Gorkem Oztarlik 
email: oztarlikgorkem.oztarlik@imft.fr
  
Laurent Selle 
email: laurent.selle@imft.fr
  
Thierry Poinsot 
email: thierry.poinsot@imft.fr
  
Thierry Schuller 
email: thierry.schuller@imft.fr
  
G Daviller 
email: daviller@cerfacs.fr
  
T L Kaiser 
email: tkaiser@imft.fr
  
G Öztarlik 
  
Pradip Xavier 
email: pradip.xavier@imft.fr
  
Gorkem 
  
  
  
  
Suppression of instabilities of swirled premixed flames with minimal secondary hydrogen injection
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The impact of hydrogen addition on the dynamics of a methane-air premixed flame is explored for different injection strategies. The configuration is a swirled injector with a central tube for pilot fuel injection. Keeping the air flow rate and thermal power of the burner constant, it is shown that even for very small flow rates of hydrogen, as low as one percent of the thermal power, flame stabilization and combustor stability are greatly altered when pure hydrogen is injected through the central tube as a pilot jet. It is also shown that fully premixing the same quantity of hydrogen with methane or use of methane for the pilot jet has no significant effects compared to hydrogen pilot injection strategy. The flame response to forced flow perturbations is use to interpret the observed features. It is shown that hydrogen piloting drastically changes the gain of the flame transfer function at low frequencies and its phase lag at high frequencies, while other injection strategies barely change the flame response for these minute flowrates. CO and NOx emissions are finally examined for the different injection strategies. NOx emissions are found to drastically increase with hydrogen piloting compared to other injection strategies. These experiments indicate that pure hydrogen injected in minute fractions may be used as an efficient passive control means to mitigate combustion instabilities, but a compromise needs to be made with emissions.
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SUMMARY

In this work, hydrogen assisted (hydrogen enrichment and piloting) swirl stabilized flames are studied experimentally via MIRADAS experiment. First of all, static stability characteristics, such as flame lengths and flame attachment characteristics are studied via CH* chemiluminescence flame images and cases with hydrogen piloting, methane piloting and hydrogen enrichment are compared to the reference case of perfectly premixed methane-air combustion for a wide range of equivalence ratios and bulk velocities. It is found out that hydrogen piloting is the most efficient method to attach the flames and extend operating ranges of the combustion chamber.

Next the dynamic stability characteristics of the setup is studied experimentally via stability maps and it is shown that injection of a very small portion of the thermal power worth of hydrogen results in a more stable system and an extension in the stable operating points in the stability maps, meaning safer overall operation. Hydrogen enrichment and methane piloting are also explored, and it is demonstrated that these methods are not effective in changing stability maps, stability maps are not effected.

Subsequently, the forced flame responses are studied experimentally and it is shown that hydrogen piloting and hydrogen enrichment causes a drop in the global time delay of the flame transfer function. With hydrogen piloting, there is a global drop in the flame transfer function gain, however for hydrogen enriched cases, the gain is increased. For methane piloted cases, there is a global reduction in the flame transfer function gain, however the time delay is not affected.

Consequently, to explore why and how the global flame transfer function is changed with different injection strategies, forced flame images are studied. It is shown that the changes in flame transfer function is caused by the competition behavior between the local heat release responses for hydrogen piloted cases. Simply put, there is a phase difference between the local responses near the injection tube and the flame edges, causing a "pull-back" effect, which in turn causes a drop in the flame transfer function gain.

Next the effect of different injection strategies on the pollutant emissions are investigated. It is demonstrated that adding hydrogen, in pilot injection or hydrogen enrichment configuration, causes a drop in CO 2 emissions for the same thermal power.

Piloting strategies cause a slight increase in NOx emissions, however results show that an optimization is possible to obtain flames that are stable, low CO 2 and low NOx. Des flammes sont enroulées autour de ces tourbillons, ce qui augmente la surface de la flamme. Plus loin dans le cycle de forçage, les parties enroulées des flammes commencent à toucher les parois de la chambre de combustion et s'éteignent, ce qui entraîne une perte de surface de la flamme. Ces changements dans la surface de la flamme se traduisent par un taux de dégagement de chaleur fluctuant, consistant en la réponse de la flamme.

xxx

INTRODUCTION

Charles Darwin wrote "The discovery of fire, probably the greatest ever made by man, excepting language, dates from before the dawn of history" [10] in his pioneering work The Descent of Man. This phrase summarizes the importance of combustion for the existence and development of humanity. Some scientists even suggest that earliest controlled fire use by hominins surpasses homo sapiens, reaching far to homo erectus [11,12].

Like early homo sapiens, we use combustion to cook our food and for heating but also in more advanced ways like transport, industry and construction and unlike early hominins, the variety of the fuels we use are pretty much limitless. The widespread use of advanced technology brings along the need for more power, intrinsically more sources of fuel that is filled in with worldwide search for fossil fuel reserves. In Today, ≈80% of the total energy produced in the world comes from combustion and the most widely used fuel in 2017 in the world is oil. Taking into account biofuels and energy produced from waste, hydro, wind and solar power, the energy produced from renewable sources amounts to 14% of the total energy supply in the world. Coal, oil and natural gas together they make up 81% of the total energy supply, emitting the infamous CO 2 in the atmosphere that was underground before being burnt. Finally 5% of the global energy supply comes from nuclear reactions [2]. This is an indication that we need very efficient systems to reduce CO 2 emissions. In Fig. 1.3 the end use of the fuels is presented. Here it can be seen that the bulk of the energy is spent on industry, transportation and residential areas. One point to make here is that in heating, transport and industry, what is needed generally is the heat rather than electrical power, unlike most of residential applications. This makes it possible to apply different types of fuels directly, meaning that they do not need to be converted to electrical power to be useful. Different fuels from different sources can be directly used in combustion chambers to produce heat. This is of course not a simple task, most of the heat producing machines today are designed for specific fuels; natural gas, propane or different oil products and they rarely allow changes in fuel composition.

One of the topics that has gained a lot of momentum in the last years is the power-to-gas projects, where the idea is to produce hydrogen via electrolysis using electricity obtained from renewable sources [13,14]. This is also a renewable answer to the industry standard methods like steam reforming from natural gas [15] and steam gasification from coal and biomasses [16] which use fossil fuels as feedstocks and produce CO 2 [17]. Moreover, using methanation processes and hydrogen produced from renewable resources, it is even possible to remove CO 2 from the atmosphere and produce methane to be used in the energy network [18]. Synthesis processes cal also be added to this processes to produce valuable chemicals for the pharmaceutical industry [19] and diesel and gasoline for the transportation sector [20]. The leader being Germany in these developments, projects like P2X [21] in the Kopernikus framework received funding from the German Federal Ministry of Education and Research on the order of 120 million Euros until 2018 and a further 280 million is foreseen until 2025 [22]. Furthermore STORE&GO project which is aimed to produce natural gas using electricity produced from renewable resources obtained 28 million Euros from from the European Union's Horizon 2020 research and innovation programme [23]. Boiler manufacturers like Bosch are already building hydrogen capable systems in the 20 MW range [24]. Additionally Wärtsilä is building engines for power production that fire with 100% hydrogen [25]. In power applications hydrogen functions like a battery, storing energy to be used when the electricity supply falls below current demand, to stabilize the power grid.

For the short term shift towards an hydrogen economy, hydrogen enrichment being hydrogen mixed in with fossil fuels like natural gas has been suggested [26][27][28]. This is logical as although there are big investments and a lot of scientific research pointed towards developing renewable energies, in the short term, hydrogen production from renewable resources will not be enough instantly to totally replace the fossil fuels the world currently consumes.

Hydrogen as a Fuel and a Way to Store Power

Hydrogen is an energy carrier with low molecular weight large diffusion coefficient, high thermal conductivity and low viscosity and has interesting combustion properties including high flame speed, small quenching distance, and low ignition energy [17].

Among the practical alternative fuels, hydrogen offers the most benefits, especially when added to fossil fuels [29].

Hydrogen can be utilized in practical systems in the following ways:

• Hydrogen powered engines

• Fuel cells • Hydrogen enrichment • Syngas
Hydrogen has some advantageous properties when used as fuel for combustion, these are summed up as:

• Can be Renewable

• No carbon emission

• High energy density on mass basis

• Extended flammability limits

• Increased resistance to strain and extinction

• Higly diffusive [30] • Lower ignition energy

• Smaller quenching distance Along with these advantages, there are some disadvantages when hydrogen is used as fuel:

• Transportation and storage is expensive [16] • Somewhat dangerous to have around [31] [30]

• Low energy content on a volume basis

• Increased flashback propensity [16] • High potential crossover from deflagration to detonation

• Potential unwanted autoignition

• Not readily available from a natural source Hydrogen has many beneficial properties of combustion including high flame speed, small quenching distance, low ignition energy, high autoignition temperature, and high octane [17]. Some properties of hydrogen compared to other fuels are given in table 1.1. One of the ways that hydrogen can be used in existing combustion systems is hydrogen enrichment, being the addition of hydrogen to other fuels, typically the goal being either to enhance complete combustion, stability or to extend lean operability.

Hydrogen enrichment can be applied to many practical stems, including aeronautical and industrial gas turbines, piston engines and all sort of burners. Some research even involved on road experimental tests of hydrogen/natural gas blends [4].

Hydrogen enrichment increases the ratio of specific heats through lean operability which in turn enables higher compression ratio improving thermal effiiency [32], burn rates [33] [34] and decreases cycle-to-cycle variations [32] [35] [36] and throttling losses and all these add up to increase efficiency of the combustion systems . Emission reduction is another benefit of hydrogen enrichment, hydrogen aids in more complete combustion therefore reducing unburnt hydrocarbon emissions, and with increased lean operability leads to reduced CO and NOx emissions.

Hydrogen enrichment has applications on primary fuels such as gasoline [37] [32] [38] [34] [39] [30], diesel [40] [41], natural gas [32] [42] [33] [43] [44] and kerosene [45] [46].

Hydrogen also finds applications in exhaust gas fuel reforming, where primary fuel such as gasoline and a fraction of the engine exhaust gas is reformed by endothermic catalytic reforming which is then fed into the intake manifold [37]. Moreover, hydrogen enrichment increases free radical production with extention of the lean limit, shortening the flame nucleation period, thereby increasing the heat release/burn rate [16].

The development of hydrogen and hydrogen enriched hydrocarbon fuels in combustion holds interest as hydrogen containing fuels are readily being produced as a byproduct of coal gasification and fluidized bed combustion systems and the utilization of hydrogen produced this way would provide a cost effective fuel and ultra-lean combustion holds a great promise in reducing NOx emissions [47].

Hydrogen promises performance benefits in high performance aircrafts also. In addition to its combustion properties, because of the fact that it is stored in liquid state means that it can also be used as a coolant for suction air in scramjet engines in which the compressor stage outlet temperature is the cause of degregation in high speed flight conditions [48]. Another application of cryogenic cooling with hydrogen is engine component cooling [49] and laminarization control of aeroplanes aerodynamic surfaces for drag reduction [50]. Researchers investigated the effect of H 2 addition tokerosene on a Snecma engine combustor and found out that when injected in a partially premixed configuration and forming a hydrogen pilot flame, hydrogen improves lean blow off limits [45]. Research also shows the levels of CO concentrations can be reduced without adversely affecting the NO 2 emissions in laboratory swirl combustors. It is also stated that hydrogene even low values as 12% of hydrogene enrichement provided a shorter and a more robust flame [47]. Gas turbines can also be modified to burn hydrogen instead of liquid fuels [START_REF] Gupta | Bio-fuels for the gas turbine: A review[END_REF].

As hydrogen enrichment or hydrogen combustion modifies the properties of the flame, the stability of combustion systems is also modified. The literature is rich with cases suggesting that hydrogen makes systems more prone to instabilities [47,[START_REF] Figura | The Effects of Fuel Composition on Flame Structure and Combustion Dynamics in a Lean Premixed Combustor[END_REF][START_REF] Wicksall | Acoustics measurements in a lean premixed combustor operated on hydrogen/hydrocarbon fuel mixtures[END_REF][START_REF] Taamallah | Fuel flexibility, stability and emissions in premixed hydrogen-rich gas turbine combustion: Technology, fundamentals, and numerical simulations[END_REF][START_REF] Taamallah | Thermo-acoustic instabilities in lean premixed swirl-stabilized combustion and their link to acoustically coupled and decoupled flame macrostructures[END_REF].

However with the current investments and the real possibility of using hydrogen in industrial systems, more research is needed to explore the ways to use and the effect of hydrogen in combustion systems.

Combustion Instabilities

Gas turbines burning natural gas is one the most efficient solution for power production with limited pollutant emissions levels and reduced carbon emissions, compared to other power generation units burning a hydrocarbon fuel [START_REF] Jaramillo | Comparative Life-Cycle Air Emissions of Coal, Domestic Natural Gas, LNG, and SNG for Electricity Generation[END_REF][START_REF] Viebahn | Comparison of carbon capture and storage with renewable energy technologies regarding structural, economic, and ecological aspects in Germany[END_REF][START_REF] Odeh | Life cycle GHG assessment of fossil fuel power plants with carbon capture and storage[END_REF]. Typical industrial gas turbines operate on natural gas in a lean premixed regime to cut down NOx emissions with swirl stabilised flames, but these systems suffer from dynamical problems mainly associated to combustion instabilities [6,[START_REF] Krebs | Thermoacoustic stability chart for high-intensity gas turbine combustion systems[END_REF][START_REF] Poinsot | Prediction and control of combustion instabilities in real engines[END_REF]; large scale fluctuations in heat release, velocity and pressure in combustion systems.

Instances of heat shields (splash plates) breaking due to high cycle fatigue, damaged burners, liners and transition pieces are regularly reported [6]. With the introduction of new gases from intermittent renewable ressources in the fuel supply line, like biogas or syngas, these issues become more stringent due to changes in the fuel composition powering the engine [START_REF] Speth | Using a strained flame model to collapse dynamic mode data in a swirl-stabilized syngas combustor[END_REF][START_REF] Liu | The influence of changes in fuel calorific value to combustion performance for Siemens SGT-300 dry low emission combustion system[END_REF][START_REF] Mordaunt | Design and preliminary results of an atmospheric-pressure model gas turbine combustor utilizing varying CO2 doping concentration in CH4 to emulate biogas combustion[END_REF][START_REF] García-Armingol | Operational issues in premixed combustion of hydrogen-enriched and syngas fuels[END_REF]. Combustion instabilities also exist in rocket engines, especially at high frequencies, however the focus in this work is on gas turbines, gas generators and boilers.

Figure 1.7: Damage caused by combustion instabilities in gas turbines [6].

