the gas turbine operation. The combustion system 
design includes design of fuel-air mixing device, stable burning, required dilution 
and cooling to match the exit profile. A gas turbine combustion system consists of 
two main hardware components. The burner or fuel nozzle section (single or 
multiple) and the combustor (liner and transition section). The cross section of 
Siemens ULN combustion system is shown in Figure2.4. The fuel-air mixing 
process is done by the burner or nozzles. To extend the burner operability and fuel 
flexibility multiple nozzles are used. The fuel air mixture is burned inside the 
combustor. The stable flame is located inside the cylindrical liner section. Later the 
high temperature gas stream is directed to the turbine section using a transition stage. 
The main design features of a nozzle/burner system are [25] 

• Safe and reliable operation for entire load range by avoiding unsteady 
phenomena (combustion dynamics, lean blowout, auto ignition, flashback 
and flame holding). 
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• Highest combustion efficiency and complete combustion (mix the fuel and 
air for lean premixed system using various mixing techniques i.e. multi 
holes and swirl device). 

• Low emission (lean flame produce lower flame temperature and NOx). 
• Fuel flexibility (stable flame anchoring for different fuel application and 

load range). 

 

Figure 2.4: Major components of a ULN combustion system [26]. 

The combustor section provides the geometrical boundary of the flame zone to 
direct the heat energy towards the turbine section. The combustor section design 
requirements also need to be fulfilled. They are 

• Compact space and optimum length to minimize CO and NOx emission. 
• Aerodynamic design for less cooling flow requirement while maintaining 

target firing temperature. 
• Minimum pressure drop across the combustor. 
• Uniform thermal loading on the liner wall. 
• Acceptable profile and pattern factor at the combustor outlet. 
• Stable combustion and high mechanical integrity. 

In the present thesis most concentration was given to the burner/nozzle section. The 
following parameters were targeted to analyze by experiments and simulations. 

• Flame stabilization. 
• Burner operability and load variation. 
• Emission performance calculation. 
• Burner fuel flexibility. 
• Liner geometrical (aerodynamic) design modification. 
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2.3 The Flame 

There are three types of flame is possible in an industrial gas turbine combustion 
system. Diffusion (non-premixed), premixed and partially premixed. Nowadays, the 
usage of diffusion type of combustors is limited as it produces high flame 
temperature and NOx (but can show high flame stability). The emission level could 
be controlled by injecting water and steam near the flame zone. The diffusion flames 
are used as Pilot to control the flame stability at lean operating conditions (GE 
MNQC for hydrogen flames [17]). In military aircraft engine and in afterburner 
diffusion type of flame can be used for high power requirement. 

In recent days, maximum gas turbine combustion runs in premixed or partially 
premixed mode. These type of flames can produce less emission (higher fuel-air 
mixing produces low NOx [27]) and provide best combustion efficiency. The 
premixed flame characteristics can be understood from Figure 2.5. 

 

Figure 2.5: A stationary steady laminar premixed flame [28]. 

The fundamental physics of laminar premixed flame is well described in [29, 30]. 
In this simplified model, fuel and oxidizer is perfectly mixed prior to the combustion 
process. The one dimensional flame is represented by Figure 2.5. The fuel mass 
(Yfuel) fraction and reactant mixture temperature (T) is constant at far upstream of 
the flame. The flame region is divided in four zones: the preheat or diffusion zone, 
the reaction zone (flame inner layer), oxidation zone and equilibrium zone. 
Continuous heat and radical diffusion is expected in the preheat region. The main 
heat release occurs in the reaction zone. The inner layer flame structure is thin (ߜ) 
compared to the total flame thickness (ߜ). For most premixed flame, the ratio of 
total flame thickness and inner layer thickness is around 10 [31]. In the equilibrium 

Oxidation zone 

 ߜ

 ߜ
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region, it can be assumed that all chemical species have reached an equilibrium 
condition. 

2.4 Flame-Turbulence Interaction 

The laminar premixed flame structure (discussed in previous section) is highly 
influenced by the turbulent flow (the unburnt fuel-air mixture stream). The laminar 
flame front can be wrinkled or distorted by the turbulent eddies. The effect of 
turbulence-flame interaction is defined by laminar flame speed (ܵ), laminar flame 
thickness (ߜ) are compared with integral length scale of turbulence (݈௧) and RMS 
velocity (ݑᇱ), which represent the turbulent kinetic energy. This is called the regime 
diagram or Borghi diagram [30, 31]. The regime diagram based on [30] is shown in 
Figure 2.6. 

 

Figure 2.6: Classical premixed turbulent combustion regime diagram [32]. 

The Damköhler number (Da) is defined by the ratio between integral time scale, ߬௧ 
(largest eddy) to the chemical time scale, ߬	as [31] Da ൌ ߬௧߬ ൌ 	 ݈௧ ߜ⁄ᇱݑ ܵ⁄ ൌ ቆ݈௧ߜቇ ቆݑᇱܵቇ൘  

The Karlovitz number (Ka) relates the smallest eddy (Kolmogorov) time scale (߬) 
and chemical time scale as [31]  

ᇱݑ ܵ  ⁄  

݈௧ ⁄ߜ  

Da > 1 

Da< 1 

Da= 1 
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Ka ൌ ߬߬ ൌ 	ቆ ݈௧ߜቇିଵ ଶ⁄ ቆݑᇱܵቇଷ ଶ⁄
 

Turbulence Reynolds number (Re)	is also defined based on length scale as [31] Re ൌ 	ቆ ݈௧ߜቇ ቆݑᇱܵቇ	 
The relation between Re, Ka and Da is given by 

Re = (Da)2(Ka)2 
According to Figure 2.6 and Da number formulation, when Da >> 1, chemical time 
scale is small compared to the flow time scale. In this regime, the inner structure of 
flame remains laminar but can be wrinkled by the turbulent motion. This regime is 
defined as laminar flamelet regime. The flame is thinner than the turbulent scales. 
When the turbulent fluctuation is larger than the flame speed, the turbulent motion 
can wrinkle the flame front and can produce pockets of fresh and burnt gas. This 
regime is defined as corrugated flamelet regime. In the thickened flame regime, 
turbulent scales are small and can enter the flame front. In this situation Kolmogorov 
scales are smaller than flame thickness, hence the flame is altered by the turbulence. 
Finally, when Da << 1, turbulent mixing is fast compared to chemical time scale 
and the regimes tends towards the well stirred reactor (PSR). 

In the flamelet regime turbulent motion modifies the laminar flame speed by 
wrinkling the flame front [31]. The relationship between laminar and turbulent 
flame (்ܵ) speed is ்ܵܵ ൎ 1   ᇱܵݑ

The turbulent flame speed can be increased by large velocity fluctuations. In real 
gas turbine engines and in the experiments presented in this thesis, the flow field is 
highly turbulent. The local flame structure is altered by turbulent eddies. The 
flamelet concept assumption was made while performing the numerical simulations. 

2.5 Swirl Flame Stabilization 

The flame anchoring in desired location (combustor) is essential for a gas turbine 
combustion system. Any deviation of flame stabilization can enormously affect the 
combustor life (high thermal stress) and develop dynamics issues (also affects the 
emission). The incoming reactant flow velocity from the burner/nozzle is generally 
high. To sustain the combustion process, aerodynamic blockage could be produced 
for facilitating the flame in the anchoring point. This process increases the reacting 
time and un-interrupted combustion can occur. Different types of flame stabilization 
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(rim stabilization, pilot flame stabilization, dump geometry stabilization, bluff body 
and swirl stabilization) process could be found based on variety of applications [31]. 
For lean premixed flame, swirl stabilization is widely accepted flame stabilization 
mechanism [5, 33-35]. The properties of swirling flow are 

• Swirling flow generates a natural radial pressure gradient caused by axial 
decay of tangential velocity. 

• This causes a negative axial pressure gradient in the vicinity of the central 
axis, which in turn induces recirculation flow and the formation of a CRZ. 

• The central vortex core can become unstable, giving rise to the oscillation 
phenomena of the CRZ referred as PVC [36]. 

• The formation of the CRZ is thus dependent on the decay of swirl velocity 
as swirling flow expands in radial direction. 

When the swirl intensity is high, Swirl number (SN) is larger than 0.5, a vortex 
breakdown phenomenon can occur (in Figure 2.7). The picture explains the motion 
and topologies of the PVC. The tangential velocity component aligns the vortex 
with the central axis of the combustion chamber. The vortex breakdown can be 
observed from the stagnation point (S) generating a spiral motion. The CRZ is 
located inside the spiral helical structures [37]. The entire structure rotates around 
the axis of the combustion chamber with PVC frequency. At the same time, a 
negative axial velocity can be observed from the recirculation region (low speed 
zone), which is used to stabilize the flame. This process is explained in detail in 
[38].  

 

Figure 2.7: Precessing vortex core topologies inside a combustor [31]. 
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2.6 Combustor Operability Issues 

The lean premixed gas turbine combustion system operation method is bounded by 
(1) lower NOx emission (2) sufficient residence time for CO oxidation (3) stability 
at part load operation and (4) acceptable combustion dynamics. Several transient 
phenomena (i.e. flashback) can damage the combustion system hardware and trip 
the gas turbine (flame blowout). 