The strategies developed to mitigate combustion instabilities can be grouped into two;

active and passive control strategies. In active control strategies, the instability is suppressed by a feedback control system which drives either an acoustic actuator [START_REF] Poinsot | Suppression of combustion instabilities by active control[END_REF][START_REF] Lang | Active control of combustion instability[END_REF][START_REF] Poinsot | Initiation and suppression of combustion instabilities by active control[END_REF][START_REF] Paschereit | Coherent structures in swirling flows and their role in acoustic combustion control[END_REF][START_REF] Paschereit | Structure and Control of Thermoacoustic Instabilities in a Gas-turbine Combustor[END_REF][START_REF] Paschereit | Control of thermoacoustic instabilities and emissions in an industrial-type gas-turbine combustor[END_REF] or a pulsation of the fuel line flow [START_REF] Paschereit | Structure and Control of Thermoacoustic Instabilities in a Gas-turbine Combustor[END_REF][START_REF] Seume | Application of Active Combustion Instability Control to a Heavy Duty Gas Turbine[END_REF][START_REF] Johnson | Suppression of combustion instabilities in a liquid fuel combustor using a fast adaptive control algorithm[END_REF]. Full scale gas turbine applications were also designed and tested by success [7,[START_REF] Seume | Application of Active Combustion Instability Control to a Heavy Duty Gas Turbine[END_REF][START_REF] Hibshman | Active Control of Combustion Instability in a Liquid-Fueled Sector Combustor[END_REF][START_REF] Banaszuk | An adaptive algorithm for control of combustion instability[END_REF][START_REF] Johnson | Demonstration of Active Control of Combustion Instabilities on a Full-Scale Gas Turbine Combustor[END_REF], but active control strategies were found to be rather expensive and difficult to certificate as an ultimate solution [START_REF] Poinsot | Prediction and control of combustion instabilities in real engines[END_REF]. For passive control approaches, acoustic manipulation of the combustion system as use of dampers such as Helmholtz resonators [START_REF] Dupere | The Use of Helmholtz Resonators in a Practical Combustor[END_REF][START_REF] Bellucci | On the Use of Helmholtz Resonators for Damping Acoustic Pulsations in Industrial Gas Turbines[END_REF][START_REF] Richards | Passive Control of Combustion Dynamics in Stationary Gas Turbines[END_REF][START_REF] Gysling | Combustion System Damping Augmentation With Helmholtz Resonators[END_REF][START_REF] Lepers | Investigation of Thermoacoustic Stability Limits of an Annular Gas Turbine Combustor Test-Rig With and Without Helmholtz-Resonators[END_REF][START_REF] Krebs | Thermoacoustic design tools and passive control: Siemens power generation approaches, Combustion Instabilities in Gas Turbine Engines Operational Experience[END_REF][START_REF] Bellucci | Thermoacoustic Modeling of a Gas Turbine Combustor Equipped With Acoustic Dampers[END_REF] and perforated liners [START_REF] Rupp | The Use of Perforated Damping Liners in Aero Gas Turbine Combustion Systems[END_REF][START_REF] Lei | A Passive Method to Control Combustion Instabilities with Perforated Liner[END_REF] and acoustic impedance tuning [START_REF] Tran | Damping combustion instabilities with perforates at the premixer inlet of a swirled burner[END_REF] techniques can be listed. Other methods such as pilot fuel injection [START_REF] Steele | Passive Control of Combustion Instability in Lean Premixed Combustors[END_REF][START_REF] Paschereit | Combustion Control by Extended EV Burner Fuel Lance[END_REF] bluff body assisted combustion [START_REF] Kendrick | Acoustic Sensitivities of Lean-Premixed Fuel Injectors in a Single Nozzle Rig[END_REF][START_REF] Gatti | Impact of swirl and bluff-body on the transfer function of premixed flames[END_REF], time lag distribution and symmetry breaking techniques [7,[START_REF] Scarinci | Industrial Trent Combustor-Combustion Noise Characteristics[END_REF][START_REF] Lovett | Prediction of Combustion Dynamics in a Staged Premixed Combustor[END_REF][START_REF] Straub | Effect of Fuel Nozzle Configuration on Premix Combustion Dynamics[END_REF] and different fuel staging techniques that change the temperature and sound speed field and flame response in the combustors [START_REF] Scarinci | Industrial Trent Combustor-Combustion Noise Characteristics[END_REF][START_REF] Joshi | Development of a Fuel Air Premixer for Aero-Derivative Dry Low Emissions Combustors[END_REF][START_REF] Joshi | Dry Low Emissions Combustor Development[END_REF][START_REF] Mongia | Challenges and Progress in Controlling Dynamics in Gas Turbine Combustors[END_REF][START_REF] Pandalai | Combustion instability characteristics of industrial engine dry low emission combustion systems[END_REF][START_REF] James | A Solution for Noise Associated With a Series Staged DLE Combustion System[END_REF] can be listed. Additionaly modifications made to burner geometries to reduce vortex generated combustion instabilities were also applied [START_REF] Paschereit | Passive Combustion Control for Enhanced Stability and Reduced Emissions in a Swirl-Stabilized Burner[END_REF][START_REF] Paschereit | Control of Combustion Instability and Emissions by Burner's Exit Geometry Modifications[END_REF].

It is also well known that the dynamics of flames depend on the shapes of flames, so any modification that changes the shape of the flames is expected to alter the stability characteristecs of the combustion systems [START_REF] Durox | Experimental analysis of nonlinear flame transfer functions for different flame geometries[END_REF]. Flame holder temperature is shown to be a driving mechanism in combustion instabilities [START_REF] Mejia | Influence of flame-holder temperature on the acoustic flame transfer functions of a laminar flame[END_REF][START_REF] Mejia | Wall-temperature effects on flame response to acoustic oscillations[END_REF]. Axial and radial fuel staging is one of the passive control strategies that is applied, primarily to change the sound speed field in the combustion [START_REF] Scarinci | Industrial Trent Combustor-Combustion Noise Characteristics[END_REF][START_REF] Joshi | Development of a Fuel Air Premixer for Aero-Derivative Dry Low Emissions Combustors[END_REF][START_REF] Joshi | Dry Low Emissions Combustor Development[END_REF] and also asymmetric fuel distribution was implemented to reduce combustion instabilities [START_REF] James | A Solution for Noise Associated With a Series Staged DLE Combustion System[END_REF].

The use of a hydrogen pilot fuel jet has been considered in a few studies. Hussain et al. [START_REF] Hussain | Investigating the effect of local addition of hydrogen to acoustically excited ethylene and methane flames[END_REF] recently made a clear review of these studies in their introduction. In one of the pioneering works, Anderson et al. [START_REF] Anderson | Effect of hydrogen injection stability and emissions of an experimental premixed prevaporized propane burner[END_REF] noted that it would make flames quieter and more stable in a perforated-plate flame holder configuration. More recently, Barbosa et al. [106] showed that a swirled injection of hydrogen into a combustor operated with a lean propane-air mixture can be used to reduce combustion oscillations, without impairing NOx emissions but with a drastic increase in CO emissions. Hussain et al. [START_REF] Hussain | Investigating the effect of local addition of hydrogen to acoustically excited ethylene and methane flames[END_REF] analyzed the response to acoustic perturbations of methane-air and ethylene-air flames stabilized by a large bluff body in a dump combustor, when secondary hydrogen is injected through the bluff body. They found that the Flame Describing Function (FDF) linking the acoustic velocity modulation to the resulting heat release rate oscillation at 30, 255 and 315 Hz could be lowered compared to operation without hydrogen for all acoustic forcing levels tested. However, NOx emissions rapidly increase when the hydrogen concentration exceeds 5%. Their analysis carried out without swirl is also limited to selected forcing frequencies.

Purpose and Objective of Thesis

The purpose of this thesis is to explore the ways that hydrogen can be used in swirl stabilized flames. This includes static aerodynamic stability of flames, dynamic stability of flames; flame response to acoustic fluctuations and resistance to combustion instabilities and different strategies of introducing hydrogen into flames; practically premixed and pilot injection. The final goal is the reduction of CO 2 emissions, without adversely effecting NOx emissions and the creation of even more stable systems with hydrogen applied. To achieve these goals a highly modular and fuel flexible MIRADAS setup is constructed.

Firstly, the static instability characteristics are studied. Subsequently, the dynamic stability characteristics are studied via stability maps. Afterwards the heat release response to acoustic fluctuations and the local flame responses are studied to explain the effect of different injection strategies. Then the emission measurements and the effect of hydrogen are presented. Finally, the heat release response mechanisms and LES calculations of the setup are presented.

INTRODUCTION TO MIRADAS EXPERIMENT, FUEL PILOTING, HYDROGEN ENRICHMENT STRATEGIES AND CONTROL

The objective of the MIRADAS (Mitigation of Instabilities by Radially and/or Axially Directed Addition of Species) setup is to study the stability characteristics of premixed swirled flames and to come up with innovative ideas to suppress thermo-acoustic instabilities, such as hydrogen piloting. Many gas turbines, being one of the most commonly used industrial combustion systems, operate on natural gas in a lean premixed regime to cut down NOx emissions, but these systems suffer from dynamical problems mainly associated to combustion instabilities [START_REF] Poinsot | Prediction and control of combustion instabilities in real engines[END_REF]. Instances of heat shields breaking due to high cycle fatigue, damaged burners, liners and transition pieces are regularly reported [6].

With the introduction of new gases from renewable sources in the fuel supply line, such as biogas or syngas, instability issues become more critical due to (1) changes in the fuel composition powering the engine and altering the heat release distribution for a given thermal power output [START_REF] Speth | Using a strained flame model to collapse dynamic mode data in a swirl-stabilized syngas combustor[END_REF][START_REF] Liu | The influence of changes in fuel calorific value to combustion performance for Siemens SGT-300 dry low emission combustion system[END_REF][START_REF] Mordaunt | Design and preliminary results of an atmospheric-pressure model gas turbine combustor utilizing varying CO2 doping concentration in CH4 to emulate biogas combustion[END_REF][START_REF] García-Armingol | Operational issues in premixed combustion of hydrogen-enriched and syngas fuels[END_REF] and (2) intermittent changes of the supply and power demand leading to operation with high turn-down ratios [?].

Blending hydrogen from renewable sources into natural gas can be used to reduce carbon dioxyde emissions without impairing pollutant emissions. In this strategy, hydrogen is premixed with natural gas prior to combustion. But it was found out that although hydrogen addition widens the static operability range of the combustor by improving blow-off characteristics, it tends to make combustion systems more prone to flashback and more sensitive to combustion instabilities even at low power regimes and more quickly compared to natural gas [47,[START_REF] Figura | The Effects of Fuel Composition on Flame Structure and Combustion Dynamics in a Lean Premixed Combustor[END_REF][START_REF] Wicksall | Acoustics measurements in a lean premixed combustor operated on hydrogen/hydrocarbon fuel mixtures[END_REF][START_REF] Taamallah | Fuel flexibility, stability and emissions in premixed hydrogen-rich gas turbine combustion: Technology, fundamentals, and numerical simulations[END_REF][START_REF] Taamallah | Thermo-acoustic instabilities in lean premixed swirl-stabilized combustion and their link to acoustically coupled and decoupled flame macrostructures[END_REF].

One of the targets of the MIRADAS setup is to use hydrogen to suppress combustion instabilities. In most operating regimes the fraction of hydrogen is kept low because high amounts of hydrogen are not available with the current infrastructure installed in most of the cities, even if significant, investments are being made to increase the applications of hydrogen in practical systems [START_REF] Cocchi | Development of a Low-NOX Hydrogen-Fuelled Combustor for 10 MW Class Gas Turbines[END_REF][START_REF] Balestri | Enel's Fusina hydrogen-fed power generation plant[END_REF][START_REF] Glickenstein | Land Transportation News [Transportation Systems[END_REF][START_REF] Miller | Alstom's hydrogen train Coradia iLint completes successful tests in the Netherlands[END_REF].

As in most practical combustion systems used to produce electricity or heat [START_REF] Jaramillo | Comparative Life-Cycle Air Emissions of Coal, Domestic Natural Gas, LNG, and SNG for Electricity Generation[END_REF][START_REF] Viebahn | Comparison of carbon capture and storage with renewable energy technologies regarding structural, economic, and ecological aspects in Germany[END_REF][START_REF] Odeh | Life cycle GHG assessment of fossil fuel power plants with carbon capture and storage[END_REF],

the main source of power comes from methane; used as a surrogate to natural gas to resemble industrial configurations. Hydrogen can be introduced to create a hydrogen-methane-air mixture resulting in perfectly premixed combustion, or can be injected directly into the combustion chamber, creating a small pilot flame assisting a premixed flame.

The MIRADAS experiment is modular. It is very easy to change the setup to perform different experiments. For example, the 3D printed swirlers permit testing different levels of swirl and the replacement of pieces can be done in minutes. In a similar way, it is easy to change the setup from a long configuration used to measure self sustained instabilities to a shorter configuration equipped with a loud speaker to measure flame transfer functions. The details of these configurations will be given in their respective sections, but a general description of the experimental setup and its aerodynamic constituents, the control algorithm and the conventions of the different cases is first presented. The information on the diagnostics systems and experimental measurement techniques is given in their respective sections.

Aerodynamic Elements of MIRADAS Setup

The MIRADAS setup consists of a swirling injector fed with a gaseous mixture, plugged into a cylindrical flame tube. The schematic of the setup is presented in It is also possible to inject air, methane, hydrogen or a mixture of these gasses via the small chamber fed using 4 poly-amide tubes and using an annular injection channel with small holes. Furthermore, pulsation of this small jet is also achieved by using acoustic actuators. This part of the will be briefly presented in the corresponding section. When they are not in use, the tubes are plugged and completely sealed so that there is no flow in and out the small chamber.

To investigate the effect of swirl, swirlers are 3D printed with a 3D Systems Projet HD 3500 3D printer (≈30 µm precision), offering multiple choices of swirl number by changing the angle between the axis of the radial holes and the swirler axis. The main configurations studied are the 15 • and 35 • swirlers, which correspond to geometrical a swirl number of 0.33 and 0.86 respectively according to the expression in Eq. 2.1

taken from [START_REF] Galley | Mixing and stabilization study of a partially premixed swirling flame using laser induced fluorescence[END_REF] and modified to express the MIRADAS setup.

S = 1 1 -β tan θ SW r 1 4r h 1 - r t r 1 2 (2.1)
where β is the blockage factor defined as:

β = 1 - N h r h 4r 0 (2.2)
The schematic representations of the different swirlers used in this work is presented in Fig. 2.3. Another important parameter for the aerodynamic stability of the flames is the expansion ratio between the combustion chamber and the swirler exit, defined as the ratio of the cross-sectional area of the combustion chamber to the cross-sectional area of the swirled annular injection channel. This parameter has a first order effect on the length of the flame and the size of the side and middle recirculation zones. Different chamber diameters are possible for MIRADAS setup, so it is possible to change this the expansion ratio. The definition of the expansion ratio E is given in Eq. 2.3.

E = r 2 c r 2 1 -r 2 t (2.3)

Mass Flow Control Strategy and Definitions of Conventions Used To Describe Different Configurations

With MIRADAS, it is possible to investigate the effect of different fuels, and the strategy applied in their combustion. The base case is methane-air perfectly premixed flame. The flow-rates of methane and air are controlled by their respective mass flow controllers and methane and air are mixed in a T junction long before the plenum to have a perfectly premixed mixture in the experiment. Furthermore hydrogen can be injected through the injection tube to create a small hydrogen pilot flame where the flow-rate is of hydrogen is controlled with a dedicated mass flow controller.

To investigate the effect of hydrogen enrichment, mixing of hydrogen before the experiment as in perfectly premixed combustion is also possible. This is done by mixing methane and hydrogen in a T junction and then mixing the fuel mixture with air in another T junction. Switching between two different regimes are possible with a 3 way valve, directing the hydrogen through the injection tube or the The different fuels used brings the need of utilizing different mass flow controllers, each one controlling the flow its respective gas. This way the global equivalence ratio, the power or the velocity at the exit of the burner, the power that is coming from different fuels or the power coming from the main mixture or the injected fuel can be precisely controlled. When investigating scenarios including different injection strategies and fuels, it is useful to define certain conventions for clarity of descriptions. The reference case is defined as the methane-air perfectly premixed flame, where the mixture is prepared before entering the plenum, denoted as REF. The case when hydrogen is injected through the injection tube at the middle of the swirler to form a small hydrogen pilot flame in a premixed methane-air flame is called PH, meaning that it is piloted by a small hydrogen flame. "*" signifies the percentage of power coming from the injection. To differentiate the effect of fuel composition and the injection strategy, the hydrogen-methane-air perfectly premixed flame cases for which the mixture is prepared before being introduced in the plenum are also explored. This configuration is called MH. Similarly to differentiate between the injection strategy and the fuel that is injected, methane is injected through the injection tube, creating a small methane pilot flame. This configuration is termed PC, meaning that the premixed methane-air flame is piloted by a small methane pilot flame. It should be noted that for REF and MH cases, there is no mean flow through the injection tube. A schematic summary is presented in Fig. 2.5. The control of the experiment is done via a labview program which drives all the necessary equipment except the cooling system, which is separately controlled with its dedicated controller controlling the temperature and the flow-rate of the cooling water.

The LabVIEW control algorithm is constructed in a way that it takes the mean velocity in the annular injecting channel and the global equivalence ratio then calculates the respective flow-rates of respective gasses in normal conditions to set the set-points of the mass flow meters. Mass flows are closely followed and the program warns the user not to use any of the experiments if there is more than 1% difference between the set-point and the measured flow rate. This warning is respected at all times during this thesis. Furthermore, to be able to reproduce same flame shapes with varying temperatures and pressures throughout the year, the parameter chosen to keep constant is the mean axial velocity of the gasses at their respective sections. The flow-rate of the gasses are pressure corrected and as the experiment is in a air conditioned room with sufficiently long tubing, the variations in temperature of the gasses and unwanted variations in flame speeds are negligible. Before going forward with the control algorithm, some conventions need to be given necessary for the calculations of mass flows. The balance equation for lean methane-air combustion is presented by the following balance equation (in moles).