Flashback happens when the flame propagates upstream direction of a premixed 
flame into a region not designed for the flame to exist. Several mechanisms can 
drive the flashback mechanism such as 1) flame propagation in the high-velocity 
core flow defined as CIVB type flashback [39] 2) flashback induced by combustion 
instabilities and 3) flashback in the boundary layer [28]. These mechanisms are 
strong function of fuel composition, operating conditions, and fluid dynamics. The 
detailed mechanism can be found in [40, 41]. When instantaneous axial flow 
velocity drops below the turbulent flame speed, combustion instability-induced 
flashback (high amplitude flame osculation) can be observed. The transient flame 
propagation inside the burner premixing section (mixing tube and swirl vane 
section) is detrimental and can cause total damage of the combustion system. 
Generally, from a combustor designer’s point of view, a high axial velocity in the 
premixing section is desirable for pushing out the upstream propagated flame. 

 

Figure 2.8: Flashback induced combustion instability [42]. 
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Flameholding occurs when, the system fails to clear the flame out from the 
premixing section. This is a highly undesirable condition for gas turbine combustion 
and required measure to be considered in design phase (setting design margin to 
avoid Flameholding and flame flashback). Turbulent flame speed can be increased 
when higher amount of fuel is supplied to the combustion system. The rich 
stoichiometry flame and hydrogen blended (due to high diffusion properties and 
higher flame speed) flames are more prone to flashback instabilities. Figure 2.8 
shows the flashback event recorded in an atmospheric test using SGT-750 burner 
(4th Generation DLE) at higher flame temperature. 

Lean blowout flame instability is related to the local quenching of the flame in the 
highly turbulent regions, which can result in the release of partially oxidized fuel 
i.e. unburned hydrocarbons (UHC) and CO. The excess amount of air and high strain 
(produced by swirl flow) initiate the instability process. According to the literature, 
the LBO event is related to PVC oscillation frequency and shear layer flame de-
stabilization process (due to high strain) [43]. Generally, the LBO instability shows 
low frequency pulsation but can have high amplitude. 

These instability issues can be identified by accumulating dynamic pressure 
oscillation from the combustor. Three main ranges of frequencies are observed from 
different industrial heavy duty gas turbines. Figure 2.9 shows different bands of 
frequencies related to combustor. 

 

Figure 2.9: Dynamic pressure response of a single burner experiment at high pressure [44]. 
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The low frequency dynamics (LFD), sometime defined as rumble can be found 
between 10-50 Hz. These type of oscillations are referred to as “cold tones,” since 
their amplitude can be increased as the flame temperature decreases (mainly 
observed at very lean conditions near blowout). Intermediate or Mid frequency 
dynamics (IFD/MFD) can be observed between 100 - 250 Hz. They are defined as 
“hot tones” because their amplitude often increases with flame temperature and 
engine power output (this can be influenced and triggered by flame flashback). The 
third high frequency dynamics (HFD or screech) is occasionally observed in 
industrial gas turbines (beyond 1000 Hz). This type of instability is destructive 
(when it is with hardware resonance) and can damage engine hardware within very 
short time [44]. 

2.7 Fuel Flexibility 

Based on fuel availability and global demand of low emission power generation, 
clean alternative fuel application in gas turbine is increasing day by day. Based on 
geographical location, fuel composition, quality and availability shows high degree 
of spread. Figure 2.10 shows the variety of fuels can be burnt in a gas turbine 
combustion system. 

 

Figure 2.10: gas turbine fuel flexibility [45]. 

The combustion system primarily faces following challenges with fuel variation 
[17] 

• Natural gas (most common fuel) optimized combustors need to be 
adapted to these fuels. 

• Variations in the fuel composition could have operability issues 
[46]. 



44 

The flame stability, emission can be affected by the fuel composition change. The 
flame instabilities might arise with fuel change (high hydrogen fuel is prone to 
flashback). The influence of fuel composition on flame is described in Figure 2.11. 

 

Figure 2.11: Effect of fuel composition on flame operability [17]. 

2.8 Gas Turbine Pollutant Emission 

The combustion process involves chemical transformation of fuel hydrocarbons 
with the presence of atmospheric oxygen. The chemical composition of fuel 
molecule determines the type of oxides can be formed from the gas turbine 
combustion system. The pollutants are bad for the environment as well as for human 
health. The Figure 2.12 enlisted the pollutants can be found from gas turbine 
exhaust. 

 

Figure 2.12: Gas turbine exhaust emission from conventional fuel combustion [47]. 
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2.8.1 NOx Emission 

The NOx is mainly formed from the combustion air (79 % nitrogen and 21 % 
oxygen in air by volume) at high flame temperature. The NOx formation can be 

• increased rapidly with flame temperature (higher firing or TIT). 
• increased with higher compressor outlet air temperature.  
• increased with the square root of the combustor inlet pressure. 
• increased with combustor residence time (long combustor more NOx). 
• decreased with steam and water injection, heat loss effect (local quenching 

of flame reduce flame temperature). 
• decreased with higher degree of fuel-air mixing. 
• decreased with combustion staging and premixed piloting. 
• decreased by reducing local oxygen concentration for NOx formation 

(EGR). 

There are four primary chemical pathways for NOx formation. 

• Thermal NOx 
• Prompt NOx 
• N2O route 
• NNH path 

The contribution of different pathways in combustion can be visualized from Figure 
2.13. 

 

Figure 2.13: NOx contribution from different pathways as a function of equivalence ratios for Ethane flame at 
6 atm pressure [48]. 
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2.8.2 CO Emission 

Formation of CO is associated with partial oxidation of fuel molecules. This can be 
high during gas turbine ramping, part load operation, start-up and during flame 
instability. The CO concentration can be higher when a gas turbine is operated near 
the lean blowout limit. At higher flame temperature, dissociation of CO2 to CO is 
increased towards equilibrium, which lead to an increase of CO emission. Figure 
2.14 illustrates CO emission from GE 7EA heavy duty gas turbine. 

 

Figure 2.14: CO emission from 7EA gas turbine [47]. 

The reduction of gas turbine emission is mainly dependent on better combustion 
system design and cleaner fuel [47]. Figure 2.15 shows the different techniques for 
controlling gas turbine emission. Post combustion capture can decrease the emission 
level with an extra installation cost. 

 

Figure 2.15: Gas turbine emission control strategy [47].  
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CHAPTER 3: EXPERIMENTAL 
TEST RIG 

3.1 SGT-750 Industrial Gas Turbine and Combustor 

The new Siemens gas turbine derivative (SGT-750) is a twin-shaft machine with 
high performance and minimum downtime. It can be operated in simple cycle, 
combined cycle and cogeneration mode [49]. This type of gas turbine engines is 
designed and developed for distributed power generation, industrial companies 
(need for an independent power source) and oil & gas sector. 

 

Figure 3.1: Various Components of Siemens SGT-750 Industrial gas Turbine [50]. 
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This machine is equipped with the latest 4th generation DLE combustion system 
with less than 15 ppmvd NOx emission performance capability [51]. The gas turbine 
contains 13 staged axial compressor section, combustor and two air cooled turbine 
stages (Figure 3.1). The high pressure and temperature air stream from compressor 
exit takes an 180° turn and flow through the annulus section between the combustor 
outer casing and the liner. The SGT-750 comprises a total of 8 can combustors. A 
TBC coating is applied on the liner inner surface to avoid hardware overheating and 
damage. In the top most (left side) location of the can combustor, the DLE burner 
(encircled by red line in Figure 3.1) is attached for mixing the compressed air with 
fuel using swirl vanes. 

The can combustor and burner picture is enlarged and shown in Figure 3.2 (4th 
generation DLE Generation 1). The combustor liner helps to complete the 
combustion process and guides the hot combustion product to the turbine section 
through a T-duct (transition) section. The DLE system is incorporated with four 
stages (Main 1, Main 2, Pilot and RPL). Along the burner centerline, the RPL burner 
is positioned at the core of the burner. The main function of this stage is to produce 
a hot gas stream with high concentration of radicals (OH, O, H and CO) while 
operating in rich condition [52]. The pilot burner is constructed around the RPL 
combustor. Two Main stages (M1 and M2) are located around the Pilot stage and 
fuel was delivered separately in to these stages using dedicated fuel manifolds [42]. 

 

pFigure 3.2: Combustor and DLE Burner (Generation 1) for SGT-750 engine [53]. 

*RPL = Rich-Pilot-Lean 
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3.2 Downscaled Prototype Burner 

The engine burner (single can) was scaled down with power for a suitable laboratory 
environment operation. The outermost stage “Main 1” was removed from the 
downscaled version. In the new test burner (generation 2) hardware, a few 
modifications were associated with compared to its predecessor prototype version 
(generation 1). The major modification was 

• Fuel injection position was moved for the Pilot stage. In the new geometry, 
the hollow axial swirl vanes (assembled with fuel supply holes) are 
responsible for fuel injection (indicated as location ‘A’ in Figure 3.3). 