φ 0 G CH 4 + 2 (O 2 + aN 2 ) -→ φ 0 G (CO 2 + 2H 2 O) + 2 1 -φ 0 G O 2 + aN 2 (2.4)
where φ 0 G is the global equivalence ratio when methane fuel is used, called initial equivalence ratio from now onward, which signifies that this balance equation holds true when the total flow-rates of methane and air is accounted for, independent of the combustion regime being premixed or non-premixed, when only methane fuel is used. a = 3.76 is the molar ratio of nitrogen to oxygen in the air.

This work contains the hydrogen-methane-air perfectly premixed flames; deemed as hydrogen enriched combustion and hydrogen injection in a methane-air flame. Both are done by keeping the air flow-rate and the thermal power constant, taking out a defined percentage of methane from the global flow and replacing it with the equivalent amount of hydrogen giving the same amount of thermal power corresponding to the amount of methane taken out. The thermal power and the air flow rate for all cases incuding REF, PH, PC and MH cases are constant. This signifies that the ratio of the thermal power coming from the hydrogen to the total thermal power is an input parameter for the algorithm controlling the fuel flow-rates, which is presented in 

X f H 2 = ṅH 2 ṅH 2 + ṅCH 4 (2.5)
where ṅ j denotes the molar flow rate of species j. Then, the balance equation for lean combustion of this multicomponent fuel may be written:

φ G X f CH 4 CH 4 + X f H 2 H 2 + 2 - 3 2 X f H 2 (O 2 + aN 2 ) -→ φ G X f CH 4 CO 2 + 2 -X f H 2 H 2 O + 2 - 3 2 X f H 2 ((1 -φ G ) O 2 + aN 2 ) (2.6)
where

X f CH 4 = 1 -X f H 2 
is the molar fraction of methane in the global hypothetical fuel mixture. The global equivalence ratio is defined as φ G = α/α s , where α = ṁ f / ṁa is the ratio between the fuel and air mass flow rates injected in the burner. The stoichiometric value of α is:

α s = X f CH 4 W CH 4 + X f H 2 W H 2 2 -3 2 X f H 2 (W O 2 + aW N 2 ) , (2.7) 
where W j is the molar mass of species j. It should be noted that, even though they differ slightly, φ 0 G is different than φ G . φ G is the real equivalence ratio of the hypothetical fuel air mixture with or without hydrogen addition, defined taking into account all the constituents, and φ 0 G is the equivalence ratio of the mixture with just methane, before the replacement of a certain percentage of methane by power equivalent by hydrogen.

When a certain percentage of methane is taken away and it is replaced by the equivalent flow-rate of hydrogen with the same power, the equivalence ratio changes. There is a simple relationship between the two equivalence ratios defined as presented in Eq.2.8.

φ G = φ 0 G 1 + P H 2 Q V CH 4 4Q V H 2 -1 (2.8)
where Q V j is the molar lower heating value of species j. Finally, for the analysis conducted in this paper, it is relevant to define the link between the fraction of the total thermal power attributed to hydrogen P H 2 to the molar fractions of the fuels in the global fuel mixture:

P H 2 = X f H 2 Q V H 2 X f H 2 Q V H 2 + X f CH 4 Q V CH 4 , (2.9) 
All the cases presented in Fig. 2.5 are conducted at constant thermal power P and constant air flow rate. This strategy is chosen because the thermal power is usually the most important parameter in systems constructed to recover the heat or the mechanical power and also has a first-order impact on the magnitude of combustion instabilities.

The air flow-rate is kept constant, because for most naturally aspirated systems, the air flow-rate is a function of thermal power. Therefore, the control parameters are the fraction of the thermal power from hydrogen, P H 2 and that from the pilot flame, P pilot . Accordingly, the fraction of power from the main mixture is

P main = 1 -P H 2
. All these cases are summarized in Table 2.3 and allow a systematic investigation of effects of fuel composition, injection strategy and pilot fuel. In MIRADAS setup the three basic elements are used to stabilize the flames. The swirler creates a re-circulation region in the middle along the combustion chamber axis that helps the flame to stabilize. Furthermore, the sudden expansion from the annular injection channel to the combustion chamber creates the outer recirculation zones, which helps the flame to be stabilized at low equivalence ratios. Moreover the injection tube in the middle also creates a wake that helps to stabilize the flames for non-piloted flames and for low injection velocities.

P H 2 [%] X f H 2 [%] X f CH 4 [%] X f H 2 [%] X f CH
In this chapter the effect of hydrogen piloting, methane piloting and hydrogen enrichment on swirled premixed flames is studied. Furthermore the effect of geometrical parameters such as swirl number and chamber diameters, is explored along with injection strategies to conclude the efficiency of the injection strategies for different flames which are characterized by expansion ratios and swirl numbers.

Flame Images of the Stable Configuration -Effect of Hydrogen and Methane

Piloting, Hydrogen Enrichment, Swirl Number and Chamber Diameter

Mean flame images are taken with a configuration with the short plenum and short combustion chamber which is stable for all the operating conditions studied. The long exposure flame images are recorded with a PI-MAX4 emICCD intensified camera (GaAsP type photo-cathode) equipped with a Opto Engineering TC4M120 telecentric lens and a ASAHI XHQA430 high transmission band-pass filter centered at the wavelength of λ =430 nm. This wavelength corresponds to the chemiluminescent light emitted by excited CH radicals, denoted as CH* which emit a photon upon relaxing to their ground states, giving up a bluish light, which is used as a marker of heat release rate [START_REF] Vagelopoulos | An experimental and numerical study on the adequacy of CH as a flame marker in premixed methane flames[END_REF][START_REF] Kojima | Basic aspects of OH(A), CH(A), and C2(d) chemiluminescence in the reaction zone of laminar methane-air premixed flames[END_REF][START_REF] Dandy | Numerical and Experimental Studies of Hydroxyl Radical Chemiluminescence in Methane-Air Flames[END_REF][START_REF] Nikolaou | Heat release rate markers for premixed combustion[END_REF][START_REF] Luque | CH(A-X) and OH(A-X) optical emission in an axisymmetric laminar diffusion flame[END_REF]. The schematic representation of the setup is presented in Fig. 3.1. Furthermore, to obtain the magnification ratio which permits the conversion from pixel units to SI units and to locate the combustion chamber in the frame of the image, a calibration target is used. The calibration target has 5 mmx5 mm squares, which enable to calculate how many pixels make a millimeter and the lines along the middle axis of the combustion chamber can be used to verify that the camera vertical axis is aligned well with the axis of the combustion chamber. The calibration target used is presented in Fig. 3.2. Looking at Fig. 3.3 the most important aspect is that with increasing hydrogen piloting (PH cases), the length of the flame decreases. This also holds true for hydrogen enrichment as in MH cases. Methane injection also very slightly shortens the flame, but it is not nearly as effective as hydrogen injection. Another important aspect is that the general shape of the flames are not changed, the conical shape of the line of sight integrated flame images stays practically the same, especially for low levels of piloting or enrichment. For MH cases with increased hydrogen enrichment, the length of the flame shortens, this is due to the higher flame speed of hydrogen. Laminar flame speeds (S L ) for 300 K unburnt gas temperature atmospheric flames obtained with GRI-Mech 3.0 [117] using Cantera [START_REF] Goodwin | Cantera: An Object-oriented Software Toolkit for Chemical Kinetics, Thermodynamics, and Transport Processes[END_REF] are presented in Fig. 3.4. With injection, the intensity near the injection tube increases both for PC and PH cases, as this high equivalence ratio region produces CH* intensely. When the injection power rate is increased, the lift-off distance increases both for PH and PC cases, as the bulk velocity of fuel in the injection tube is increased, however the increase in lift-off distance is more pronounced for PH cases. This is due to a competition between diffusion of fuel in the premixed mixture, flame speed and flow velocity. The lift-off distance is longer for PH cases compared to PC cases for the same power of injection P pilot . However, this shouldn't be confused with the ability of hydrogen to resist lift-off, which is discussed further down the text.

Another way to explore these flame images is to perform an Inverse Abel transform [START_REF] Yuan | Reaction zone visualisation in swirling spray n-heptane flames[END_REF][START_REF] Palies | Dynamics of premixed confined swirling flames[END_REF] to reconstruct a slice of the half conical shaped flame. As the flame has a half conical shape, the line of sight integrated images include the effect of increasing radius along the combustion chamber axis. At the edges of the flame, the flame radius is higher, so the picture taken with the camera which is integrating the CH* emissions along the line of sight results in data that is weighted by the radius, not just the local intensity. The reconstructed slice obtained with an Inverse-Abel transform shows the local CH* chemiluminescent intensity, which can be correlated to the local heat release. The resulting Inverse-Abel transformed images are presented in Fig. 3.5. The Inverse-Abel transformations are done using PyAbel Python package [START_REF] Hickstein | PyAbel (v0. 7): A Python Package for Abel Transforms[END_REF].

For the REF case, the Inverse-Abel transformed image shows a more uniform distribution of local CH* chemiluminescent emissions along the combustion chamber axis as the effect of increase of CH* emission caused by the increase in radius at the edges of the flame is removed. With hydrogen piloting, the local intensity at the base of the flame increases. This suggest that the injection of hydrogen at the base of the flame, increases the production of CH* radicals. With increased hydrogen injection as in PH10 case, the local CH* emissions along the flame is increased as well, as the flame length itself is reduced for the same power, the intensity is accordingly increased.

With increased methane injection (PC), the intensity at the flame base is increased as well. Compared to the hydrogen cases, the intensity just at the tip of the injection tube is higher, as the methane fuel can produce CH* radicals that the hydrogen cannot, the increased intensity in hydrogen injected cases comes from the methane which is providing the bulk of the power. The intensity at the base of the flame until 20 mm of axial distance is increased as well, but not as much as hydrogen injection cases. As described before, the replacement of methane by hydrogen with the amount equivalent in thermal power changes the global equivalence ratio. Even though the change is very small for low levels of hydrogen power fraction, when increased it lowers the global equivalence ratio φ G . The global equivalence ratio versus hydrogen power fraction for an initial equivalence ratio of 0.8 is presented in Table 3.1. Furthermore, even though hydrogen as a higher lift-off distance for lower power fractions, for higher piloting power fractions hydrogen piloted flame rests attached to the injection tube when the methane piloted flame is lifted off. This phenomenon is presented in Fig. 3.6. The CH* intensity increases as the flames get shorter until PH20, and for PH40, the CH* intensity is less compared to others. This is due to the decrease in CH* concentrations as methane is replaced by hydrogen, which does not contain carbon atoms to produce CH* radicals. The remainder of CH* radicals come from combustion of methane which provides 60% of the thermal power for PH40 case.

The resistance of hydrogen to lift-off is partly due to the ability of hydrogen to resist high strain rates. Opposed-flow diffusion flame calculations with Cantera [START_REF] Goodwin | Cantera: An Object-oriented Software Toolkit for Chemical Kinetics, Thermodynamics, and Transport Processes[END_REF] using GRI-Mech 3.0 [117] and San Diego Mechanism [START_REF]San Diego Mechanism[END_REF] has been performed to compare the extinction strain rates of hydrogen and methane flames. The fuel and air temperatures are set to 300 K and pressure is atmospheric. The results are presented in Fig. 3.7; H 2 /Air diffusion flames can resist up to ≈40 times of the extinction strain rates of CH 4 /Air diffusion flames. Looking at the Inverse-Abel transformed images presented in Fig. 3.9, it can be seen that compared to the low swirl case, the flames are almost folded at the edges, creating the more intense regions on the line of sight integrated images. The REF flame starts to fold on itself at the edges, resembling a hook shape. Hydrogen injection flattens the flame edges and for PH10 case, the edge of the flame is straightened out. These flames are also attached closer to the walls of the injection tube and the attachment point is further in the radial direction, almost going past the edge of the injection tube compared to low swirl configuration. The lift-off height of the flame at the center-line of the chamber moves very slightly upstream, but it is not as greatly effected as the edges of the base of the flame.

Furthermore, the effect of bulk velocity at the exit of the annular injection channel and the equivalence ratio on the shapes of the flames are studied as well. This is done by building mean line of sight integrated flame image maps for different injection and hydrogen enrichment strategies. The images are normalized by the maximum value of the flame images 14 m/s of each initial equivalence ratio φ 0 G of the REF case. For example all the flame images of φ 0 G =0.65 with bulk velocities from 14 m/s to 30 m/s are normalized by the maximum pixel intensity of φ 0 G =0.65 and U sw =14 m/s. Similarly the cases corresponding to an initial equivalence ratio of φ 0 G =0.7 are normalized by the maximum pixel intensity of U SW =14 m/s case. When the injection strategy or the hydrogen enrichment is applied as in PH, PC and MH cases, the same normalization strategy is applied, however cases are normalized by the maximum values of the corresponding initial equivalence ratios of the REF cases. For example the PH10 cases with φ 0 G =0.7 and changing bulk velocities are normalized by the maximum pixel intensity of REF case with φ 0 G =0.7 and U sw =14 m/s. Eventually, this normalization strategy results in images that can be compared between all injection and hydrogen enrichment strategies for all bulk velocities by keeping initial equivalence constant.

However the images cannot be intensity compared between different equivalence ratios. This technique is chosen as the CH* intensity is strongly dependent on equivalence ratio and increases in a near exponential fashion and when images obtained for different equivalence ratios are normalized by a constant value, the resulting images are very bright for high equivalence ratios and very dark for low equivalence ratios.

The image maps for all cases are presented in Figs. 3.10 to 3.13.

Looking at Fig. 3.10, the most important observation is that the flame shape and the flame length is nearly independent of the bulk velocity. Even when the bulk velocity is doubled the shape and the length of the flames change very slightly. However, this is not the case for changes in equivalence ratio, the changes in equivalence ratio completely changes the topology of the flames. Another important observation is the CH* emissions in the side re-circulation zones; for φ 0 G =0.65, there is no combustion in the side re-circulation zone. When the equivalence ratio is increased to φ 0 G =0.7, the side re-circulation zone becomes able to sustain the reactions as the temperature of the walls of the combustion chamber is increased and the flame itself becomes more robust to heat losses. When the equivalence ratio is further increased, the center flame is able to consume the reactants as the speed of the flame increases, so that the fresh gasses are burnt before transported to this side re-circulation region. When methane is injected through the injection tube (Fig. 3.13), the flame length is reduced for U sw ≤18 m/s for φ 0 G =0.65 and all φ 0 G =0.7 flames of PC10 cases compared to the corresponding REF flames, however methane injection is not nearly as effective as reducing flame lengths compared to hydrogen injection. 

Conclusions

Examining the flames with hydrogen and methane injection and hydrogen enrichment, the following conclusions can be derived.

• Hydrogen addition to methane, either in the form of hydrogen enrichment (perfectly premixed with methane/air mixture) or hydrogen piloting (injected directly into the combustion chamber) makes the flames shorter. This is due to the higher flame speed of hydrogen.

• Hydrogen piloting (PH cases) is much more efficient in reduction of flame lengths and flame anchoring compared to hydrogen enrichment (MH cases) and methane piloting (PC cases), especially for lower equivalence ratios. Causing a redistribution of the volumetric heat release toward the root of the flame, even for very low fractions of pilot power such as 4%, hydrogen can be used to attach flames that are otherwise detached, meaning that low amounts of hydrogen can be used to extend stability limits of combustion systems.

• As the extinction strain rate and diffusivity of hydrogen in air is much higher compared to methane, hydrogen can be injected at much higher power fractions (or velocities) without blow-off compared to methane.

• As expected, increased swirl makes the flames shorter for the same combustion chamber diameter. However, when combustion chamber diameter is increased for the same swirl, it has been observed that the flame topology changes completely and flames become longer, although this should not be interpreted as a general trend.

• For swirled flames, the flame topology is much more sensitive to changes in equivalence ratio and injection strategies compared to changes in bulk velocity.

There are some cases where the flames are lifted of when bulk velocity is increased for the same equivalence ratio, but globally, the topology of most of the flames are very similar with changing bulk velocities with an increase in CH* emissions proportional to thermal power.

DYNAMIC STABILITY CHARACTERISTICS OF MIRADAS SETUP

Dynamic instabilities in combustion systems are defined as large scale oscillations in pressure, velocity and heat release which have distinct frequencies, associated to the natural acoustic modes of the combustion systems, referred generally as combustion instabilities. More specifically, as they are linked to acoustic modes of the system, dynamical instabilities are referred to as self sustained thermo-acoustic instabilities.

They are a product of the feedback loop between the unsteady pressure and velocity and unsteady heat release [5,6,[START_REF] Lieuwen | Unsteady Combustor Physics[END_REF][START_REF] Dunn-Rankin | Lean Combustion: Technology and Control[END_REF][START_REF] Mcmanus | A review of active control of combustion instabilities[END_REF].

In this chapter, the dynamic stability characteristics of MIRADAS setup will be explored. Firstly an introduction to the configuration used is given in Section 4.1.

Then, the stability maps are presented in Section 4.2. Next, the low order model constructed to study the mode shapes is presented in Section 4.3. Afterwards, spectral analysis of unstable modes and the classification of modes are presented in Section 4.4.

Configuration Used to Study Dynamic Combustion Instabilities

It is well known that the acoustic characteristics of the combustion system play a first order role in combustion dynamics, most importantly the impedances downstream and upstream of the flame [START_REF] Tran | Damping combustion instabilities with perforates at the premixer inlet of a swirled burner[END_REF][START_REF] Noiray | Passive control of combustion instabilities involving premixed flames anchored on perforated plates[END_REF][START_REF] Hobson | Combustion Instabilities in Industrial Gas Turbines-Measurements on Operating Plant and Thermoacoustic Modeling[END_REF][START_REF] Noiray | Self-induced instabilities of premixed flames in a multiple injection configuration[END_REF][START_REF] Tran | Passive Control of the Inlet Acoustic Boundary of a Swirled Burner at High Amplitude Combustion Instabilities[END_REF][START_REF] Tran | Analysis and Control of Combustion Instabilities by Adaptive Reflection Coefficients[END_REF][START_REF] Lieuwen | Theoretical investigation of combustion instability mechanisms in lean premixed gas turbines[END_REF]. In MIRADAS setup, the modifications of acoustic impedances are achieved by changing the length of the plenum and the combustion chamber. Flame stabilization in the MIRADAS setup is studied using a "shorter" configuration, the dynamic stability is studied using a "longer" configuration, with a plenum length of L p =258 mm and a combustion chamber length of L c =297 mm. The schematic representation of the configuration used to study self sustained thermo-acoustic instabilities is presented in Fig. With this control strategy, it is possible to construct the stability maps of MIRADAS setup for a wide variety of operating conditions.

Dynamic Stability Maps of MIRADAS Setup

The stability maps are constructed with different injection and enrichment strategies, as presented in Fig. The variations in injection strategies and hydrogen enrichment are conducted at constant thermal power P because this parameter has a first-order impact on the magnitude of combustion instabilities. Therefore, the control parameters are the fraction of the thermal power from hydrogen, P H 2 and that from the pilot flame, P pilot . Accordingly, the fraction of power from the main mixture is P main = 1 -P pilot . The reference is a fully premixed methane-air case without piloting, labelled REF in Fig. 2.5. Then piloting with hydrogen is considered in cases PH1 and PH2 corresponding to P H 2 = 1% and 2%, respectively. Cases PC1 and PC2 correspond to injection of methane in the pilot tube, with the same levels of power P pilot . Finally, in cases MH1 and MH2 the pilot is turned off and the hydrogen is premixed in the main stream, with corresponding power fractions P H 2 . All these cases are summarized in Tab. 2.3. They allow a systematic investigation of fuel composition, piloting and pilot fuel at low levels of hydrogen addition. even though the boundaries of the unstable regions are slightly shifted. For some operating conditions, hysteresis takes place in which cases the instability jumps from one intensity to another. These operating conditions are marked with half circles.

Finally, a X indicates a condition that was not explored because the instability is too strong and may damage the burner. This nomenclature is used for Figs. 4.2 through 4.5. The control strategy explored here is the pilot injection of hydrogen in small quantities.

For PH1 (respectively PH2), 1% (respectively 2%) of the methane flow rate is removed from the main mixture and the hydrogen pilot flow rate is adjusted to compensate for the loss in thermal power. Because of the large differences in molecular weight between H 2 and CH 4 , this yields a molar fraction of hydrogen in the total fuel flow X f H 2 = 3.2% for PH1 and X f H 2 = 6.3% for PH2 (see Tab. 2.3). The corresponding stability maps are shown in Fig. 4.3. Markers correspond to operating conditions that could not be explored because the pilot mass flow rates are too small for a stable regulation by the mass-flow controllers.

For PH1 there is a reduction of the acoustic pressure level in the system for velocities in the range 18 ≤ U sw ≤ 28 m.s -1 and the total number of unstable points has been reduced by one third. This is a very significant impact of the hydrogen injection for it contributes to only 1% of the thermal power. A further increase in the hydrogen content (case PH2 in Fig. 4.3) results in the complete suppression of all unstable points for U sw ≤ 24 m.s -1 and φ 0 G =0.7. The conclusion is that a minimal level of hydrogen piloting has allowed to stabilize the unstable operating points at low thermal power.

However, the stability of the combustor at high power, i.e. the upper-right quadrant in Fig. 4.3), gets worse as the pilot hydrogen is increased. Interestingly, in these conditions, the bulk flow velocity U H 2 of the hydrogen flow in the pilot tube is less than 3% of the bulk velocity U sw of swirled flow in the main annular injection channel. This rules out that direct modifications of the flow field caused by the pilot jet would be the cause for the modified stability.

In order to mimic a practical situation, it was chosen to keep the air flow rate and the thermal power constant. Therefore, hydrogen piloting yields small changes in global equivalence ratio φ 0 G and bulk velocity U sw in the main annular injection channel. One can show that for PH1 (respectively PH2), U sw is reduced to 99.9% (respectively 99.8%) of the bulk velocity of case REF. The reduction of φ 0 G is less than 0.1%.

It is well known that fuel piloting affects the stability of swirl burners. In order to assess the influence of hydrogen, methane piloting is considered with cases PC1 and PC2, by As a conclusion, it was shown that pilot hydrogen injection has a strong influence on the stability maps of the present swirl combustor, even at very low flow rates. With 2% of the thermal power from hydrogen, stability is greatly increased for low power operating conditions but degrades for high power. It should be noted that the hydrogen injected in the burner provides only up to 2% of the total power, which is minute.

In previous investigations, conducted with fully premixed systems, hydrogen addition between 3.2%-9.1% of the total power was shown to make the system more unstable even at low equivalence ratios [START_REF] Figura | The Effects of Fuel Composition on Flame Structure and Combustion Dynamics in a Lean Premixed Combustor[END_REF][START_REF] Taamallah | Fuel flexibility, stability and emissions in premixed hydrogen-rich gas turbine combustion: Technology, fundamentals, and numerical simulations[END_REF][START_REF] Taamallah | Thermo-acoustic instabilities in lean premixed swirl-stabilized combustion and their link to acoustically coupled and decoupled flame macrostructures[END_REF]. Comparing between hydrogen injection, methane injection and hydrogen premixing, it can be concluded that for low flow-rates, hydrogen injection is the most efficient method to change the stability characteristics. For the cases with hydrogen, there is no obvious difference between P H 2 = 1% and 2%. However between PC1 and PC2, the increase of the methane flow rate enhances the emission of CH * in the streak of the pilot tube. 

Low Order Model of MIRADAS Setup and Comparison with Experimental

Data

The previous experimental sections have shown that H2 injection was able to decrease instabilities. We now try to provide theoretical explanations for these observations.

The stability of a combustion system can be explored by reduced order models, where the system is expressed as a series of discrete acoustic elements connected by transfer matrices [START_REF] Dowling | Acoustic Analysis of Gas Turbine Combustors[END_REF][START_REF] Dowling | Combustion noise[END_REF][START_REF] Parmentier | A simple analytical model to study and control azimuthal instabilities in annular combustion chambers[END_REF]. These types of analyses are quicker to perform compared to full geometry LES calculations [START_REF] Franzelli | Large Eddy Simulation of combustion instabilities in a lean partially premixed swirled flame[END_REF][START_REF] Wolf | Using LES to Study Reacting Flows and Instabilities in Annular Combustion Chambers[END_REF][START_REF] Zellhuber | Experimental and Numerical Investigation of Thermoacoustic Sources Related to High-Frequency Instabilities[END_REF] or Helmholtz solvers [START_REF] Nicoud | Acoustic Modes in Combustors with Complex Impedances and Multidimensional Active Flames[END_REF][START_REF] Wolf | Acoustic and Large Eddy Simulation studies of azimuthal modes in annular combustion chambers[END_REF][START_REF] Roux | Studies of mean and unsteady flow in a swirled combustor using experiments, acoustic analysis, and large eddy simulations[END_REF] and are efficient methods to asses the acoustic behavior of combustion systems.

To perform the acoustic stability analysis of the setup, a low order instability simulator called OSCILOS, developed by Imperial College London, is used [START_REF] Han | Prediction of combustion instability limit cycle oscillations by combining flame describing function simulations with a thermoacoustic network model[END_REF][START_REF] Yang | Acoustic Models for Cooled Helmholtz Resonators[END_REF][START_REF] Li | Numerical prediction of combustion instability limit cycle oscillations for a combustor with a long flame[END_REF]. In the low order model, the geometry is represented by a series of ducts connected by transfer matrices. The speed of sound and density field are calculated from thermodynamic relations. The flames are represented by flame transfer functions and the reflection coefficients at the boundaries needs to be specified to complete the model.

To validate the numerical model, the modes of the system without combustion have first been calculated. This is done by setting T = 292 K in the whole combustor, without an active flame and temperature jump. One needs to define reflection coefficients at the boundaries. A reflection coefficient of R = 1 has been applied at the inlet corresponding to a fully reflecting closed end boundary. For all the low order model calculations, the reflection coefficients at the flame tube outlet are represented by linear system fits, where the reflection coefficient is a function of frequency. To deduce the reflection coefficient at the outlet of the combustion chamber, measurements without flow are performed with three microphone measurement techniques [START_REF] Tran | Influence of inlet acoustic boundary condition on large amplitude combustion instabilities : design of a robust impedance control system[END_REF][START_REF] Chung | Cross-spectral method of measuring acoustic intensity without error caused by instrument phase mismatch[END_REF]. For hot operation with mean flow, the reflection coefficient needs to be corrected for the change in the speed of sound and the effect of mean Mach. To express the reflection coefficient, a modified version of the model of Levine

and Schwinger [START_REF] Levine | On the Radiation of Sound from an Unflanged Circular Pipe[END_REF] has been applied:

Z s (k, 0) = C (ka) 2 + ikδ 0 and R (k, 0) = Z s -1 Z s + 1 (4.1)
where a is the radius of the pipe, C = 0.25 for unflanged and C = 0.5 for flanged pipes, δ 0 is the end correction without mean flow and k is the wavelength. A fit has been applied to determine this constant for MIRADAS setup. To account for the change in the speed of sound for hot operation, the wavelength needs to be corrected and it is assumed that the end correction δ does not change with temperature. As there is mean flow in hot operation, one needs to apply a correction to the refleclection coefficient as well. Davies proposed the following expression for the correction of the mean Mach number [START_REF] Davies | Practical flow duct acoustics[END_REF]: This passive flame low order modal analysis was performed for different chamber temperatures. Although the frequencies of the modes change slightly with temperature, the phase of acoustic pressure in the chamber remains the same for the respective modes; for MODE-1, (Fig. 4.10) the chamber pressure is in phase opposition with the acoustic pressure at the bottom of the plenum and MODE-2, (Fig. 4.11) the chamber pressure is in phase with the acoustic pressure at the bottom of the plenum. This property will be later used to classify the modes.

R (k, M) = R (k, 0) [(1 -αM) / (1 + αM)] 0.9 (4.

Analysis of Instability Signals and Unstable Modes

The RMSs of the pressure signals give an overall view of the strength of instability of the combustion system, however neither frequency information nor information on transitory modes, which can switch between different modes (frequencies) or the amplitudes which oscillate cannot be obtained from analyzing RMS values. This behavior needs to be studied with spectral analysis methods.

Typical pressure and velocity signals recorded during the limit cycle all cases (Table 2.3) for a bulk velocity of U sw =18 m/s and an initial equivalence ratio of φ 0 G =0.8 are presented in Fig. 4.12. The total recording time is 10 seconds, so this 4 ms window in Fig. 4.12 corresponds to a small part of the recorded signals. Using the raw signals presented in Fig. 4.12, it is difficult to distinguish between MODE-1 and MODE-2 as the phase of the pressure at M1 location is nearly the same for both modes, measurements inside the chamber is needed to classify the modes. For this, an acoustic reconstruction technique is developed and validated with pressure measurements inside the combustion chamber which will be presented further down the text. What makes the situation more complicated is that these two modes sometimes co exist for certain regimes and we will now study these issues. Similarly, the dominant frequencies for all cases are presented in Fig. Furthermore, by short time fast Fourier transform analysis, the changes that occur quickly can be examined as well. For example, there are operating points where the instability reaches a quasi limit cycle, then it's is dissipated for a short amount of time and then re-initiated. Additionally switches in frequencies where the instability switches from a frequency to another frequency also occurs. For the MIRADAS setup, three different classes are defined; established limit cycles where the frequency and the amplitude of the oscillations are stable over a long time scale, short-lived limit cycles where the frequency of the instability does not change but the instability fades out and fades in with time and intermittent limit cycles where different modes compete and the frequency and the amplitude of the oscillations change with time.

Additionally, classifications between mode shapes are done corresponding to MODE-1 and MODE-2. This is done by evaluating the phase of the pressure fluctuations between the annular injection channel exit and the MB microphone. For MODE-1, acoustic pressure fluctuations at the annular injection channel outlet is in phase opposition with the pressure fluctuations at MB microphone and for MODE-2, they are in phase. This property is used to classify different modes in MIRADAS setup.

The established limit cycles are defined as where the RMS of the amplitude of the pressure fluctuations are less than 30% of the average and the phase of the pressure fluctuations at the chamber do not vary more than 20 • . An example of the established limit cycle is given in Fig. 4.15. Furthermore, as the pressure fluctuations in the combustion chamber are in phase with the pressure fluctuations at the bottom of the plenum, this mode is defined as MODE-2. For this operating point, acoustic pressure measurements taken inside the combustion chamber are available and they are compared to the acoustic pressure at the exit of the annular injection channel reconstructed using the technique described in Appendix A. A for verification.

The classified modes for the REF cases are presented in Fig. 4.16. Intermittent limit cycles are defined as the cases where the RMS of the amplitude of the pressure fluctuations does not change more than 30/% of the mean amplitude of pressure fluctuations during 10 seconds, however the phase between the pressure fluctuations at the bottom of the plenum and the exit of the annular injection chamber changes more than 20 • . The short lived limit cycles are defined as the operating points where the Examining Fig. 4.17, it can be seen for the REF case at U sw =30 m/s φ 0 G =0.7, the mode shape corresponds to MODE-1 (Fig. 4.10) as judged from the phase between the annular injection channel outlet and the MB pressure. When the bulk velocity at the annular injection channel is increased to U sw =32 m/s for the same equivalence ratio, a competitive behavior between MODE-1 (Fig. 

Conclusions

In this chapter, self sustained thermo-acoustic instabilities encountered in MIRADAS experiment have been analyzed and classified. The following conclusions can be deduced.

• For low levels of hydrogen power fraction P H 2 ≤0.02, hydrogen enrichment (P pilot = 0) does not affect the dynamic stability of the setup for the fully premixed mode.

• This is also true for methane piloting, for low levels of methane piloting (P pilot ≤0.02, P H 2 =0) , the dynamic stability of the setup remains unchanged.

• For low levels of hydrogen piloting (P H 2 ≤0.02, P pilot ≤0.02), the dynamic stability behavior completely changes. With 1% (PH1) and 2% (PH2) hydrogen injection respectively 30% and 40% of the operating points that are unstable for the REF case become stable operating points. Hydrogen injection is found out to be most effective for MODE-2 at a higher frequency, For PH2 cases, all the instabilities locked to this mode are eliminated. 71

HEAT RELEASE RESPONSE TO ACOUSTIC FLUCTUATIONS

Determining the forced response of flames is a powerful way to infer the susceptibility of combustors to thermo-acoustic instabilities [START_REF] Nicoud | Acoustic Modes in Combustors with Complex Impedances and Multidimensional Active Flames[END_REF][START_REF] Laera | Flame Describing Function analysis of spinning and standing modes in an annular combustor and comparison with experiments[END_REF][START_REF] Camporeale | A Finite Element Method for Three-Dimensional Analysis of Thermo-acoustic Combustion Instability[END_REF]. In the frequency space, this response corresponds to the Flame Transfer Functions (FTF) in the linear regime or Flame Describing Functions (FDF) for finite amplitude perturbations [START_REF] Noiray | A unified framework for nonlinear combustion instability analysis based on the flame describing function[END_REF][START_REF] Dowling | A kinematic model of a ducted flame[END_REF].