• Downstream of the RPL and Pilot stage exit, a short passage distance was 
added for better mixing. This is defined as mixing tube (pointed as location 
‘B’ in Figure 3.3). 

• The diverging Quarl section was made of Quartz (previously metal Quarl 
was used), which provided ample optical access of the flame zone (indicated 
as location ‘C’ in Figure 3.3). 

• A flow conditioner device was added in the Main stage air flow path to get 
a uniform velocity profile before mixing (represented as location ‘D’ in 
Figure 3.3). 

The experimental burner configuration used for the present thesis work is explained 
in Figure 3.3. The Pilot air stream flows through the series of impingement holes 
while cooling the RPL outer wall. The Main stage fuel supply pegs/rods are located 
between tangential swirl vanes (as shown in Figure 3.3 (b) and (c)). 

 

 

(a) 
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Figure 3.3: Experimental downscaled DLE burner (Generation 2) for laboratory testing. 

Picture 3.3 (a) shows the burner cross section with liner arrangements. (b) indicates the actural hardware with air supply 
plenum and fuel supply line arrangements (c) shows the Main stage fuel air mixing devices (tangential vanes and the 
fuel injection rods with supply holes). 

Air supply plenum D 

Fuel supply lines 

(b) 

(c)

Pilot air impingement holes 

Main fuel supply holes 

Swirl Vanes
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A common air plenum was used to supply air mass flow required for the Main and 
Pilot stages. The fuel air mixing locations are indicated in Figure 3.3 for respective 
burner stages: RPL (pink box), Pilot stage (Green box) and Main stage (Light blue 
box). All the fluid streams from the respective burner stage are merged at the burner 
throat location. Downstream of the throat location, a quartz made Quarl and liner 
zones were attached and acted as the combustor section. Figure 3.4 shows the burner 
stages and the mixing tube region from the exit direction. 

 

Figure 3.4: The throat location of the experimental burner (view from burner exit). 

Burner Main stage tangential Swirl vane is indicated by ‘M’, the Main recatant flow path is indicated by the red arrows. 
Pilot stage axial swirl vanes with fuel injection holes (marked by blue recatangles) are indicated by ‘P’. The RPL section 
is shown by ‘R’. Mixing tube section is defined by ‘MT’. 

The Pilot stage was incorporated with axial swirl vanes and Main stage used 
tangential swirl vanes as depicted in Figure 3.4. Hot gas and product stream from 
the RPL and the Pilot reactant mixed partially inside the mixing tube. The third 
stream, the Main stage reactant mixture was introduced downstream to the mixing 
tube region. All swirl devices (RPL, Pilot and Main stage) produced an anti-
clockwise swirl flow when viewed from the burner exit direction. 

A separate burner arrangement was used while performing the RPL stage 
experiment (Paper I and II). This experiment was conducted eliminating the Main 
and Pilot stages. To restrict over heating of the RPL combustor, a dummy Pilot stage 
annular passage was designed. The new air flow passage was similar to the Pilot air 
flow passage except for axial swirl vanes and fuel injection ports. Figure 3.5 
illustrates the system and burner design for RPL combustor experiment. The RPL 
combustor was not modified and the same hardware was used for all other 
experiments in this thesis. 

M

M

P

M

P

R

Throat

MT 
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Figure 3.5: Burner and system setup for RPL stage experiment. 

3.3 System and Accessories 

For performing the atmospheric test, many auxiliary systems were operated 
simultaneously. Two variable frequency driven blower supplied the combustion air 
flow for Main and Pilot stage. Gas fuel bottles were used for all experiments without 
any fuel preheating. The air streams were preheated (using electrical heaters) based 
on the calculated operating condition. For each stage fuel and RPL combustor air 
flow supply, dedicated mass flow controllers were installed. The Main and Pilot 
stage air flow streams (after mass flow rate recording and preheating) were merged 
at the base of the plenum section. The air mass flow rate distribution was defined 
by the Main and Pilot stage flow path effective area. The flow split was determined 
by performing a pressure drop test (between the plenum and liner exit) of the burner 
at atmospheric condition. Air and fuel flow rates were controlled by an in-house 
LABVIEW program. Two different laser systems were utilized for OH-PLIF (a 
combination of Nd: YAG and Dye laser) and 2D-PIV (Nd: YAG laser system) 
diagnostics. Laser sheets were passed through the flame (middle plane) and the 
images were taken using perpendicularly placed cameras (ICCD). Figure 3.6 shows 
the components and instruments used for performing the experiments. The RPL 
combustion experiments were performed using a long liner (620 mm). The bottom 
part of the liner (square cross section) was made of quartz for optical access. 
Another 315 mm long quartz made liner was used for all other experiments. Later 
for some experiments the square cross section liner was replaced with a circular 
cross section to investigate the influence of combustor aerodynamic on flame. 
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Figure 3.6: Atmospheric test facility (instrumentation and layout). 

Total air mass flow rate was calculated so that it produced 60 m/s velocity at the 
throat location (considering 400 °C and bulk flow). The burner throat velocity was 
varied to 80 m/s for investigating higher pressure drop and load conditions. The 
global equivalence ratio (Φீ) was varied from lean to rich stoichiometry ( down 
to LBO). The Main, Pilot and RPL stage fuel flow rates were varied to estimate the 
burner operability and emission performance. The RPL throat velocity (residence 
time changed) was varied by adjusting the total mass flow through the primary 
combustion zone. A spark plug (located at the RPL upstream center) was used to 
ignite the combustion process inside the RPL. Later Pilot and Main stage fuel flow 
was added to light up the Secondary flame. A water cooled multi holed emission 
probe was placed near the exit of the liner. The gas sampling was performed by 
extracting the hot combustion product gas from multiple location to reduce the 
spatial biasness. The equivalence ratios (and adiabatic flame temperatures) 
presented in this thesis were calculated from the sampled oxygen concentration (the 
confidence was within ± 2 %) [54]. 



54 

  



55 

CHAPTER 4: MEASUREMENT 
AND SIMULATION TECHNIQUES 

This thesis chapter presents the measurement techniques and simulation procedures. 
Along with conventional measurements (thermocouple and emission), advanced 
optical diagnostics techniques were applied. The optical techniques 
(Chemiluminescence, OH-PLIF and PIV) are described in this chapter. Then the 
CFD simulation method using ANSYS FLUENT is presented. A short description 
of CRN modelling (considering conceptual 1D heat transfer modelling) is explained 
in the last section. 

4.1 Flame Chemiluminescence 

Naturally, a flame can emit radiation in the following conditions [55]. 

• Black body radiation from soot or high carbon content particles (mainly 
found in diffusion type flames). 

• At high temperature from rotation-emission bands, radiative heat transfer 
(due to H2O and CO2 radiation from a particle free flames). 

• Radiation emitted from atoms, molecules, or radicals, returning from an 
electronically excited state to ground state. This is generally known as 
Chemiluminescence. 

Chemiluminescence naturally emits ultraviolet and visible radiation of flames, 
produced by short lived electronically excited intermediate species such as OH*, 
CH* or C2*, which are formed during chemical conversion/reaction process in the 
thin reaction zone. The pre-fix “Chemi” specifies that the excitation energy 
originates from a chemical reaction energy sources. Flame Chemiluminescence can 
provide local heat release rate and equivalence ratio distribution [56]. It is reported 
that Chemiluminescence intensity has a linear dependency with fuel flow rate and 
the signal intensity drops exponentially with reduction of equivalence ratios. The 
Chemiluminescence intensity can be affected by local turbulence, flow properties 
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(strain) and fuel-air mixedness [57]. Figure 4.1 shows the Chemiluminescence 
spectrum for a methane-air and a hydrogen-air flame at atmospheric condition. 

  

Figure 4.1: Chemiluminescence spectrum from flame. 

 a) methane-air b) hydrogen air flame at atmospheric pressure [58]. 

The emission spectrum is a superposition of the emissions from electronically 
excited species (OH*, CH*, C2* and CO2*). Narrow spectral band is visible from 
diatomic molecules, whereas CO2* emits a broadband signal. A strong OH* signal 
around 300 nm to 330 nm can be observed from methane and hydrogen flames. 
Cheng et al. suggested that a strong correlation exists between the 
Chemiluminescence intensity ratio and equivalence ratio [59]. The presence of OH* 
peak at lean flame was observed from laminar flame experiment. In this thesis work, 
methane and hydrogen blended methane fuel experiments were conducted. As the 
burner operating conditions were dominantly in the lean regime (local unmixedness 
can produce partially premixed or diffusion type flames), the choice of OH* 
Chemiluminescence measurement was best suited for the prototype DLE burner 
experiments. A band pass filter was used to suppress other lights and the signal 
collection time was 100 μs. The Chemiluminescence signal was collected using a 
10 Hz low speed and a 4.7 kHz high speed ICCD camera. The high speed ICCD 
camera recorded temporally resolved Chemiluminescence images, which were used 
to analyze the flame dynamics (applying FFT and POD). A major drawback with 
this technique is that it is a line-of-sight technique. The local 2D structure was not 
revealed, whereas an integrated signal (over the flame volume) was captured. In real 
gas turbine combustion system (Figure 4.2), flame sensors collect the UV 
Chemiluminescence emission to track the flame dynamics and its position. 

 

Figure 4.2: Water cooled CCD captured flame Chemiluminescence inside gas turbine combustor [60]. 
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4.2 Laser Induced Fluorescence 

Laser induced fluorescence is a diagnostic technique to capture spontaneous 
emission of the excited molecules/atoms when they are relaxed from higher energy 
band. It is a linear technique and mostly used in the visible and ultraviolet spectral 
regimes. Normally the process involves a Nd:YAG and a Dye laser system 
(Rhodamine 590 Dye was used for experiments). A tuned (specific frequency) laser 
excites the targeted molecules. The absorbed laser energy is indicated as process ‘a’ 
in Figure 4.3. 

 

Figure 4.3: Electronic structure and LIF process [61]. 

As a result, laser energy moves the molecules from lower energy state (X-state) to 
higher energy level (A-state). The energized molecules stay in the A-state for some 
time. At the same time, energy is re-distributed across the other vibrational 
rotational levels in the A-state (defined as “upper manifold”). The energy can also 
be dissipated non-radiatively to a molecule during a collision (called “quenching”) 
as shown in process ‘b’ (Figure 4.3). The remaining energy in the upper manifold 
(occupying many ro-vibrational levels) can relax back to the ground state (X-state) 
by releasing fluorescence photon from many transition (depicted as process ‘c’ in 
Figure 4.3). The fluorescence spectrum (non-resonant) differs from Rayleigh signal 
and can be captured by ICCD cameras. The local quenching is a serious problem for 
PLIF measurement. It depends upon the collision rate (a function of temperature) 
and the collision partners (species concentrations). In a gas turbine turbulent flame 
environment, it is very difficult to know all of the local quenching partner 
concentrations. The best possible solution is to perform the experiment with 
saturated fluorescence, where high laser intensity dominates over the spontaneous 
and quenching rate. The OH planar LIF measurement was conducted by expanding 
the laser beam (produced from Dye laser 283 nm) using a cylindrical lens (-40 mm). 
Later the laser sheet was collimated (focusing horizontal direction) using a spherical 
lens (+500 mm). The maximum laser power was focused on the flame measurement 
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region. An ICCD camera, fitted with UV sensitive lens (UV-Nikkor, f/4.5, f = 105 
mm) was placed in perpendicular direction to the laser sheet. The simplified 
schematic shows the OH-PLIF measurement setup in Figure 4.4. A combination of 
a UG11 filter and a WG305 long pass filter were used in front of the camera to 
suppress scattering interference from the laser light and background radiation. 

 

Figure 4.4: Simplified schematic of 2D PLIF measurement setup (Source: TUM). 

The OH radical concentration was represented by the OH-PLIF images. The high 
intensity regions were believed to be the approximate flame front location (local 
temperature was greater than 1500 K), where superequilibrium amount of OH 
radicals were detected. The low signal intensity region indicated the post flame 
zones and convected OH concentrations. Overall, the OH-PLIF measurement 
provided a qualitative information of the flame and post flame zone. Quantification 
of OH concentration could be possible considering all energy transfer processes and 
quenching event. 

4.3 Particle Image Velocimetry 

Fundamentally, the gas turbine premixed combustion process depends on turbulent 
flame speed and flow velocity. The local and global flame structures, stability and 
flame anchoring processed are highly dependent on the flow field. Therefore, a 
detail understanding and accurate vector field measurement was essential. Particle 
image velocimetry technique is valuable for measuring the flow field vectors in 
reacting and non-reacting condition. Fluid motion and local turbulence can be 
captured using a seeded flow and PIV laser. It is a non-intrusive diagnostic 
technique, however seeding particle size can influence the flow if not selected 
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meticulously. Ideally the seeding particle should follow the flow without any 
alteration. The PIV measurement in a reacting flow could face challenges from 
flame, acceleration from gas expansion and non-uniform refractive index. 
Accumulation of seeding particle near wall and light scattering shows high level of 
data collection uncertainty. The technique is widely used for measuring 2D and 3D 
vector fields [62-64]. 

 

 

Figure 4.5: Particle image velocimetry experiment. 

(a) Laboratory setup for PIV measurement (b) PIV working principle [65]. 

(a) 

(b) 
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The basic PIV measurement principle depends on the accurate measurement of 
particle displacement and time. The rate of change of displacement predicted the 
velocity. The PIV measurement setup was used for the present experiment is shown 
in Figure 4.5 (a). Working principle of PIV is explained in Figure 4.5 (b). 

In the atmospheric test facility, a PIV laser sheet was produced by Quantel double-
pulse Nd: YAG laser and directed through the combustor mid plane (longitudinal 
direction as shown in Figure 4.5 (a)). Perpendicular to the laser sheet, a PIV image 
grabbing camera was placed. According to the PIV measurement principle, two 
laser sheets were produced by the double pulsed laser system. The PIV camera 
recorded image pairs (frame 1 and 2) for the double pulsed laser. The data was saved 
in the computer memory for post processing. The images were divided into small 
disjoint or overlapping interrogation windows. To compute the particle 
displacement, statistical approach was applied. Instead of tracking individual 
particles, the corresponding interrogation window pairs were cross-correlated. The 
spatial displacement that produced the maximum cross-correlation, statistically 
approximated the average displacement of seeding particles in the interrogation 
window. Thereafter, velocity associated with each interrogation window was 
calculated dividing the measured displacement with the laser pulse time delay. 

Some special care was taken while deciding the seeding particle and seeding flow. 
The PIV signal intensity (Mie scattering) can increase with larger seeding particle 
diameter. But larger seeding particle often fails to follow the exact fluid flow. The 
seeding particle selection rule was followed to encounter this problem. It is 
recommended that for flow visualization, Stokes number should be less than 0.05 
[66]. The seeding particle used for the experiments was TiO2 (the Stokes number 
was < 0.05 [67]). The criteria for the seeding particles (TiO2) to follow the flow, 
with an error of <1 % is ST<<1 [68, 69]. 

 

Figure 4.6: Flame image (Chemiluminescence) superimposed with the vector field. 
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The PIV measurement was performed downstream of the burner throat location. The 
flow field investigations were conducted for “with Quarl” and “without Quarl” 
configurations. Seeding particle buildup near liner and Quarl wall created light 
scattering problem and limited number of images were grabbed for reacting 
condition. Figure 4.6 shows that light scattering problem from the liner upstream 
and side walls. 

4.4 Computational Fluid Dynamics Modelling 

Numerical computation was performed for the prototype SGT-750 burner. Full 360° 
geometry of the burner was used for simulation. The cleaned burner geometry file 
was provided by Siemens. Later based on project requirement the geometry was 
modified. The studies were performed using commercial simulation tool ANSYS 
FLUENT [70]. These computations were performed to estimate pretest prediction 
and understand the experimental results (flow field and scalar distribution related). 
The simulation results were compared with the experimental results. The presented 
CFD simulations were the preliminary studies and should be considered as a crude 
approach for model validation. Further investigations (mesh sensitivity, effects of 
turbulence and combustion model, realistic boundary condition and non-adiabatic 
wall) could be performed for an optimized and accurate model validation. 

.4.4.1 Grid Generation and Operating Conditions 

A tetrahedral mesh was generated using ANSYS ICEMCFD meshing tool. To 
reduce the computation cost without losing computational accuracy tetrahedral 
mesh was converted to polyhedral mesh in FLUENT. The benefits of polyhedral 
mesh are reported in literatures. This type of mesh show much lower cell count and 
comparable accuracy compared to tetrahedral mesh. Polyhedral mesh usually shows 
superior orthogonal quality and similar gradients as hexahedral mesh [71, 72]. The 
burner geometry (computational domain) is illustrated in Figure 4.7. 

 

Figure 4.7: Computational domain for lab scale DLE burner. 
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Inside the RPL, mixing tube, fuel holes, swirl vanes and Quarl region, mesh 
densities were very high (maximum cell size was 0.5 mm). For RANS and SAS 
simulation 14 million polyhedral grid was used. Later for performing LES, a 22 
million refined grid was generated. The liner length was kept similar to the 
experimental setup. The simulations were performed at atmospheric condition with 
preheated air (400 °C). Mass flow rate boundary conditions were applied for all fuel 
and air inlets. The air mass flow rate split (between Main and Pilot stage) showed 2 
% variation when compared with the experimental results. A pressure outlet 
boundary condition was applied at the burner exit. All the walls were considered as 
adiabatic rigid wall. However, for Paper I, RPL wall thickness was modeled and a 
simplified conjugate heat transfer computation was performed. The computational 
domain is described in Paper I. The default solver settings of ANSYS FLUENT 
were used for numerical analysis. Turbulence and combustion models were used 
based on ANSYS FLUENT recommended best practices, theory and user guides 
[73, 74]. The highly turbulent reacting CFD simulation require mass, momentum, 
energy and species conservation equations to be solved on the entire grid [31, 75]. 
Following section describes the brief explanation of the modelling techniques used 
for the simulation. 