The pioneering work in this field is done by Crocco which links the unsteady velocity to unsteady heat release rate by a gain n and a time lag τ [START_REF] Crocco | Aspects of Combustion Stability in Liquid Propellant Rocket Motors Part I: Fundamentals. Low Frequency Instability With Monopropellants[END_REF] as Q′ = nu ′ (t -τ). When a perturbation in velocity upstream of the flame occurs, the flame reacts accordingly with a heat release rate response after a time τ. The strength of this response depends on the gain n.

Further developments lead to the notion of linear Flame Transfer Functions, where the harmonic response of flames are measured by introducing sinusoidal acoustic fluctuations and measuring the heat release response [START_REF] Lohrmann | Flame Transfer Function Characteristics of Swirl Flames for Gas Turbine Applications[END_REF][START_REF] Ranalli | Measurement of Flame Transfer Functions in Swirl-Stabilized, Lean-Premixed Combustion[END_REF][START_REF] Guyot | Optical Transfer Function Measurement for a Premixed Swirl-Stabilized Flame at Atmospheric Conditions[END_REF][START_REF] Kim | Generalization of Turbulent Swirl Flame Transfer Functions in Gas Turbine Combustors[END_REF]. In addition, Flame Describing Functions, where the effect of the amplitude of the velocity fluctuations were included in flame response models were constructed to better represent limit cycle flame dynamics [START_REF] Bellows | Nonlinear Flame Transfer Function Characteristics in a Swirl-Stabilized Combustor[END_REF][START_REF] Harper | Experimental investigation of the nonlinear flame response to flow disturbances in a gas turbine combustor[END_REF][START_REF] Schimek | An Experimental Investigation of the Nonlinear Response of an Atmospheric Swirl-Stabilized Premixed Flame[END_REF][START_REF] Palies | Dynamics of premixed confined swirling flames[END_REF][START_REF] Durox | Experimental analysis of nonlinear flame transfer functions for different flame geometries[END_REF].

For an operating point kept at U sw and φ , the flame describing functions for MIRADAS setup are expressed in the form as presented in Eq.5.1.

Ĩ

I ∼ = Q Q = G(ω, ũ0 ) exp(iϕ(ω, ũ0 )) ũ0 U sw (5.1)
where Q and u 0 denote the global heat release rate and the velocity at the burner outlet in section 0 respectively. The operator • stands for the Fourier component of the signal at the angular forcing frequency ω and • means the time averaged value. In this framework, the heat release rate fluctuation Q, deduced from the PM equipped with the CH* filter, features a gain G and a phase lag ϕ with respect to the acoustic velocity ũ0 .

Then the Flame Describing Function (FDF) and the Flame Transfer Function (FT F)

for a constant forcing amplitude can be expressed as presented in Eq.5.2.

FDF = G(ω, ũ0 ) exp(iϕ(ω, ũ0 )) FT F = G(ω) exp(iϕ(ω)) G = |FTF|, ϕ = ∠FTF (5.2)
The prerequisite for this task is a stable flame, which is again obtained with the flame tube and plenum lengths l f = 97 mm and l p = 147 mm, respectively. In this case the system is void of thermo-acoustic instabilities for all operating points studied. The bottom cap of the plenum is replaced with an extension housing a loud-speaker as shown in Fig. 5.1. Using this configuration, the flow in the main annular injection channel is submitted to harmonic modulation with a controllable level. The FTF should be determined with a reference velocity as close as possible to the burner outlet [START_REF] Truffin | Comparison and extension of methods for acoustic identification of burners[END_REF]. In a swirling injector, it is difficult to instrument the burner at this location and a similar technique as used by [START_REF] Gaudron | Flame Describing Functions of a Confined Premixed Swirled Combustor With Upstream and Downstream Forcing[END_REF] to reconstruct the acoustic velocity ũ0 at the burner outlet from the hot-wire probe HW and the pressure M1 signals upstream of the swirler. This reconstructed velocity is used to measure FTFs.

This is an important aspect of the method because the distance l i = 87 mm between sections 0 and 1 is not short. Even at relatively low frequencies there may be a node in the acoustic field between HW and the flame. The methodology is fully described in Annex A. For all the FTFs obtained, the forcing by the loudspeaker is tuned so that the ratio of amplitude of the velocity fluctuation at the burner outlet to the bulk velocity | ũ0 |/U sw is constant for all frequencies for a given forcing amplitude. few percent of hydrogen, X f H 2 < 2% does not alter the dynamic stability of the system. However when the injection power is increased to 4% and beyond, the maximum of the FTF is shifted towards higher frequencies. The cross-over frequencies where the gain of the hydrogen enriched cases surpasses REF case can be defined as 450 Hz and 510 Hz for MH4 and MH10 cases respectively. Concurrently the delay of the flames become significantly shorter, at 600 Hz, the FTF phase lag is close to 3π for the REF case and drops to 2π for MH10. This is attributed to increase in flame speed and decrease in flame length.

Methane injection in the central pilot fuel line (PC cases) decreases the FTF gain |FTF| for a broad range of frequencies, however, the FTF phase lag ∠FTF is marginally altered. This is consistent with the modest reduction in the magnitude of the limit-cycle amplitude of the unstable modes observed for the PC cases in Fig. 4.13. The Rayleigh index is barely modified because the FTF phase lag is identical for the REF case and the PC cases. However, a slight reduction in FTF gain |FTF| leads to unstable modes with lower pressure amplitudes. For PC4 and PC10 cases there are two dips at 80 Hz 170 Hz.

The strongest alteration of the FTF is obtained with hydrogen piloting for PH cases.

The most obvious impact is the large reduction of the FTF gain in the range 150 Hz to 300 Hz, which is more pronounced when the flowrate of hydrogen injection is increased. The large dip of the gain |FTF| around 220-240 Hz with a change in the slope of the phase lag ∠FTF is characteristic of interferences between acoustic waves and azimuthal convective waves downstream the swirler [START_REF] Komarek | Impact of Swirl Fluctuations on the Flame Response of a Perfectly Premixed Swirl Burner[END_REF][START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Bunce | Interaction Between Swirl Number Fluctuations and Vortex Shedding in a Single-Nozzle Turbulent Swirling Fully-Premixed Combustor[END_REF].

Above 300 Hz, the FTF gain for the PH cases lies below the REF case and decreases with increased hydrogen injection. For frequencies higher than ≥300 Hz, the FTF phase lags between the PH and REF cases begin to deviate and the difference increases with the forcing frequency, resulting in a large difference at the frequency of the instability at this operating point (U sw =18 m/s φ 0 G =0.8.). Around 590 Hz, one reads in Fig. 5 This large difference of the FTF phase lag ϕ is at the origin of the augmented stability margins of the PH cases. This is highlighted by conducting a simplified acoustic energy balance. For a compact flame, the thermo-acoustic energy release at frequency f = 1/T in the system is determined by the Rayleigh index: In Eq. 5.3 Re [•] is the real component of the complex argument and the star denotes the complex conjugate. It makes use of the complex burner impedance Z at the instability frequency f :

R = 1 T T γ -1 γ p p ′ Q′ dt = (γ -1) 2γ p Re Z ũ0 Q * (5.3)
Z = p0 ũ0 = |Z| exp(iϕ 0 ) (5.4)
where p0 and ũ0 denote the acoustic pressure and velocity at the burner outlet in section (0). In this study, the phase lag ϕ 0 in section 0 is deduced from acoustic field reconstructions from p0 and ũ0 with measurements of p1 and ũ1 made in section (1).

This reconstruction of the acoustic field at the burner outlet was verified with pressure measurements taken from inside the chamber.

When the Rayleigh index is positive R > 0 the combustion dynamics destabilizes the system. When R < 0, the flame damps acoustic perturbations and the system is stable.

Equations (5.2) and (5.4) are used to rewrite the Rayleigh source term as a function of the phase lags from the burner impedance Z and FTF:

R = (γ -1) Q 2γ pU sw | ũ0 | 2 |Z|G cos (ϕ 0 -ϕ) (5.5) 
When the burner impedance Z, the FTF or the acoustic velocity ũ0 at the burner outlet vanishes, there is no thermo-acoustic energy release R = 0. For all other conditions, the thermo-acoustic source may damp R < 0 or amplify R > 0 acoustic perturbations, depending on the phase lags ϕ 0 and ϕ from the burner impedance Z and FTF, respectively. According to Eq. (5.5) and neglecting other damping mechanisms, unstable modes need to comply with:

- π 2 [2π] < ϕ -ϕ 0 < π 2 [2π] (5.6) 
Knowing that the burner impedance at f ≃ 590 Hz is ϕ 0 ≃ 1.96 rad, one deduces that to trigger an instability the FTF phase lag necessarily belongs to: 0.39 < ϕ < 3.53 or 6.67 < ϕ < 9.82 (5.7)

For the Ref methane/air case, methane piloting PC1, PC2 cases and the fully premixed hydrogen/methane MH1 and MH2 cases, the FTF phase lag ϕ(590) ∼ 7.69 rad falls within the second instability region. With hydrogen piloting, PH1 and PH2, ϕ(590) ∼ 6.36 rad falls within the stable band 3.53 < ϕ < 6.67. This analysis shows that minimal hydrogen injection through a pilot jet is an efficient way to alter the FTF with significant changes of the gain at low forcing frequencies and phase lag at high forcing frequencies. This in turn can be used to drastically change the stability margins of the combustor.

Flame transfer functions at different forcing levels are also studied. In Fig. 5.5 flame transfer functions with a forcing level of ũ0 /U sw = 0.30 are presented. With increased forcing levels, there is a broadband reduction in the FTF gain for nearly all frequencies except PH2 case, where the gain slightly increases around 220 Hz where thedip occurs.

Furthermore an augmentation of FTF phase is observed for all cases except PH10 case, where the phase drops very slightly. This behaviour is due to the saturation of FTF gain and a property often reported [START_REF] Palies | Dynamics of premixed confined swirling flames[END_REF][START_REF] Durox | Experimental analysis of nonlinear flame transfer functions for different flame geometries[END_REF]. For the REF case, the frequency of maximum FTF gain drops from 360 Hz at 10% pulsation to to 280 Hz for 30% pulsation.

For PH cases, the difference in the phase of FTF ∠FTF with increased levels of hydrogen piloting becomes more pronounced with the increased forcing level of ũ0 /U sw = 0.30 compared to the forcing level of ũ0 /U sw = 0.10. FTF phase ∠FTF drops with increased level of hydrogen piloting. For PH2 case, the gain around the dip at 220 Hz increases slightly, however for frequencies higher than 260 Hz, there is a consistent drop in FTF gain.

For PC4 and PC10 cases, the same behavior of reduced gains with increased levels of methane piloting as with the forcing level of ũ0 /U sw = 0.10 is also observed with a forcing level of ũ0 /U sw = 0.30. As the forcing level is increased, the gain of the FTFs drops, however this drop occurs for frequencies larger than 180 Hz and 300 Hz for PC4 and PC10 cases respectively. Below these frequencies the drop in gain with increased forcing level is obscure.

For MH cases, the increase in phase is less compared to the REF case and the cross-over frequency drops down to 340 Hz and 430 Hz for MH4 and MH10 cases respectively. The frequency of maximum gain FTF gain drops from 450 Hz for 10% forcing level Hz to 300 Hz for 30% frocing level for MH4 case. The FTF gain demonstrates a plateau behavior between 200 Hz and 650 Hz with near unity gains over this frequency range for MH10 case. 82

When the forcing level is further increased, to ũ0 /U sw = 0.60 (Fig. 5.6), gains are reduced even further. For the REF case, there is a steep fall in the gain plot and a bump in the phase plot at around 450 Hz. This point coincides with the point where the flame is lifted because of high levels of forcing and will be explained further down the text. This behavior is not present with 4% of hydrogen enrichment and all levels of hydrogen piloting, where the flames are attached for the frequency range of 10 Hz to 600 Hz and the forcing levels studied. This shows the efficiency of hydrogen in flame holding even for high forcing levels. 

Flame Transfer Functions with 35 • Swirler, D c =46 mm Combustion Chamber

When the swirl number is increased to S=0.86, there is a broadband reduction in gain for mid range frequencies (120 Hz to 500 Hz) and increase in gain at high frequencies >500 Hz for the REF case compared to the REF case of S=0.33. Furthermore the dip at around 90 Hz for the swirl number of S=0.33 moves to 170 Hz for S=0.86. The maximum FTFs gain is not reported for the swirl number of S=0.86 as the FTF gain resembles a plateau for frequencies greater than 300 Hz for the REF case. This shows that when the swirl number is increased, the FTF gain drops for lower frequencies, however, there is more activity at high frequencies.

For hydrogen injection, the dip at 240 Hz is still present for all PH cases, and the saturation of drop in FTF gain happens at PH2 rather than PH4 for the lower swirl number. The delay of the flame response is reduced with increased hydrogen injection, however the drops in phase with increased levels of hydrogen injection is less pronounced. There is also a broadband increase in gain for frequencies higher than 400 Hz 360 Hz and 320 Hz for PH2, PH4 and PH10 cases respectively.

For PC cases, the bump at low frequency moves from 40 Hz for S=0.33 to 60 Hz for S=0. [START_REF] Tran | Damping combustion instabilities with perforates at the premixer inlet of a swirled burner[END_REF]. The dips at 70 Hz and 180 Hz persist at the same frequencies similar to S=0.33 cases, however for S=0.86 cases the dip at 180 Hz is more pronounced. As in S=0.33 cases, the methane injection does not change the delay of the flame response.

For MH cases, the behavior of the gain resembles to the gain of the REF case for S=0.86, meaning the increase in activity at higher frequencies with hydrogen enrichment is less pronounced, however the time lag of the flames is greatly reduced with hydrogen enrichment. This is due to the reduction in flame length as the flame speed is increased as can be observed in Fig. 3.8. 

Low Order Model With Active Flame

With the measured flame transfer functions, it is possible to assess the stability of the combustion system using the low order model constructed. This is done by representing the contribution of the flame to the acoustic activity by Flame Describing Functions which consist of Flame Transfer Functions at multiple forcing amplitudes.

Here the flame is assumed to be compact and infinitely thin, separating the fresh gasses in the plenum and the burner and the burnt gasses in the combustion chamber. With this representation, the heat release rate fluctuations are linked to the velocity perturbations at the burner outlet.

In OSCILOS, the contributions of the flames are represented by fitting time invariant linear system models to the experimental measured transfer functions. To calculate the modes of the system with combustion and active flames, the temperature of the gases in the plenum and the burner are set to T u = 292.15 K. The temperature of the gasses is measured at the center of the outlet of the flame tube with a thermocouple and radiation corrected which corresponds to T b = 1425 K. This value is set in the numerical model for the burnt gases filling the flame tube. The corresponding speeds of sound at the respective sections are deduced from ideal gas relations.

The modes of the cases with a temperature jump, active flames and corrected reflection coefficients were calculated with OSCILOS software and are presented in Fig. 5.8.

The imaginary parts of these eigenvalues are the angular frequencies w n = 2π f n = Im (s n ) of the modes and the real parts Re (s n ) = σ n are the growth rates σ n . Here the instantaneous signal of any acoustic variable of a single eigenvalue system can be expressed as a(t) = Re ( ãe s 0 t ) = Re ãe σ 0 t e iω 0 t where ã is an arbitrary complex amplitude evaluated at t = 0.

For the REF case, at 10% forcing ( ũ0 /U sw = 0.10), the model predicts a mode locked at 620 Hz with a positive growth rate of σ =191 1/s. When the forcing level is increased to ũ0 /U sw = 0.30 and ũ0 /U sw = 0.50, this mode goes to f =604 Hz -σ =103 1/s and f =605 Hz -σ =78 1/s respectively. To asses the model at the limit cycle, the FTF gain and phase has been calculated from the limit cycle data and fed to the model, which results in a mode at f =611 Hz -σ =50 1/s contrary to the limit cycle measurements at 86 591 Hz. This result brings forward the conclusion that the acoustic losses in the model are under-predicted, as the low order model of the limit cycle measurements predict a positive growth rate. Furthermore, the modes at 10% forcing for all cases studied in stability maps are also calculated. The results are presented in Fig. 5.9. The model captures that hydrogen enrichment at low levels P H 2 ≤ 2 does not alter the stability behavior of the system.