4.4.2 Turbulence Modelling 

Flow field inside the DLE burner was turbulent (Re > 45000 based on bulk flow at 
throat and iso-thermal condition). The local velocity fluctuations were normally 
generated by the swirl component, shear layer, velocity gradient and the combustion 
process. As a result, the turbulent flow was associated with multiple length and time 
scales. Three dimensional rotating structures, called eddies were produced inside 
the swirling turbulent flow domain. The largest eddy size was equal to the integral 
length scale (can be assumed as the burner throat diameter or the liner diameter). 
Large eddies were unstable and broke up into smaller eddies and the kinetic energy 
was transferred to smaller eddies. This process was repeated several times and 
transfer the kinetic energy continuously to smaller scale eddies (Kolmogorov length 
scale). At this point, the kinetic energy of Kolmogorov length eddies can be 
dissipated by molecular viscosity. Generally, flow associated with the large scale 
eddies are anisotropic and their structure is determined by the combustor flow 
field/boundary conditions. However, the small scale turbulent motions are isotropic 
and the statistics of this small scale turbulent motion can have a universal form. The 
energy cascade process in turbulent flow is shown in Figure 4.8. Direct numerical 
simulation can solve the whole energy spectra from integral length to Kolmogorov 
scale but it is computationally expensive and not suitable for industrial application. 
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Figure 4.8: Energy cascade and eddy size in turbulent flow (Source: ANSYS). 

In RANS approach, an additional Reynolds stress term appear while performing 
averaging of the momentum equation as an effect of turbulence. To close the 
equation, Reynolds stress term was modeled using ߢ െ  turbulence model [75]. A ߝ
modified version of ߢ െ ߢ model called Realizable ߝ െ  model was used for RANS ߝ
calculation. The major difference of this model with the original is the different 
formulation of turbulent viscosity. This model is widely used in industry and can 
capture strong streamline curvature, vortices, and rotational flow structures [74]. 
The model captured the mean flow field but failed to calculate the unsteady nature 
of the flame. 

Initially, the unsteady simulation was performed using an improved URANS 
approach. The SAS modelling concept is based on the introduction of the von 
Kármán length-scale into the turbulence scale equation. The information provided 
by the von Kármán length-scale allows SAS models to dynamically adjust to 
resolved structures in a URANS simulation, as a results an LES-like behavior in 
unsteady regions of the flow field was achieved. The model provided standard 
RANS capabilities in stable flow regions. The detail of this model can be found 
literature [76]. 
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Finally, an advanced unsteady simulation was conducted following large eddy 
simulation approach. The grid size was refined to resolve at least 80 % of the 
turbulent kinetic energy. The general idea of LES is the governing equations are 
obtained by filtering the time-dependent Navier-Stokes equations in either Fourier 
(wave-number) space or configuration (physical) space. The filtering process 
effectively filters out eddies whose scales are smaller than the filter width or grid 
size used in the computational domain. The resulting equations therefore govern the 
dynamics of large scale eddies. Figure 4.8 shows that grid limit for LES 
computation. Under the grid limit, subgrid scale modeling approach was considered. 
In ANSYS FLUENT the finite-volume discretization process itself implicitly 
provides the filtering operation. Sub grid scale stress tensor term was modeled as 
Boussinesq hypothesis. The turbulent viscosity was calculated using Dynamic 
Kinetic Energy Subgrid-Scale Model. According to the theory, the subgrid-scale 
turbulence was better modeled when the transport of the subgrid-scale turbulence 
kinetic energy was considered. More detailed about the LES approach could be 
found in ANSYS FLUENT theory and User guide [73, 74]. 

4.4.3 Combustion Models 

The combustion process inside the DLE burner is assumed to be partially premixed. 
The mixing time for Pilot fuel and air was limited; whereas adequate mixing time 
was provided for the Main stage. Therefore, non-uniform reactant mixture pockets 
can be found inside the burner. The partially premixed combustion model was used 
to encounter diffusion and premixed type of flames. This model is based on 
FLUENT non-premixed and premixed combustion model. Both non-premixed and 
premixed flame assumes that the combustion process occurs in thin laminar one 
dimensional flamelet structure. The flamelet can be wrinkled by the turbulent eddies 
but the inner structure was not modified. Steady diffusion flamelet model was used 
for steady RANS and unsteady SAS simulation using methane fuel. Hydrogen 
blended flames and LES simulations were performed using premixed FGM. 
Partially premixed combustion model solves mean reaction progress variable (ܿ̅), 
mean mixture fraction (݂)̅ and mean mixture fraction variance (݂ᇱഥ ) when laminar 
diffusion flamelet was used. One extra variable variance of reaction progress 
variable (ܿᇱഥ) was solved when premixed FGM was used. The Zimont turbulent 
flame speed model was used to close the mean reaction rate term in progress variable 
transport equation. On the other hand, non-premixed model mapped the scalar 
quantities in mixture fraction space. The scalar quantities (temperature and species 
mass fraction) were described by mixture fraction(݂)̅ and scalar dissipation (߯) 
terms. Later the local scalar values were computed from the PDF of ݂ ̅and ߯. More 
detail about the models and guidelines can be found in ANSYS Theory guide [74]. 
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The diffusion flamelet model (defined as LFM) and FGM both assumes that a 
turbulent flame is an ensemble of laminar flames. The laminar flame internal 
structure is not significantly altered by the turbulence. But the FGM combustion 
model is fundamentally different from the Laminar Flamelet model. Laminar 
Flamelet model are parameterized by strain, hence the thermochemistry always 
inclines toward chemical equilibrium (strain rate decays towards the outlet of the 
combustor). On the other hand, the FGM model is parameterized by reaction 
progress and the flame can be fully quenched (by excess dilution air). Hence the 
FGM model is better for ignition and extinction modeling. 

4.5 Chemical Reactor Network Modelling 

The CFD simulation is computationally heavy and require long time to converge. A 
simplified approach was selected to perform 1D calculation considering full 
chemistry. ANSYS CHEMKIN 1D tool was used for constructing the CRN model 
[77]. As the tool does not count for the fluid dynamics effect, flow information was 
collected from the steady state CFD calculation. Multiple PSR and PFR were used 
for the CRN modelling. Various chemical kinetic mechanisms were applied in the 
model to compare their effect on emission prediction. Heat loss reduces the flame 
temperature and reaction rates, which can drastically modify the flame pollutant 
formation. Volumetric heat loss data was included in the CRN calculation. 

4.5.1 Gas Turbine Network Modelling 

PSR is a theoretical reactor model which assumes perfect mixing inside the control 
volume. The mixing process inside the PSR is instant due to turbulent mixing. So 
any combustion process inside PSR control volume could be controlled by chemical 
reaction rate not by mixing time scale. A PSR model in CHEMKIN require a 
residence time for steady state simulation. The residence time can be calculated 
using the mass flow rate and the volume [78]. 

Another type of theoretical reactor was used for constructing the CRN model was 
PFR. The post flame zone was modeled using PFR. It is a duct/channel type 1D 
reactor, where temperature and composition can only vary in the axial direction (no 
gradient in radial direction). 

As shown in Figure 4.9, gas turbine combustion can be modeled using the series of 
PSR and PFR. The mixing zone, flame zone and recirculation zones can be 
represented with PSR. The post flame zone provides the residence time for reaching 
equilibrium condition. The PFR reactor is critical for slow reacting species (i.e. NOx 
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formation and CO oxidation). For the DLE burner, the flame zone was modeled 
with a PSR and the residence time was defined as the chemical time scale. 
Recirculation flow and residence times were apprehended from CFD simulation. 
Detail description of the flow splits and residence time is described in Paper III and 
IV. 

 

Figure 4.9: Gas turbine network using PSR and PFR [77]. 

4.5.2 Heat loss Modelling 

Accurate heat loss calculation is essential for a quantitative realistic emission 
prediction. Local flame quenching, volumetric heat loss and near wall condition 
highly affects the CO and NOx formation. The heat loss calculation from the DLE 
combustion is a very complex process, which involves conduction, convection and 
radiation heat loss. The accurate heat loss prediction can be done using experiments 
and 3D CFD calculation. In this work, a simplified empirical method was used. 
Figure 4.10 shows the 1D heat loss model to calculate heat transfer from the RPL 
and liner [79]. 

The secondary flame heat loss was mainly dependent on convection and radiation. 
Hot gas flow along the liner (convection) and radiation from the H2O and CO2 
molecules (infrared heat radiation) were heating up the combustor. On the other 
side, liner was cooled by the outside ambient air convection (a suction device was 
used to remove the combustion gas through vent) and radiation. The conduction heat 
loss was comparatively small compared to the convection and radiation. In the 
model, C1 and C2 represented the convective heat flux from hot gas and cold ambient 
air. The radiative heat flux for hot gas and ambient air were R1 and R2 respectively. 
The conduction heat flux was defined by K1-2. 
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Figure 4.10: One dimensional heat loss model.  

Subscript ‘1’ indicate the hot flame region; whereas subscript ‘2’ shows the ambient condition. Flow direction is from 
left to right. 

At steady state condition, the heat flux was related to 

R1 + C1 = R2 + C2 = K1-2 

Using the above formula and combustor inlet conditions of pressure, temperature, 
air mass flow rate, and air/fuel ratio, heat loss from the combustor was calculated 
[79]. The RPL heat loss was also estimated following the similar approach. 
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CHAPTER 5: RESULTS AND 
SUMMARY OF PUBLICATIONS 

5.1 Key Results 

This section highlights some of the key findings from the experimental and 
numerical study which are included in the papers. Swirl flame stabilization and its 
structure is explained. Burner operability, LBO and Stage interaction results are 
described in this chapter. Effect of combustor aerodynamics and hydrogen blending 
with methane showed significant change in flame. Finally, results from PIV 
measurement results are included. 

5.1.1 Flame stabilization 

The primary flame was stabilized inside the RPL and the secondary flame was 
visualized from the Quarl and liner region. Two distinct flame regions can be 
understood from Figure 5.1. 

 

Figure 5.1: Primary and Secondary flame location inside DLE combustion system.  

Flames are identified by the instantaneous OH concentration Iso-surface (primary and secondary flame). 
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Figure 5.1 indicates that the diverging geometrical locations were mainly 
responsible for flame anchoring in the primary and secondary flame region. A 
continuous flame was visible from RPL exit to the liner. This flame region (inside 
the mixing tube) was produced by the interaction of fresh reactant mixture (Pilot 
stage) with the hot RPL product stream. The combustion of Pilot and Main fuel was 
completed inside the liner. Inside the Quarl and liner, strong swirling reactant jet 
produced a low-speed region along the burner centerline, where vortex breakdown 
induced recirculation bubble was formed. The vortex breakdown process provided 
strong flame stabilization, and the mechanism involved (1) formation of a forward 
stagnation point and (2) recirculation of hot combustion product. The flame was 
stabilized along ISL, which was formed between CRZ and incoming reactant 
stream. The secondary flame was elongated downstream to the liner region as some 
fraction of Pilot and Main fuel-air mixture was combusted inside the liner. Figure 
5.2 shows the total flame (secondary) macro structure and the stabilization points. 

 

Figure 5.2: Secondary flame macro structure inside liner and Quarl. 

Flow direction is from left to right. Stagnation points (forward and backward) are shown by the yellow stars [80]. 

Figure 5.3 explains the recirculation zone in detail. The Q-criterion iso-surface (108) 
is plotted around the CRZ (Figure 5.3) and colored by local tangential velocities. A 
strong vortex core was formed inside the RPL combustor and propagated 
downstream and merged with the main combustion zone. The rotating structures 
interacted with the Pilot and Main streams; hence local turbulent intensity was 
increased. Density and temperature gradients were present in the inner shear layer 
(mixing tube and Quarl region), where flame experienced high stretch rate and 
straining due to shear force. At the center, 3D rotating helical structure was appeared 
and indicated the approximate location of the processing vortex core (PVC) on the 
axially propagating vortex. The low pressure core was radially pulled away from 
the center line while travelling downstream. This process produced a spirally 
rotating motion of vortical structures surrounding the CRZ as shown in Figure 5.3. 

Central recirculation bubble 

ISL  

Near wall flame stabilization 
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Figure 5.3: Helical vortex structure around the central recirculation zone. 

Where (a) represent the RPL combustor and the flow is from left to right direction [80]. 

5.1.2 Burner Operability (NOx and CO Emission) 

The primary combustion zone equivalence ratio was varied to explore the burner 
overall emission performance and operability. The NOx emission variation is 
explained in Figure 5.4 as function of flame temperature and RPL stoichiometry. 

 

Figure 5.4: Burner NOx emission as a function of flame temperature and RPL stoichiometry [38]. 

Central Recirculation Zone
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The impact of RPL stoichiometry on NOx emission was noticed. The rich RPL 
combustion produced higher NOx and lean RPL showed a lower NOx emission. 
The RPL combustor showed strong effect on burner NOx performance. The 
exponential growth of NOx was observed when the flame temperature crossed 1750 
K (Figure 5.4 shows the DLE burner NOx performance). 

Figure 5.5 explains the LBO event, which was identified from the exponential 
growth of CO concentration. The high concentration of CO was found at very low 
flame temperature around 1600 K. At higher flame temperature, CO concentration 
was reduced (higher CO oxidation rate). At higher flame temperature (beyond 1900 
K) dissociation of CO2 to CO yielded an increase of CO concentration. Figure 5.5 
also indicated LBO benefits while the burner was operated with rich RPL. 

 

Figure 5.5: Burner CO concentration variation and LBO as a function of flame temperature and RPL 
stoichiometry [38]. 

5.1.3 Burner Stage Interaction 

Pilot and RPL stage combustion showed great influence on burner combustion 
characteristic and emission. The detail results are explained in [80]. Figure 5.6 
shows the combine effect of RPL stoichiometry, RPL residence time (by varying 
total air mass flow) and Pilot fuel % on burner total NOx emission. For all instances 
NOx emission was increased with the increase of Pilot fuel. Lean RPL showed NOx 
benefits but a non-liner dependency was observed around 1.2 RPL equivalence 
ratios. Higher RPL residence time (RPL_Res) reflected less NOx as the amount of 
fuel supply to the primary combustion zone was decreased. In total, RPL 
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stoichiometry and Pilot fuel flow showed strong interaction and dependency on 
burner NOx performance. A lean RPL and lean Pilot was preferable for NOx 
emission reduction. This can be achieved at base load condition. But at part load 
operation, stability might be affected. 

 

Figure 5.6: Pilot-RPL interaction effect on NOx emission [80]. 

5.1.4 Effect of Combustor Geometry  

Gas turbine combustion process is highly sensitive to the burner and combustor 
geometry. The flame anchoring and stabilization location could be modified with a 
small geometrical/aerodynamic change. In this experiment, liner geometry was 
modified by eliminating the Quarl (diverging) flame stabilizing section. The OH-
PLIF images are shown in Figure 5.7 indicates that without Quarl (defined as 
Dump), the flame shape was quite different than baseline (with Quarl) [37, 38]. The 
Quarl wall provided a boundary and flame was not able to radially expand. The 
radial expansion of the flame was noticed for Dump combustion case. The flame 
surface area was increased and the total flame length was reduced. Along with CRZ, 
another ORZ was formed. At higher equivalence ratio a semi-stable secondary flame 
was observed. The secondary flame intermittency caused flame instability and 
reduced the burner operating window in the high stoichiometry regime. 
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Figure 5.7: Secondary flame formation in ORZ at rich stoichiometry. 

The ORZ region helped to recirculate the gas mixture and increased the flow 
residence time. The mixing process of reactant with recirculated hot product was 
increased due to ORZ. Oxidation of CO was also improved as shown in Figure 5.8. 
The Dump combustor showed better LBO capability and extended lean operation of 
the burner. 

 

Figure 5.8: Variation of CO concentration and LBO with flame temperature. 
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5.1.5 Fuel Flexibility of the Burner 

As discussed previously (Chapter 2), fuel flexibility of gas turbine combustion 
system has high impact on efficiency, operability and emission performance. The 
DLE burner fuel flexibility was tested by introducing new type of fuels. Hydrogen 
(up to 50 % by volume) blended flame showed significant change in burner 
operability and flame structure. By adding hydrogen, thermo-chemical properties 
were modified and turbulent flame speed was increased. High diffusivity and higher 
flame speed of hydrogen molecule reduced the total flame length. Another important 
observation was the extension of lean operating limit for hydrogen flame. Figure 5.9 
illustrates the LBO extension of the burner by adding hydrogen. 

 

Figure 5.9: Variation of LBO and CO concentration with different fuel. 
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5.1.6 Flow Characteristics 

PIV measurement was performed to investigate the reacting and non-reacting flow 
field. The reacting flow measurement suffered serious problem of light scattering 
and seeding particle accumulation near the wall (upstream and side walls). Hence, 
the statistics were determined from limited measurements. Both reacting and non-
reacting flow PIV measurements captured the main features (the CRZ, ISL, ORZ 
and the high velocity annular jet) qualitatively. An expanding CRZ (in radial 
direction) was noticed compared to the non-reacting case. Figure 5.10 shows the 
measured velocity and turbulence field for reacting and non-reacting flow. Detailed 
PIV measurement results are included in Paper XI. 

 

Figure 5.10: Flow field measured by the PIV experiment. 

Flowfield comparison of reacting (picture a1, a2 and a3) and non-reacting case (picture b1, b2 and b3). Detailed 
reuslts are included in Paper XI. 
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5.2 Summary of Publications 

Paper I: 

Operability and Performance of Central (Pilot) Stage of an Industrial Prototype 
Burner 

By Atanu Kundu, Jens Klingmann, Ronald Whiddon, Arman Ahamed Subash and 
Robert Collin 

ASME 2015 Power Conference: POWER2015-49449 

This paper was focused on the operability investigation of central stage of the DLE 
4th Generation burner at atmospheric condition. The central stage was called “Rich-
Pilot-Lean” or RPL. The RPL stage was critical for swirl stabilized flame for 
preventing any discontinuity of flame during various load condition. It supplied heat 
and radicals to the forward stagnation point of the main flame region and an 
uninterrupted combustion process was established. The RPL combustion was 
analyzed by varying the equivalence ratios and co-flow air temperature. Emission, 
flame location and operability were measured. At the RPL exit, OH radicals and 
partially combusted product concentrations were visualized using 
Chemiluminescence Imaging. A simple PSR based chemical kinetics calculation 
and RANS CFD (considering heat transfer process through the RPL wall) analysis 
were conducted for the RPL combustor. 