Furthermore, with 2% methane injection (PC2 case), the modeled growth rate drops to σ =150 1/s from σ =191 1/s for the REF case. This is consistent with the drop in the limit cycle pressure amplitude measured with the MB microphone which drops to 520 Pa for the PC2 case from the limit cycle amplitude of 1140 Pa of the REF case. More interestingly, the increase in frequency for PH1 case is also captured.

The frequency of the instability goes to 649 Hz for PH1 case with a reduced growth rate. This is also consistent with the measurements, as the limit cycle frequency of the PH1 case goes to 641 Hz with an amplitude reduced to 25 Pa as measured by MB microphone. PH1 case is marked as stable in stability maps as RMS of limit cycle pressure fluctuations is less than 300 Pa. The models predicts a positive growth rate for the completely stable PH2 case, however with a simple analogy that the acoustic losses are constant, it can be shown that the growth rate is lower than the acoustic losses deduced from the limit cycle measurements of the REF case. measured by microphone MB. This figure confirms that the acoustic pressure in the flame tube is in phase with the pressure signal measured by microphone MB.

Radial Injection, Multi Input Flame Transfer Functions and Flame Response

Control

As the name suggests, MIRADAS (Mitigation of Instabilities by Radially and/or Axially Directed Addition of Species) setup is designed in a way that also permits radial injection of gasses. Furthermore, with the chamber and a speaker, the flow-rate of the gasses can be pulsated. This configuration of MIRADAS setup is not heavily exploited and left for future studies. However initial interesting results are also obtained with this configuration which will be presented in this section. A brief technical description is presented in Fig. 5.11. The operating point presented in Fig. 5.11 is obtained by fixing the equivalence ratio φ G =0.75 and injecting 10% of the total air flow by the 4 radial injection holes of 1 mm diameter separated by 90 • around the axis. Evidently, 10% of the airflow is removed from the main flow to keep the equivalence ratio constant. With the aid of a second speaker, the injection flowrate can also be pulsated, creating a modulation in instantaneous equivalence ratio at the outlet of the burner similar to [START_REF] Ćosić | Response of a swirl-stabilized flame to simultaneous perturbations in equivalence ratio and velocity at high oscillation amplitudes[END_REF]. This equivalence ratio modulation also creates fluctuations in the instantaneous heat release as well. When two speakers are used simultaneously, the heat release fluctuations are caused by both velocity modulation (bottom speaker) and equivalence ratio fluctuations (external speaker and reverberating chamber) which act on the flame response together. The contributions of each of these modulations can be decomposed to give a multi-input-single-output system with two flame transfer functions, one for the velocity modulation and one for the equivalence ratio modulation as presented in Eq.5.8 [START_REF] Huber | Dynamics of Practical Premixed Flames, Part I: Model Structure and Identification[END_REF][START_REF] Huber | Impact of Fuel Supply Impedance on Combustion Stability of Gas Turbines[END_REF]. 

Q Q = FT F u (ω) ũ ū + FT F φ (ω) φ φ (5.
≡ | Ĩ| Ī ≈ 0.
This phenomenon can be used to control instabilities, however with the present setup an active control system is needed. Development of a passive control system using equivalence ratio modulations are left to future studies.

It should be noted that, this canceling out effect in the heat release response is not due to the canceling out of the acoustic waves, but really the canceling out of the heat release fluctuations caused by equivalence ratio modulation and velocity modulation. This behavior can be observed by investigating the acoustic velocity or acoustic pressure signal. The non-dimensional acoustic velocity amplitude | ũ|/ ū goes from 25.6% at the phase of maximum global heat release response to 20.4% at the phase of minimum global heat release response, meaning that the acoustic activity in the chamber is still as strong. The difference in amplitude is caused by the activity of the flame, acting as a third speaker, injecting acoustic energy into the system. When the global heat release is zero, the acoustic energy put onto the system by the flame is diminished. 

Conclusions

In this chapter, the effect of hydrogen and methane piloting and hydrogen enrichment on flame dynamics has been experimentally studied by measured Flame Transfer Functions. The following conclusions can be derived.

• Hydrogen, when premixed with methane, in perfectly premixed regime (MH cases) reduces the delay of the flame responses, however causes higher FTF gains at high frequencies.

• High levels of methane piloting causes a broadband drop in the Flame Transfer Function gain for mid-range injection fractions 0.04 ≤ P pilot ≤ 0.1, however does not change the phase of the FTF, limitings its potential to be used as an efficient passive control parameter as the Rayleigh criteria remains practically unchanged. For low levels of methane injection P pilot ≤ 0.02, the FTF remains quasi-unchanged.

• Hydrogen in piloting regime (PH cases) reduces the gain of the flame transfer functions in a broadband manner for mid-range injection fractions 0.04 ≤ P H 2 = P pilot ≤ 0.1. However the most remarkable observation is the effectiveness of hydrogen injection on changing the phase of the flame transfer functions even for low injection power fractions P H 2 = P pilot ≤ 0.02.

• With its effectiveness on the phase of the FTFs, hydrogen piloting can be used to passively control combustion instabilities, without the application of flow-rate pulsation mechanisms.

• As expected, increased swirl causes shorter flames with shorter delays. However these flames are on the limit of flashback for low flow velocities.

• Low order acoustic models are an efficient method to predict the stability behavior of combustion systems, offering easy to set up calculations with easy to set up geometries and quick results with acceptable accuracy. Phase locked flame images of forced flames are recorded to investigate the differences in flame transfer functions for each case. This is done by forcing the flow with a speaker using a sinusoidal signal and at the same time triggering the camera using a TTL signal. The phase of the trigger is changed wrt. the drive signal to obtain images at different phases. These images are than aligned with the velocity signal at the outlet of the annular injection channel, so that the delays are reported wrt. to the velocity fluctuations, as in flame transfer functions. An example of these images are given in Fig. 6.1. Here the angles represent the phase of the instant at which the pictures are taken wrt. the velocity signal at the burner outlet. Furthermore, using time (phase) dependent intensities for each pixel of the phase locked flame images, the amplitude and phase at each pixel location can be obtained.

All the post processing in this chapter is summed up in Appendix A.2.

Firstly the amplitudes are presented for all cases from Fig. 6.4 to Fig. 6.6. It can be seen that for all frequencies, with hydrogen piloting (PH cases) there is increased activity with increased amplitudes at the roots of the flames near the injection tube outlet compared to REF cases. Moreover, there is a shift of heat release response activity towards upstream of the combustion chamber, towards the burner. This is attributed to the flame length getting shorter with the injection of hydrogen.
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With methane injection (PC cases) there is increased activity at the roots of the flames near the injection tube outlet, however not as pronounced as PH cases. Furthermore, the shift of the heat release response towards the upstream is quasi-nonexistent with methane injection, as the flame length is not modified with methane injection.

With hydrogen enrichment (MH cases), as the flame lengths get shorter with increased hydrogen fraction, the heat release response activity shifts towards upstream. As these cases are perfectly-premixed, the increase in amplitude of heat release fluctuations as in hydrogen piloted cases (PH cases) does not occur, instead, the heat release response activity is shifted downstream as a result of the increased flame speed. For methane piloting (PC) cases, because of methane piloting, the weight at the root of the flames increases as well, however this is not nearly as strong as hydrogen piloting.

101 This is consistent with the FTFs presented in Fig. 5.5; the phase of the FTFs is not altered with methane piloting. For the REF case, this projection is always positive, |I| p r (z) ≥ 0, meaning that there is no competition between the local heat release rates affecting the global heat release response. With hydrogen piloting (PH cases), a competition between the roots and the edges of the flames occur, which reduces the amplitude of the global heat release response (FTF gain) at 240 Hz as can be observed in Fig. 5.7. This reduction through competition of local heat release responses is proportional to the hydrogen injection fraction. For PC cases, this competition behavior is very discrete, that is it is not the reason of the drop in the FTF gains, however there is a distributed reduction in heat release response amplitude without a significant change in local and global phases.

With hydrogen enrichment, this competition between local responses is also present for high injection fractions (PH10), but not nearly as strong as hydrogen piloted cases. pick shape. This shape that lives in a quarter of the polar coordinate plane is an indication that there is limited "pull back effect" (local complex amplitudes that have phase opposition), also true for MH4 case. However for PH cases, the shape resembles more to an apple, which is extended over most of the three quadrants of the polar plane. As the opposing quadrants mean phase opposition this spread out apple shape is a precursor of the reduction of the global FTF gain and phase. A deformed version of this shape is also present for MH10 case, however this shape is not well spread into opposite quadrants to cause a big effect of "pull back". However because it is spread enough into two quadrants, the phase of the global FTF changes. Hydrogen piloted (PH) cases are presented in Fig. 6.17. The effect of hydrogen making flames shorter are visible in Fig. 6.17 Hydrogen enriched (MH) cases for 30% forcing at 400 Hz are presented in Fig. 6.19.

As discussed before, hydrogen enrichment also makes flames shorter with increased responsivity at the roots of the flames. Furthermore, it also reduces the local phase where significant heat release occurs. For MH cases forced at 400 Hz, there is a very slight competition behavior for MH10 case, the middle of the flame competes with the root and the edge, however not nearly as strong as PH cases. For MH4 case, |I| p r (z) ≥ 0 nearly for all along the axial coordinate. It can also be seen that methane injection modifies the global phase slightly, however increasing methane injection fraction from 4% to 10% does not change the global phase lag, there is a saturation phenomenon. This is not true for hydrogen injection, increasing hydrogen fraction always reduces FTF phase lag up to 10% power fraction, with redistributed local phase lags. Similarly, hydrogen injection shortens the flames with increased levels of hydrogen fraction and displaces flame activity upstream as can be seen in time averaged heat release rate and normalized RMS fluctuation profiles in Fig. 6.21. Furthermore, with hydrogen injection, the projection of the radially integrated heat release on the global heat release shows strong competition behavior for PH10 case, |I| p r (z) starts as positive, crosses over to the negative side at 10 mm axial position, and again to positive at 10 mm. This is the reason of the low FTF gains for PH10 case as can be seen in Fig. 5.5

Additionally, for PH2 case, at |I| p r (z) is positive along the chamber axis, however there is a drop in heat release rate fluctuation diffused along the chamber axis, which drops the gain of the global FTF. For PC4 and PC10 cases presented in Fig. 6.22, the maximums of the time averaged heat release and RMS of the local heat release rates drop and the time averaged heat release rate is shifted upstream. Additionally there is an increase in flame activity at the root of the flames and a drop at the edges. Additionally |I| p r (z) is positive along the chamber axis for the two cases, meaning that there is no pull-back effect on the global FTF. The effectiveness of hydrogen in reducing the phase lag of the neat release response is demonstrated. Next section is reserved for higher forcing levels. 124

This shows the ability of hydrogen in resisting lift-off; even for a very low hydrogen power fraction of P H 2 =0.02. For a better comparison Inverse Abel transformed images are also shown in Fig. 6. 30. Here the roll-up of the edge of the flame is clearly present as there is a clear root of the flame.

However when 2% of hydrogen in thermal power is fully premixed with the flow (MH2 case, Fig. 6.31), the flame is still lifted-off. Hydrogen enrichment to methane-air mixtures increases the resistance to strain of the mixture, however for this case this slight increase is not enough to attach the flame. In Fig. 6.32 hydrogen enriched by 4% power fraction is presented. Here it can be seen that 4% of hydrogen enrichment is enough to attach the flame. As hydrogen flames are much more resistant to strain compared to methane flames, the increase of hydrogen fraction in hydrogen-methane-air flames increases the resistance to strain.

Furthermore, in Fig. 6.33, PC10 case with 10% methane piloting is presented.

Even-though the injection power fraction is much higher, methane does not succeed in attaching the flame root. The flame is lifted-off and resembles very closely REF case.

This is partly because of partial premixing of the injected methane before combustion, as the flame is further downstream. The proves that hydrogen is much more efficient in 125 stabilization of flames even in the presence of perturbations. While hydrogen piloted flame is attached to the injection tube, methane piloted flame is lifted-off. the dip in the FTF occurs with hydrogen injection as can be seen in Fig. 5.7.

Performing a similar analysis, the resulting heat release rate amplitudes are presented in Fig. 6.34. Here, it can be seen that not only the flame length gets shorter with hydrogen (Fig. 3.8), also the flame activity is shifted upstream. Additionally, there are node like structures, where the amplitude is nearly zero, which are not present with the lower swirl configuration of S=0.33 (Fig. 6.4) for the same forcing level and frequency. 128

Next the delays are presented in Fig. 6.35. The effect of shortening of the flames with increased swirl can also be observed here. Furthermore the phases are much less uniform in the radial direction for all cases compared to low swirl configuration.

For example for REF case at 10 mm axial location, the phase changes from -π/2 to π/2 going from center to chamber walls. Obviously this creates a competitive behavior between the amplitudes and causes a drop in the FTF gain. This is even more pronounced for 10% methane injection (PC10 case), at 15 mm axial location, the phase goes from -π to π/2 following from center to chamber walls. 

Conclusions

In this chapter, the spatial heat release response of flames to acoustic forcing is studied using phase locked flame images and spectral analysis techniques for various frequencies and for different swirl numbers. The following conclusions can be drawn.

• Hydrogen injection increases heat release response activity at the roots of flames.

As the local phases at the bases of the flames are lower than the edges, hydrogen injection also causes a drop in the phase of the global FTFs. Furthermore, this difference in phase creates a competition behavior, diminishing the gain of the global FTFs.

• This competition behavior is not present with methane injection, however methane injection causes a slight increase at the base activity and a slight decrease in the activity towards the edges of the flames. This redistribution of local amplitudes results in a slightly dropped phase for high levels of methane piloting.

• Hydrogen enrichment increases the maximum of the time averaged heat release rate and the RMS of the heat release fluctuations, resulting in flames that respond more violently to acoustic forcing, especially at high frequencies. Additionally, as flame length is reduced by methane enrichment, the global phase of the FTF is reduced.

Although the competition between local heat release rate responses is observed for MH10 cases, it is not nearly enough to cause a significant reduction in FTF gain.

• High forcing levels cause detachment of the flame root for REF cases. Hydrogen injection with thermal power fractions as low as 2% re-attaches these flames. For hydrogen enrichment thermal power fraction necessary increases to 4%. Up to 10% thermal power fraction is tested for methane injection, however methane injection appears ineffective to reattach these flames.

• Increasing swirl reduces the flame length resulting in more compact, more intense flames and shifts the heat release response towards upstream, resulting in higher maximums in time averaged heat release rates compared to lower swirl flames.

This causes a reduction in FTF phase lags. However because competition of the local heat release rate in the radial direction, the global FTF gains are reduced.

EMISSION MEASUREMENTS AND EFFECT OF HYDROGEN

The most important aspect of hydrogen combustion for engineering applications is the possibility of zero carbon emissions. Although it is the most abundent element in the universe, hydrogen is not readily available in its molecular form H 2 and needs to be produced. The word "possibility" is there to emphasize the necessity of producing hydrogen using renewable resources. As the world is trying to limit the global warming to 2 • C with the Paris Agreement [171], and effort is being made to lower the limit to 1.5 • C [START_REF] Ipcc | [END_REF] the importance of hydrogen is on the rise and investments are being made to initiate a hydrogen based carbon free economy [START_REF] Hansen | Der Erste ohne Emissionen: Brennstoffzellen-Zug startet[END_REF][START_REF] Wärtsilä | Wärtsilä X-Ahead project gets government funding to promote carbon-neutral economy[END_REF][175].

Another source of renewable energy that is gaining momentum by governmental support is biogas, produced from fermentation of plants, organic waste or manure. Biogas is composed mainly of methane and carbon dioxide but also with environmentally harmful H 2 S. The final composition of biogas depends heavily on stock [176, 177], production and purification processes [START_REF] Juárez | Biogas purification with biomass ash[END_REF][START_REF] Peluso | Nanoporous Materials as H2S Adsorbents for Biogas Purification: a Review[END_REF][START_REF] Bharathiraja | Biogas production-A review on composition, fuel properties, feed stock and principles of anaerobic digestion[END_REF][START_REF] Jegede | A review of mixing, design and loading conditions in household anaerobic digesters[END_REF].

With all these different fuels with varying compositions, flexible fuel combustion systems are needed to supply the power need taking into consideration the need of using renewable fuels. With this in mind, MIRADAS experiment can be run with methane-hydrogen mixtures with widely varying compositions and injection strategies.

This chapter is dedicated to emission measurements and the effect of hydrogen and injection strategies.