I have actively participated in the test campaign and supported with hardware modification and setting 
up the experimental arrangement. Helped my coworkers for performing experiments and recording 
flame images. I was mainly responsible for emission measurement and recording Chemiluminescence 
images. Whereas, A. A. Subash and R. Whiddon were mainly responsible for setting up optical 
measurement system, defining operating conditions and post processing of Chemiluminescence 
images. I have post processed the emission data and performed CFD and chemical kinetics analysis. 
As a lead author, I wrote the paper with the experimental results and post processed results from CFD 
and chemical kinetics study. R. Collin and J. Klingmann supervised the experiment and writing. 

Paper II: 

Flame Investigation of a Gas Turbine Central Pilot Body Burner at Atmospheric 
Pressure Conditions Using OH PLIF and High-Speed Flame Chemiluminescence 
Imaging 

By Arman Ahamed Subash, Ronald Whiddon, Robert Collin, Marcus Aldén, Atanu 
Kundu and Jens Klingmann. 

ASME 2015 Gas Turbine India Conference: GTINDIA2015-1212 
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This paper was based on the previous experiment (Paper I) and mainly focused on 
optical diagnostics results. High speed Chemiluminescence and OH-PLIF images 
were collected from the RPL exit location. The variation of RPL equivalence ratio 
affected the flame shape and its structure. The RPL co-flow temperature and 
flowrate also altered the flame stabilization. The flame dynamics was captured by 
the high speed Chemiluminescence imaging. Proper Orthogonal Decomposition 
tool was applied on the time resolved Chemiluminescence images to determine the 
flame oscillation frequency and mechanisms. The NOx measurement was also 
performed to complement the measurement for different operating conditions. 

As a Co-author, my contribution to this paper was to perform experiment and assist A. A. Subash and 
R. Whiddon for performing OH-PLIF and Chemiluminescence measurement. R. Whiddon was 
responsible for setting up/deciding operating conditions. A. A. Subash post processed the OH-PLIF 
and Chemiluminescence images. I have post processed the NOx emission data and actively 
participated in the technical discussions for writing the paper. M. Alden, R. Collin and J. Klingmann 
supervised the experiment and writing. 

Paper III: 

Flame Stabilization and Emission Characteristics of a Prototype Gas Turbine 
Burner at Atmospheric Conditions 

By Atanu Kundu, Jens Klingmann, Arman Ahamed Subash and Robert Collin  

ASME Turbo Expo 2016: GT2016-57336 

The 4th generation prototype SGT-750 burner was investigated experimentally in 
atmospheric condition. The primary purpose of the research was to explore the 
flame stability, operability and emission capability of the new conceptual burner. 
OH Planar Laser-Induced Fluorescence (OH-PLIF), and Chemiluminescence 
imaging were performed to characterize the flame structure and location. NOx, CO 
and UHC emissions were measured using a water-cooled emission probe. Different 
instability points (lean operation and burner staging influence) were identified and 
global flame operability window enhancement possibilities were explored. 
Numerical analysis was carried out using FLUENT to understand the scalar and 
vector fields. Simplified chemical reactor network model was also developed to 
compare the measured emission data with model.  
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My contribution to this paper, besides being the lead author, was to lead the experiment by deciding 
test operating conditions, setting up burner hardware configuration, performing emission 
measurement and analysis, Chemiluminescence image acquisition (combined effort with A. A. Subash) 
and post processing. The OH-PLIF measurement and post processing were performed by A. A. Subash. 
Apart from that CFD analysis and post processing, reactor modelling, conventional measurement 
(using thermocouple) planning and post processing were done by myself. R. Collin and J. Klingmann 
supervised the experiment and paper writing. 

Paper IV: 

Pilot-Pilot Interaction Effects on a Prototype DLE Gas Turbine Burner 
Combustion 

By Atanu Kundu, Jens Klingmann, Arman Ahamed Subash and Robert Collin 

ASME Turbo Expo 2016: GT2016-57338 

This paper was based on experimental investigation on Pilot flames (the RPL and 
Pilot stage), their interaction and influence on “Main” flame stability. The RPL 
flame residence time, equivalence ratios were varied, whereas Pilot fuel ratio was 
also varied to experimentally establish a correlation between Pilot flames 
contribution on “Main” flame operability. Flame imagining (PLIF and 
Chemiluminescence), emission measurement and numerical analysis (CFD and 
Chemical kinetics) were performed. Statistical method was employed to understand 
the results scientifically. 

Similar to the paper III, I have steered the experiment and performed required CFD and Chemical 
kinetics modelling. Post processed emission and Chemiluminescence results and wrote the paper as a 
lead author. A. A. Subash performed OH-PLIF measurement and post processed the results. R. Collin 
and J. Klingmann supervised the experiment and paper writing. 

Paper V: 

Laser-Based Investigation on a Dry Low Emission Industrial Prototype Burner at 
Atmospheric Pressure Conditions 

By Arman Ahamed Subash, Robert Collin, Marcus Aldén, Atanu Kundu and Jens 
Klingmann 

ASME Turbo Expo 2016: GT2016-57242 

This paper was based on detailed laser diagnostics investigation on the DLE burner 
flame. Flame macro structure and local characteristics were visualized with OH-
PLIF and Chemiluminescence imaging. Stage wise (RPL, Pilot and Main) 
contribution of the secondary flame was analyzed in detail. Flame stabilization, 
shape and its fluctuation were quantified with the help of OH-PLIF and 
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Chemiluminescence images. The overall flame structure and its influence on global 
flame emission was measured for different operating conditions. 

I have planned the experiment and decided the operating points/test schemes. A. A. Subash was 
responsible for performing OH-PLIF experiment and post processing of LIF and Chemiluminescence 
data. Whereas NOx emission data was post processed by myself. I have assisted A. A. Subash for 
performing optical measurements and interpreting the experimental results. R. Collin and J. 
Klingmann supervised the experiment and paper writing. 

Paper VI: 

Experimental and Numerical Investigation of a Prototype Low NOx Gas Turbine 
Burner 

By Atanu Kundu, Jens Klingmann, Arman Ahamed Subash and Robert Collin 

ASME 2016 PowerEnergy Conference: PowerEnergy2016-59592 

Main objective of this paper was to investigate flame stabilization process with the 
help of experimental results and numerical analysis. CFD simulation was performed 
by ANSYS FLUENT. The CFD simulation results helped to understand the 
underlying physics behind the flame stabilization process and burner staging 
concept. Chemical kinetics calculation results were compared with CFD and 
experimental data.  

I am the lead author for this paper and performed the experiments with help of A. A. Subash. Test 
planning, selecting operating points and construction of experimental setup was done by me. Besides 
that, I have performed numerical analysis (CFD and Kinetics) and post processing. A. A. Subash has 
done the OH-PLIF, Chemiluminescence (I have also assisted) measurements and post processing of 
OH-LIF images. R. Collin and J. Klingmann supervised the experiment and paper writing. 

Paper VII: 

Impact of Combustion Chamber Geometry on a Partially Premixed Swirl Flame 

By Atanu Kundu, Jens Klingmann, Arman Ahamed Subash and Robert Collin 

ASME Turbo Expo 2017: GT2017-64677 

In this paper, combustor/liner cross sectional geometry modification was performed 
to investigate the influence of aerodynamic change on the flame macro structure. 
Detailed measurements were performed using Methane fuel. The Geometrical 
modification includes, (1) removal of the diverging Quarl section (this was integral 
part of the combustion system for paper III, IV, V and VI) (2) change the square 
cross section liner with circular cross section. Optical measurements with OH-PLIF, 
PIV and Chemiluminescence were performed for wide ranges of operating 
conditions. Detailed emission measurements and numerical analysis (CFD 
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modelling using FLUENT) were carried out. The results (emission and flame 
stabilization process) were compared with previous “with Quarl (Baseline)” 
arrangement. The 2D PIV measurement provided flow filed information and the 
results were compared with CFD simulation results. The flame stability and 
operability were characterized using CO emission and Chemiluminescence images. 

I led the experimental campaign by planning, calculating and selecting operating conditions. Any rig 
specific modifications (hardware and software) were resolved by myself and A. A. Subash. I was 
responsible for emission measurement, Chemiluminescence image acquisition (with help of A. A. 
Subash) and post processing results. OH-PLIF measurement, post processing and still picture 
acquisition were performed by A. A. Subash. I have also performed the numerical calculation, setting 
up PIV experiment (with the help of A. A. Subash) and performed PIV results post processing; whereas 
R. Collin and J. Klingmann supervised the experiment and paper writing. 

Paper VIII: 

Fuel Flexibility of a Multi Staged Prototype Gas Turbine Burner 

By Atanu Kundu, Jens Klingmann, Arman Ahamed Subash and Robert Collin 

ASME Turbo Expo 2017: GT2017- 64782 

This paper was based on fuel flexible capability estimation of the prototype burner. 
Hydrogen was added with methane up to 50 % by volume and natural gas for these 
experiments. NOx and CO measurement demonstrated the emission capability and 
operability of the burner. Flame stability and lean/rich limits were identified for the 
primary and secondary flame. Modelling results were compared with experiments 
and flame characteristics (flame imaging by Chemiluminescence and OH-PLIF) 
were analyzed for the new fuel mixtures. 

I have calculated the operating condition (for new fuel mixtures) and led the experiment. Besides that, 
emission measurement and post processing, Chemiluminescence data collection and result post 
processing, CFD and chemical kinetics calculation and analysis were performed by me. A. A. Subash 
conducted the OH-PLIF measurement, post processing and still image acquisition. R. Collin and J. 
Klingmann supervised the experiment and paper writing. 

Paper IX: 

Hydrogen Enriched Methane Flame in a Dry Low Emission Industrial Prototype 
Burner at Atmospheric Pressure Conditions 

By Arman Ahamed Subash, Robert Collin, Marcus Aldén, Atanu Kundu and Jens 
Klingmann 

ASME Turbo Expo 2017: GT2017- 63924 
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The paper was based on the laser diagnostics of hydrogen enriched flames. OH-
PLIF and Chemiluminescence images were utilized to investigate the flame shape 
and its variation with the change of operating conditions. Flame zone was identified 
from OH-PLIF probability distribution function results. The change in flame shape 
with the modification of fuel was analyzed in detail. 

As a co-author I have participated with the measurement campaign and assisted A. A. Subash for 
taking OH-LIF and Chemiluminescence images. I have decided the operating conditions and planned 
the test campaign. Apart from that I have supported with emission post processing and result 
interpretation. A. A. Subash was mainly responsible for post processing of the optical diagnostics 
images, capturing still images and writing the paper. M. Alden, R. Collin and J. Klingmann supervised 
the experiment and paper writing. 

Paper X: 

Experimental Investigation of the Influence of Burner Geometry on Flame 
Characteristics at a Dry Low Emission Industrial Prototype Burner at 
Atmospheric Pressure Conditions 

By Arman Ahamed Subash, Robert Collin, Marcus Aldén, Atanu Kundu and Jens 
Klingmann 

ASME Turbo Expo 2017: GT2017- 63950 

This paper was based on the experimental campaign described in Paper VIII, mostly 
focused on laser diagnostics and image processing. The flame shape, local reacting 
zones and post flame regions were categorically explained by the OH-PLIF and 
Chemiluminescence imaging. As, OH concentration was a good marker for flame 
front and post flame zone, the results showed the effect of fuel mixture variation 
effect on flame length, flame stabilization point and its modification. 

As a co-author, my contribution is to plan and led the test campaign, selecting operating points and 
gas mixtures. I have helped A. A. Subash with emission result post processing and result interpretation. 
A. A. Subash is the lead author and he post processed all the optical diagnostics results and wrote the 
paper. M. Alden, R. Collin and J. Klingmann supervised the experiment and writing. 

Paper XI: 

Flow Field Investigation of a Dry Low Emission Swirl Burner 

By Atanu Kundu, Jens Klingmann, Arman Ahamed Subash and Robert Collin 

Manuscript ready for submission. 

The paper was based on PIV measurement and its comparison with unsteady CFD 
simulation results. The PIV results were accumulated from isothermal and reacting 
flow field. With and without confinement effect were also analyzed. It was revealed 
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that recirculation zones (inner and outer) played significant role on flame 
stabilization of the prototype burner. 

I am the lead author for this paper. I have decided the operating condition and led the experiments. A. 
A. Subash helped me to set up the PIV system and participated with some measurements. I have 
performed PIV results post processing, CFD analysis and paper writing. R. Collin and J. Klingmann 
supervised the experiment and helped me to interpret the results. 
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CHAPTER 6: SUMMARY AND 
CONCLUSIONS 

The doctoral thesis presented experimental and numerical investigation results on a 
downscaled prototype DLE burner. Multiple staging burner concept was the most 
attracting feature of this device for controlling emission and broadening operability. 
Along with temperature and emission measurements, sophisticated laser diagnostics 
techniques (2D OH-PLIF and 2D PIV) were applied. Numerical calculations (CFD 
and chemical kinetics) were performed for supporting the experimental findings and 
enhancing understanding of the combustion process. Based on the atmospheric 
investigation following conclusions could be made. 

• The RPL stage experiment suggested that a rich RPL with lower residence 
time was advantageous for high concentration radical production (OH, O, 
CO and H) without NOx penalty. The High speed OH-PLIF image analysis 
showed strong axial fluctuation of the RPL flame. 

• The full burner experiment explained the primary and secondary flame 
stabilization process. Two distinct flame anchoring regions were identified 
for the secondary flame (along the ISL and near the liner wall). 

• Optical investigation (Chemiluminescence and OH-PLIF) indicated the 
flame front, post flame and maximum heat release region. A long secondary 
flame was observed inside the quartz liner. The flame length was reduced 
at higher flame temperature. 

• Between 1680 K and 1780 K flame temperature, optimum operation of the 
burner was noticed with lower emission (NOx ~ 6 ppm). By reducing the 
RPL (RPL equivalence ratio ~ 0.6) combustion stoichiometry, less than 2 
ppm NOx emission was noticed for the optimum operability range. 

• A rich Pilot flame showed high NOx emission. A rich Pilot operation was 
helpful for CO oxidation in the lean operating conditions but showed minute 
effect at higher flame temperatures. 

• The RPL and Pilot stage showed strong influence on secondary flame 
stabilization. Rich RPL and Pilot flames showed better flame stability. 
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• Pilot and RPL stage interaction displayed significant impact on NOx 
emission. NOx emission was also highly dependent on the RPL and Pilot 
stage stoichiometry. 

• In the proximity of LBO, low frequency flame instability was observed. 
Recorded CO and UHC emission data showed high degree of fluctuation at 
lean operating conditions. 

• A dominant frequency peak (411 Hz) was noticed at higher flame 
temperature. This could be related to the hot tone of the combustor. 

• Flame stabilization (CRZ and ISL) locations were captured by the RANS 
CFD simulation. The emission results were compared with the model (CFD 
and CHEMKIN). A qualitative agreement was observed between the model 
and experiment. 

• Geometrical change of the combustor inherently affected the aerodynamics 
of the flame zone. An ORZ region was created by eliminating the Quarl 
section from the combustor. A semi-stable intermittent flame in ORZ 
greatly affected the burner operability. Based on experiments Quarl section 
was highly recommended for better flame stability. 

• The Dump configuration showed better CO oxidation performance. The 
RPL stage NOx contribution was estimated as 54 % of the total burner NOx. 

• Up to 50 % hydrogen (by volume) blended fuel combustion tests were 
performed. The flame stabilization process and the anchoring location was 
unaltered with this fuel change. The flame length was reduced for high 
hydrogen flame since the turbulent flame speed was increased with the 
addition of hydrogen. 

• NOx emission didn’t show significant variation in the lean operating regime 
but a steeper growth was observed for high hydrogen fuels at higher flame 
temperature. 

• LBO limits (primary and secondary flame) were extended for high 
hydrogen fuel blends. No significant effect of fuel change was noticed on 
the RPL and Pilot stage performance. 

• OH-PLIF results indicated that OH concentration inside Quarl was 
increased linearly with hydrogen blending percentage. The LES simulated 
OH concentration was compared with the OH-PLIF image. The main flame 
topologies were captured by the simulation. 

• Reacting and non-reacting flow field was investigated by 2D PIV and 
compared with the CFD simulation. The main flow topologies (CRZ, ORZ, 
ISL, OSL and the annular high speed jet) were captured by the 
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measurements. Axial velocity distribution and CRZ modification was 
observed for reacting case. 

• The comparison of simulation and PIV measurement showed good 
agreement and trends. LES simulation showed better performance than 
RANS by capturing velocity distribution and eddies (different scales). 

Overall, the experiments proved that the burner was capable of reducing emission 
(NOx < 9 ppm) with wide operability. The lean operation capability and high 
hydrogen fuel combustion supported advanced combustor design philosophy. 

However, following areas need to be explored in future for getting better 
understanding of the combustion process. 

• High pressure test is critical with detailed emission and dynamic pressure 
measurement capability. 

• Simultaneous high speed LIF and PIV can be very useful for understanding 
the flame wrinkling and flame-turbulence interaction. High speed PIV can 
also address the seeding particle accumulation problem. As a significant 
part of the flame is stabilized closed to the liner wall, flame wall interaction 
study will be beneficial. 

• The burner fuel flexibility experiments should be pushed further (with 
higher hydrogen %). A better stable liner (combustor) configuration (double 
walled air cooled) is essential for higher flame temperature experiments. 

• Accurate CFD (LES) simulation considering realistic boundary condition 
and heat transfer is required to validate experimental results. Grid 
sensitivity study, combustion and turbulence model optimization for LES 
simulation should be performed. 
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