Emissions are measured with a gas analyzer (ECOM J2KN PRO) equipped with electrochemical cells capable of measuring CO, NO, NO 2 and a nondispersive infrared sensor capable of measuring CO 2 and hydrocarbons. Firstly the effect of different injection strategies on emissions are studied. Then, the effect of equivalence ratio and power on fully premixed flames are explored.

Effect of Injection Strategies on Emissions

For all the operating points presented in this section, the thermal power is kept constant at 3910 W. The effects of injection strategies on emissions are explored. Here no O2 correction is applied as the flow-rate of air is kept constant. As expected injection of H 2 as well as CH 4 causes an increase in NOx emissions, as a result of partially premixed combustion. Furthermore, the increase in NOx emissions is slightly higher for hydrogen injection up to 15% in thermal power, after which a slight drop occurs for hydrogen. This drop is thought to be caused by partial mixing before combustion, as the lift-off distance for increased injection rates are greater.

Hydrogen premixing (cases MH in Fig. 7.1)marginally effects NOx emissions and the differences between the REF case are within error bars. 3 may invoke the idea of using hydrogen from renewable sources to replace some part of the fossil fuels in combustion systems without the need of costly heavy modifications to reduce CO 2 emissions. The hydrogen economy is not the reality of today, however a progressive shift towards a sustainable energy economy is possible by introducing renewable sources into existing combustion systems with significant reduction in pollutant emissions.

Effect of Equivalence Ratio on Emissions

Emission measurements are generally presented with respect to a fixed reference to prevent injection of air in the exhaust gasses to reduce NOx emissions in a misleading way. When air is added to exhaust gasses, the volumetric fraction of emissions drop as a result of dilution, however the mass flow of polluting gasses is not reduced. This can create a hole in the regulations fixing emission standards. To fix this issue, engineers decided to report emissions wtr. to a reference O2 fraction, to which all measurements are corrected as given in Eq. 7.1.

NOx R = NOx M 20.9 -O 2R 20.9 -O 2M (7.1)
In Fig. 7.4 pollutant emissions as a function of equivalence ratio for a fixed bulk velocity of U sw =18 m/s are reported. Here, it can be observed that NOx emissions increase exponentially as a function of the equivalence ratio between 0.55 ≤ φ ≤ 0.90.

CO emissions exhibit a similar behavior. Here the effectiveness of lean combustion in reducing pollutant emissions can be observed. 

Conclusions

In this chapter, the effects of hydrogen, different injection strategies and equivalence ratio on pollutant emissions are studied experimentally. The following conclusions can be drawn:

• Although hydrogen injection can be used to control combustion instabilities, it causes an increase in NOx emissions.

• Methane injection increases emissions without a significant gain.

• Replacing methane by hydrogen keeping the thermal power constant reduces significantly CO 2 emissions.

• NOx emissions increase exponentially as a function of the equivalence ratio. CO emissions exhibit a similar behavior.

• Introduction of hydrogen P H 2 ≤ 0.2 into existing natural gas burning combustion systems is possible without heavy modifications. 

General Description of AVBP, Mesh and Boundary Conditions

AVBP is an unstructured mesh flow solver with finite volume and finite element capabilities [START_REF] Schönfeld | Steady and Unsteady Flow Simulations Using the Hybrid Flow Solver AVBP[END_REF]. It has third order finite elements [START_REF] Rudgyard | Development of High-Order Taylor-Galerkin Schemes for LES[END_REF] and second order finite volume schemes [START_REF] Schoenfeld | Numerical simulation of compressible reactive flows on unstructured grids[END_REF] in both space and time along with a thickened flame model been fixed to 0.7 and it drives the time-step, which in all simulations is calculated from the acoustic CFL number CFL = |u + c|∆t/∆x. The Sigma LES model is used to model sub-grid stresses [START_REF] Nicoud | Using singular values to build a subgrid-scale model for large eddy simulations[END_REF]. To represent chemical kinetics, a simplified two-step scheme consisting of methane oxidation and CO-CO 2 equilibrium with 6 species [START_REF] Franzelli | Large Eddy Simulation of combustion instabilities in a lean partially premixed swirled flame[END_REF] has been implemented for all calculations. Along with this chemical scheme the assumption of constant Prandtl number Pr = µc p /λ = 0.7 and a power law viscosity definition has been applied for thermodynamic and transport properties.

High fidelity compressible reacting LES calculations which include acoustic phenomena, require quality boundary conditions alongside with high order low-dissipative schemes. This requires handling waves in CFD while keeping the mean flow variables from drifting away. This requires characteristic non-reflecting boundary conditions as proposed in the NSCBC method [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF], where rather than fixing absolute values for flow variables, the variation of flow variables are controlled by injected and outgoing waves. Firstly a brief introduction of boundary conditions in AVBP will be presented.

The full derivations of the boundary conditions will not be given here, as they can be easily found in literature [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF][START_REF] Kaufmann | Flow forcing techniques for numerical simulation of combustion instabilities[END_REF][START_REF] Selle | Actual Impedance of Nonreflecting Boundary Conditions: Implications for Computation of Resonators[END_REF][START_REF] Moureau | Numerical methods for unsteady compressible multi-component reacting flows on fixed and moving grids[END_REF].

• INLET_RELAX_UVW_T_Y: Non-Reflecting inlet with imposed velocity, temperature, and species profiles. The in-going acoustic wave is given as: 2K∆t(U t n -U n ) where U n is the boundary normal component of instantaneous velocity, U t n the boundary normal component of the target velocity, ∆t the time-step and K is the relaxation coefficient applied to keep the velocity from drifting from its target mean value.

• INLET_RELAX_UVW_T_Y_PULSE: Non-Reflecting inlet with imposed velocity, temperature, and species profiles with a superimposed acoustic excitation to inject acoustic waves for forced LES calculations. The in-going acoustic wave is given as

4|U w n |π f cos(2π f t)∆t + 2K∆t((U t n + |U w n |sin(2π f t)) -U n )
where |U w n | the amplitude of the acoustic forcing, f the frequency of excitation.

• INLET_RELAX_RHOUVW_T_Y: Non-Reflecting mass flow rate, temperature, and species imposed inlet. This boundary condition works like INLET_RELAX_UVW_T_Y, however instead of velocity, mass flow is imposed.

The in-going acoustic wave is given as

2Ku n ∆t ρ(1-M n ) ((ρU n ) t -(ρU n ))
where M n is the boundary normal Mach number and ρ is the density at the inlet.

• WALL_NOSLIP_ADIAB: No-slip, adiabatic wall.

• WALL_NOSLIP_LOSS: No-slip wall with heat losses to impose experimentally measured temperature profile.

• OUTLET_RELAX_P: Non-Reflecting pressure imposed subsonic outlet. The in-going acoustic wave is expressed as: 2

K p δt(P t -P n ) ρc
where P n is the instantaneous pressure, P t the target pressure, c the sound speed and K p is the relaxation coefficient applied to keep the pressure from drifting from its target mean value.

A schematic representation of the boundary conditions applied is given in Fig. 8.2. The temperature of the combustion chamber dome (450 K) and the tip of the injection tube (720 K) are measured in the experiment and applied in LES calculations. The chamber heat losses are implemented by measuring the external wall temperatures of the quartz and applying the measured temperature along with a thermal resistance of R ch = 9e -4 computed using a thermal conductivity of λ = 2.17 W/mK for the 2 mm quartz windows.

To produce an easier to read text, the post processing steps are summed up in Appendix A.3.

Mean Flame Calculations

Mean (without forcing) flame LES calculations are performed for REF, PC4 and PC10 cases and are compared with experimental results. In experiments multiple long exposure flame images are taken and then averaged to get the mean CH* emission field.

The CH* chemiluminescent light is a good marker of the heat release of the flame [START_REF] Vagelopoulos | An experimental and numerical study on the adequacy of CH as a flame marker in premixed methane flames[END_REF] and is compared to heat release information directly available in LES calculations, in AVBP, the mean heat release is obtained by: q(x, y, z)

= N t ∑ n t =0 q(x, y, z,t)/N t (8.1)
where x, y, z and r are coordinates and N t is the number of time-steps used in averaging.

As mean flame CH* emission images of experiments are obtained using a telecentric lens with a depth of field greater compared to the dimensions of the chamber, to However, the edges of the LES flames burns more intensely compared to experimental measurements both for PC4 and PC10 cases. Furthermore, there is more intensity (darker regions in Fig. 8.3) at the flame base in experimental measurements compared to LES calculations both for PC4 and PC10 cases. This small difference is partly caused by comparison of normalized fields of heat release which is directly available in LES calculations to CH* emission in experiments which is not directly heta release, but a strong marker of heat release and partly by the effect of line of sight integration of axi-symmetric flames. This effect is investigated by taking inverse abel transform of experimental flame images and comparing them to angle averaged heat release field obtained from LES calculations. To obtain inverse abel transforms of flame images, PyAbel package is used [START_REF] Hickstein | PyAbel (v0. 7): A Python Package for Abel Transforms[END_REF]. The resulting angle averaged normalized heat release field is presented in Fig. 8.5. The pilot flame in a premixed methane-air mixture brings along the question whether if CH* emissions are a good marker of heat release in the vicinity of the injection tube.

First of all, a chemical mechanism that contains excited states of CH* species has been chosen to conclude the reliability of CH* light emission as a heat release marker.

The chemical mechanism constructed by Guiberti et. al. is based on the Lindstedt mechanism [START_REF] Lindstedt | Modeling of the chemical complexities of flames[END_REF] and includes CH* chemiluminescence [8]. This is done be adding reaction paths for CH* and OH* [START_REF] Luque | CH(A-X) and OH(A-X) optical emission in an axisymmetric laminar diffusion flame[END_REF], and CO 2 * [START_REF] Kopp | CO2 chemiluminescence study at low and elevated pressures[END_REF]. Firstly 1D perfectly premixed free flames are calculated and the chemical mechanism is validated by comparing with experimental results of Nori et al [9]. Experimental results are given as a function of the CH* chemiluminescence emission power normalized by the mass flow of methane fuel as presented in Eq. 8.2. Data points are normalized by dividing the emission data by the value at stoichiometry as direct comparison is not possible coming from the fact that the details of the measurement system is not given. As PC4 and PC10 cases encompass pilot fuel injection, there are portions of these flames burning in partially premixed mode, however as 96% for PC4 case and 90%

P CH * ṁ f = A E L c 0 [CH * ] dz 1 + ṁa / ṁ f ρ u S L (8.
of the methane fuel is premixed with air long before the combustion chamber, the diffusion portions should be very small. These diffusion and premixed portions of flames can be examined using the Takeno criteria [START_REF] Yamashita | A numerical study on flame stability at the transition point of jet diffusion flames[END_REF][START_REF] Knudsen | A general flamelet transformation useful for distinguishing between premixed and non-premixed modes of combustion[END_REF][START_REF] Knudsen | Capabilities and limitations of multi-regime flamelet combustion models[END_REF] : This small heat release coming from the non-premixed parts of the flames also shows that mixing of the injected methane is fast. The equivalence ratio field calculated using the passive scalar (mixture fraction) is presented in Fig. 8.10. The mixture fraction and the equivalence ratio are defined as [START_REF] Bilger | The structure of turbulent nonpremixed flames[END_REF]:

ζ = ∇Y CH 4 • ∇Y O 2 |∇Y CH 4 • ∇Y O 2 | (8.
Z = Z C /(mW C ) + Z H /(nW H ) + 2(Y O 2 ,2 -Z O )/(ν ′ O 2 W O 2 ) Z C,1 /(mW C ) + Z H,1 /(nW H ) + 2Y O 2 ,2 /(ν ′ O 2 W O 2 ) φ = Z 1 -Z 1 -Z st Zst (8.4)
where Z x is the elemental mass fraction of element x, W x is the elemental mass of element x, m and n are the number of carbon and hydrogen atoms in the fuel molecule respectively, Y O 2 ,2 is the O 2 mass fraction in the oxidizer stream, ν ′ O 2 is the stoichiometric coefficient of the oxidizer stream in the chemical balance equation and subscripts 1 and 2 defines the fuel and oxidizer streams respectively. Z s t is the stoichiometric mixture fraction. For PC10 case (Fig. 8.13), as methane injection flow rate is increased, the activity at the base of the flame is increased even more both for LES calculations and experimental measurements. The flame cone is moved slightly downstream as the attachment point is slightly further downstream, coming from the fact that the injection velocity is increased. However the fact that the flame length does not get shorter suggests that the displacement of the flame cone is balanced out by the increase in flame speed at the base of the flame. Even though the changes between PC4 and PC10 are small, they are well captured by LES calculations.

Examining figures 8.11, 8.12 and 8.13, it can be seen that the heat release response in the measurements and the LES calculations are in agreement and the phenomenons attributed with forced flame responses are well recovered. This idea will be used to explain how the flames are responding to acoustic perturbations.

One other interesting way to look at these flame images is to perform an inverse-abel transform to obtain a slice of the the axially symmetric flame. These images show more clearly how the flame is deformed and are more intuitive to post process. This pseudo angle-averaged phase averaged slice from experiments can be compared to an angle-averaged phase-averaged field obtained from LES calculations. 

θ = arctan(y/x), ⌊v r ⌋ (r, z, ψ) = ⌊v x ⌋ cos(θ ) + ⌊v y ⌋ sin(θ ) (8.5)
then the x-component of the vorticity field can be calculated as:

Vorticity X(r, z, ψ) = ∂ ⌊u⌋ ∂ y - ∂ ⌊v r ⌋ ∂ z (8.6)
Where i represents the mesh points where the fields are evaluated. The resulting vorticity and axial velocity u fields and superimposed heat release contours are presented in Fig. 8.17 for all cases.

In Fig. 8.17, all the images presented are phase averaged angle averaged fields of the respective fields and the contours obtained from the averaged fields. On the left side of the images for a given phase angle, the vorticity field and the superimposed heat release contours are presented. On the right side, the axial velocity contours and the and the superimposed heat release contours are presented for ease of comparison. It can be seen that there is a strong vortex that is formed at around ≈290 • , turning counter clock-wise for all cases. This vortex is transported downstream with the flow, distorting the flame as it goes along. At around ≈ 110 • , the edges of the flame starts getting wrapped around this vortex, establishing the foundation of the vortex roll-up phenomenon and creating additional flame surface. At the same time, this vortex starts getting shed while it is transported with the flow. At around ≈200 • the flame is wrapped around the vortex and it can be seen that the outer edges of the rolled up flame towards the combustion chamber walls gets compressed as there is flame surface loss due to heat losses to the chamber walls. At the same time, as expected, the kinetic energy of the vortex is diffused as it is transported downstream as it can be seen that the amplitude of the vorticity is diminished. At around ≈290 • the flame vortex gets closer to the wall and the outer side of the flame rapped around the vortex is lost, creasing a big loss of flame surface. At around ≈20 • the vortex is at the chamber wall and its kinetic energy is much less, as it is diffused at the chamber walls while traversing the flame edge. This process is repeated for each cycle, resulting in creation of flame surface and flame surface loss, constituting flame response.

At the vicinity of the injection tube, the flame is at a position where it is closer to a field of vorticity which is turning clockwise, contrary to the main vortex causing vortex roll-up phenomenon turning counter clockwise, suggesting that the base of the flame is more susceptible to the velocity fluctuations at the base compared to the vortex that is formed. At the beginning of the cycle when the axial velocity at the burner outlet is at its maximum, the flame angle (between the flame and the axis of the combustion chamber) in the vicinity of the injection tube is much lower for all cases compared to further along the cycle where the axial velocity at the burner exit is lower resulting in a steeper flame angle.

Comparing between cases, it can be seen that injecting low amounts of methane through the injection tube changes slightly the phase of creation and loss of flame surface, however, increasing the injection flow-rate while keeping the same power does not change it further, resulting in a saturation phenomenon. The dominant change between REF and PC4 cases of FTF phase happens due to the movement of the vortex roll-up towards the chamber walls, for PC10 case this vortex roll-up does not move resulting in the nearly same phase response as PC4 case. is cut at 49 mm, as after this point there is no heat release, so the phase does not hold information. There is slight increase in heat release fluctuation activity at the base of the injection tube, but the increase in activity is much less compared to hydrogen injection presented in Chapter 6. Interestingly, the wide but less intense response in the calculations matches quite well with the FTF gains of the narrower but more intense response of the LES calculations as presented in Table 8.2. the global gain of the FTF. Although this 'pull back' effect is there for 10% methane injection, it is much less compared to hydrogen injection as presented in Chapter 6.

The LES flame of PC10 case is more responsive along all the axis of the combustion chamber compared to experimental measurements, however the phase is once again very well represented. The FTF gains and phases obtained from LES calculations and experimental measurements are summed up in Table 8.2 for all cases studied experimentally and computationally. There are slight differences between the experimental and LES gains and phases, however the drop in the phase of the FTF as the flowrate of methane injection is increased is well predicted by LES calculations. Thereafter, emission measurements are presented and it is shown that hydrogen injection causes a very slight increase in NOx emissions. it was found out that keeping the thermal power constant, hydrogen enrichment does not change NOx emissions.

However hydrogen addition in both configurations result in a remarkable drop in CO 2 emissions. This configuration can be taken further as introducing hydrogen in both premixed main stream and a very low power injection to stabilize combustion instabilities, resulting in flames that are low NOx, low CO 2 and stable. It has been shown that hydrogen can be used to make systems more stable, rather than making them unstable. This technique can easily be applied in existing systems with flow partitioning techniques and simple valves that eliminate the need of high precision, but highly expensive thermal mass flow meters that also increase pressure drop. In high power systems like gas turbines and boilers, the air-fuel ratio is closely monitored and kept to a set point, so that a simple pre-designed injection systems can be used to stage hydrogen and natural gas to needs, rather than controlling the flow of each injection point corresponding to hydrogen injection and hydrogen enrichment. This makes the application of hydrogen piloting highly applicable in gas powered systems. In this thesis, pure hydrogen and pure methane piloting is explored, further experiments are needed to conclude the effect of fuel piloting when hydrogen enrichment is applied. Furthermore the effect of swirl on pilot fuel flow can be explored, as it would increase mixing, it should reduce NOx emissions when piloting is applied, while still benefiting from increased stability. 

Introduction

Gas turbines fired with natural gas is one the most efficient solution for power generation with limited pollutant emissions and reduced carbon dioxide emissions, compared to other power generation units burning hydrocarbon fuels [1][2][3] . Typical industrial gas turbines operate on natural gas in a lean premixed regime to cut down NOx emissions, but these systems suffer from dynamical problems mainly associated to combustion instabilities [4] . Instances of heat shields breaking due to high cycle fatigue, damaged burners, liners and transition pieces are regularly reported [5] . With the introduction of new gases from renewable sources in the fuel supply line, such as biogas or syngas, these issues become more critical due to (1) changes in the fuel composition powering the engine and altering the heat release distribution for a given thermal power output [6][7][8][9] and (2) intermittent changes of the supply and power demand leading to operation with high turndown ratios [10] .

Blending hydrogen from renewable sources into natural gas can be used to reduce carbon dioxide emissions without impairing pollutant emissions. In this strategy, hydrogen is premixed with natural gas prior to combustion. But it was found out that although hydrogen addition widens the static operability range of the combustor by improving blow-off characteristics, it tends to make combustion systems more prone to flashback and more sensitive to combustion instabilities even at low power regimes and more quickly compared to natural gas [11][12][13][14][15] .

An alternative way to avoid flashback issues and mitigate combustion instabilities is to use a pilot fuel circuit, burning a fraction of the fuel in partially premixed or non-premixed mode, while the main fuel stage burns in a lean premixture. This strategy helps achieving more stable flames [16][17][18][19] and has also been proven on full scale engine tests [20,21] . Because hydrogen has a higher extinction strain rate compared to methane and natural gas, it is a good candidate to serve as a pilot fuel.

The use of a hydrogen pilot fuel jet has been considered in a few studies. Hussain et al. [22] recently made a clear review of these studies in their introduction. In one of the pioneering works, Anderson et al. [23] noted that it would make flames quieter and more stable in a perforated-plate flame holder configuration. More recently, Barbosa et al. [24] showed that a swirled injection of hydrogen into a combustor operated with a lean propane-air mixture can be used to reduce combustion oscillations, without impairing NOx emissions but with a drastic increase in CO emissions. Hussain et al. [22] analyzed the response to acoustic perturbations of methane-air and ethylene-air flames stabilized by a large bluff body in a dump combustor, when secondary hydrogen is injected through the bluff body. They found that the Flame Describing Function (FDF) linking the acoustic velocity modulation to the resulting heat release rate oscillation at 30, 255 and 315 Hz could be lowered compared to operation without hydrogen for all acoustic forcing levels tested. However, NOx emissions rapidly increase when the hydrogen concentration exceeds 5% in volume. Their analysis carried out without swirl is also limited to selected forcing frequencies.

In this study, an experimental setup with separate injection of hydrogen is considered with the objective to alter the dynamic stability of a swirled combustor operated with methane, used here as a surrogate for natural gas. The fraction of hydrogen injected in the system is kept very low to limit NOx emissions. The goal is to change the distribution of heat release in order to affect flame stabilization and its dynamics without altering the global thermal power and the air flow rate through the system. The effectiveness of this strategy is compared by replacing hydrogen with methane for the pilot fuel or by fully premixing methane and hydrogen in order to discriminate between the effects of fuel composition and injection strategies. The flame response to acoustic perturbations is then analyzed for these different injection strategies. Use of the burner impedance and Flame Transfer Function (FTF) is finally made to identify the mechanisms through which the combustor stability is affected.

This paper is organized as follows. First some generic definitions and theoretical considerations about hydrogen-enriched combustion are given in Section 2 . The experimental setup and diagnostics are then presented in Section 3 , followed by a detailed comparison of stability maps in Section 4 for the various fuel injection configurations. A deeper analysis of one selected unstable operating point is finally conducted in Section 5 through the scrutiny of pressure traces, flame visualisations and FTF. Pollutant emissions are finally examined in Section 6 for the different injection strategies.

Definitions for hydrogen-enriched systems

When multiple fuels are used simultaneously, care is required for a consistent definition of basic combustion parameters. Whether the fuels are premixed or injected separately, one may define the molar fraction of each species in the hypothetical fuel mixture. In this study considering hydrogen and methane, the molar fraction of hydrogen in the fuel is:

X f H 2 = ˙ n H 2 ˙ n H 2 + ˙ n CH 4 ( 1 
)
where ˙ n j denotes the molar flow rate of species j . Then, the balance equation for lean combustion of this multicomponent fuel may be written:

φ G X f CH 4 CH 4 + X f H 2 H 2 + 2 - 3 2 X f H 2 ( O 2 + a N 2 ) -→ φ G X f CH 4 CO 2 + 2 -X f H 2 H 2 O + 2 - 3 2 X f H 2 ( ( 1 -φ G ) O 2 + a N 2 ) ( 2 
)
where a = 3 . 76 is the molar fraction of nitrogen in air and

X f CH 4 = 1 -X f H 2
is the molar fraction of methane in the fuel blend. The global equivalence ratio is defined as φ G = α/α s , where α = ˙ m f / ˙ m a is the ratio between the fuel and air mass flow rates injected in the burner. The stoichiometric value of α is: where W j is the molar mass of species j . Finally, for the analysis conducted in this paper, it is relevant to define the fraction of the total thermal power P H 2 attributed to hydrogen combustion:

α s = X f CH 4 W CH 4 + X f H 2 W H 2 2 -3 2 X f H 2 ( W O 2 + aW N 2 ) (3) 
P H 2 = X f H 2 Q H 2 X f H 2 Q H 2 + X f CH 4 Q CH 4 (4) 
where Q j is the molar lower heating value of species j .

Experimental setup and diagnostics

The objective of the study is to alter the dynamics of a burner equipped with a radial swirling vane with the addition of hydrogen. Therefore, the configuration that is presented in Fig. 1 consists of a swirled injector fed with a gaseous mixture, plugged into a cylindrical flame tube. This burner is an evolution of that used in [25][26][27] operating in fully premixed mode. Here the central insert is replaced by a pilot fuel line aligned with the swirler axis.

The main mixture of fuel and air is injected at the bottom of a plenum with a circular cross section of diameter D p = 65 mm. The acoustic pressure is recorded at the bottom of the plenum via a Brüel & Kjaer-TYPE 4954 microphone (MB) and a honeycomb panel is fitted in the plenum to break the turbulent structures resulting from the injection. Two plenum lengths l p = 258 mm and l p = 147 mm are available to modify the acoustic response of the setup.

The flow then goes through a convergent nozzle that ensures a laminar flow with less than 1% velocity fluctuation with a top hat velocity profile, followed by a short annular tube of diameter D = 22 mm. In this tube, the acoustic pressure and the velocity are recorded with microphone M1 flush mounted to the wall and a constant temperature anemometer (Dantec 55P16 miniature hot wire probe and a Dantec 54T42 MiniCTA), denoted HW. The microphone M1 and the hot wire probe HW are located in the same section in front of each other as shown in Fig. 1 . This section is designated in the following by section (1). Care has been taken to set the hot wire probe outside of the boundary layer, where the velocity is uniform with a top hat velocity profile.

Then follows a radial swirler with 8 feed channels of 4.5 mm diameter each, which are 15 o off the swirler axis. The flow leaves the swirler through the main annular injection channel with a reduced external diameter of 12 mm to avoid flashback. A detailed view of this component is given in Fig. 2 , together with its main dimensions.

The bulk velocity U sw that is used to define the operating conditions is determined in the main mixture annular injection channel at temperature T u = 292 K. It has a cross section area A = 84 . 82 mm 2 with 6 mm internal diameter and 12 mm external diameter. The swirl number determined from numerical flow simulations is S w = 0 . 4 at the injector outlet. The top of the burner is water cooled in order to maintain the thermal equilibrium of the plenum at room temperature, T u = 292 K. The outlet of the annular injection channel defines section (0) of the burner at altitude z = 0 . The piloting system consists of a central stainless steel tube with a 6 mm external diameter and a 4 mm internal diameter, aligned with the burner axis where pure fuel can be injected. The tube protrudes z = 1 . 25 mm inside the combustion chamber to ease flame visualization at its base when the flame is anchored at this location. The combustion chamber consists of cylindrical quartz tubes with an internal diameter of 46 mm. Two flame tube lengths are available, l f = 300 mm and l f = 10 0 mm, the smaller being used for the measurement of flame responses to acoustic perturbations as described in Section 5.3 .

The mass flow rates of methane, air and hydrogen are controlled separately (Brooks SLA 585x series), so that the fraction of the thermal power from hydrogen P H 2 can be regulated as well as the global equivalence ratio φ G . Hydrogen can be added in the main mixture to operate in fully premixed mode or through the pilot tube. Methane can also be used as the pilot fuel for comparison, meaning that this system is versatile for the development of control strategies via fuel composition and injection.

Heat release rate fluctuations of the flame are deduced from the emission intensity of CH * radicals. They are recorded with a photomultiplier along with a band-pass filter centered on the CH * emission spectrum peak λ = 430 ± 10 nm (THORLABS FB430-10). Flame images are also taken with a camera (PI-MAX4) along 
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Stability maps

The dynamic stability of the combustor is examined for the operating range given in Section 3 . In order to evaluate the effect of hydrogen on the stability of each operating point, different injection strategies are tested as illustrated in Fig. 3 . These variations are conducted at constant thermal power P because this parameter has a first-order impact on the magnitude of combustion instabilities. Therefore, the control parameters are the fraction of the thermal power from hydrogen, P H 2 and that from the pilot flame, P pilot . Accordingly, the fraction of power from the main mixture is P main = 1 -P pilot . The reference is a fully premixed methane-air case without piloting, labelled 'Ref' in Fig. 3 . Then piloting with hydrogen is considered in cases PH1 and PH2 corresponding to P H 2 = 1% and 2%, respectively. Cases PC1 and PC2 correspond to the replacement of hydrogen by methane in the pilot tube, with the same levels of power P pilot . Finally, in cases MH1 and MH2 the pilot is turned off and the hydrogen is premixed in the main stream, with corresponding power fractions P H 2 . All these cases are summarized in Table 1 . They allow a systematic investigation of effects of fuel composition, injection strategy and pilot fuel at low levels of hydrogen addition. These experiments are conducted with a long flame tube, l f = 300 mm and a long plenum l p = 221 mm (see Fig. 1 ).

The stability map of the reference case is presented in Fig. 4 . It shows the evolution of the magnitude of pressure fluctuations recorded by the microphone MB for variations in bulk velocity U sw and equivalence ratio φ G . The radii of the disks in Fig. 4 are proportional to the root-mean-square (RMS) value of the pressure fluctuations measured by microphone MB. The grey shaded regions delineate the regions of instability, defined here as the operating conditions where RMS pressure fluctuations are higher than 300 Pa. This threshold level was chosen as representative of established self-sustained combustion oscillations associated to a coherent peak in the recorded power spectra. Variations of this threshold show similar results even though the boundaries of the unstable regions are slightly shifted. For some operating conditions, hysteresis takes place in which cases the instability jumps from one intensity to another. These operating conditions are marked with half circles. Finally, a X indicates a condition that was not explored because the instability is too strong and may damage the burner. This nomenclature is used for Figs. 4 through 7 . Figure 4 shows that the reference configuration exhibits two regions of instability, one at φ G = 0.85 for flow velocities higher than U sw ≥ 24 m.s -1 ( Re D h ≥ 9500 ) and another one along the descending diagonal covering a large fraction of the operational domain. The peak frequency of these self-sustained modes lies between 520 Hz and 680 Hz depending on the operating point considered.

The control strategy that is explored is the pilot injection of hydrogen in small quantities. For PH1 (respectively PH2), 1% (respectively 2%) of the methane flow rate is removed from the main mixture and the hydrogen pilot flow rate is adjusted to compensate for the loss in thermal power. Because of the large differences in molecular weight between H 2 and CH 4 , this yields a molar fraction of hydrogen in the total fuel flow X f H 2 = 3 . 3 % for PH1 and X f H 2 = 6 . 6 % for PH2 (see Table 1 ). The corresponding stability maps are shown in Fig. 5 . Markers correspond to operating conditions that could not be explored because the pilot mass flow rates are too small for a stable regulation by the mass-flow controllers. The peak frequency of the unstable modes lies close to those found for the same bulk flow velocity and equivalence ratio in the Ref stability map.

For PH1 there is a reduction of the acoustic pressure level in the system for velocities in the range 18 m.s -1 ≤ U sw ≤ 28 m.s -1 and the total number of unstable points has been reduced by one third. This is a very significant impact of the hydrogen injection for it contributes to only 1% of the thermal power. A further increase in the hydrogen content (case PH2 in Fig. 5 ) results in the complete suppression of all unstable points for U sw ≤ 24 m.s -1 and φ G = 0.7. The conclusion is that a minimal level of hydrogen piloting has allowed to stabilize the unstable operating points at low thermal power. However, the stability of the combustor at high power, i.e. the upper-right quadrant in Fig. 5 , gets worse as the pilot hydrogen is increased. Interestingly, in these conditions, the bulk flow velocity U H 2 of the hydrogen flow in the pilot tube is less than 3% of the bulk velocity U sw of the swirled flow in the main annular in-Fig. 5. Stability maps of the configurations with hydrogen pilot injection. Cases PH1 and PH2 in Table 1 and Fig. 3 . Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ G . Fig. 6. Stability maps of the configurations with methane pilot injection. Cases PC1 and PC2 in Table 1 and Fig. 3 . Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ G . jection channel. This rules out that direct modifications of the flow field caused by the pilot jet would be the cause for the modified stability.

In order to mimic a practical situation, it was chosen to keep the air flow rate and the thermal power constant. Therefore, hydrogen piloting yields small changes in global equivalence ratio φ G and bulk velocity U sw in the main annular injection channel. One can show that for PH1 (respectively PH2), U sw is reduced to 99.9% (respectively 99.8%) of the bulk velocity of case Ref. The reduction of φ G is less than 0.1% so that these differences are neglected in the present study.

It is well known that fuel piloting affects the stability of swirl burners. In order to assess the influence of hydrogen, methane piloting is considered with cases PC1 and PC2, by replacing H 2 with CH 4 . The corresponding stability maps are shown in Fig. 6 . The comparison with the reference case in Fig. 4 indicates that the stability is marginally impacted, even for case PC2, which has the largest methane pilot flowrate.

The two cases with pilot injection suggest that the change in the global composition of the fuel, namely hydrogen addition, is the driving factor for the improved stability. A third set of cases is Fig. 7. Stability maps of configurations with the hydrogen-enriched methane/air mixtures. Cases MH1 and MH2 in Table 1 and Fig. 3 . Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ G . devised where the hydrogen content is identical to piloting cases, but fully premixed within the main injection stream. In MH1 and MH2, the pilot is closed and the hydrogen is premixed with the methane and air, and sent through the swirler. The corresponding stability maps are presented in Fig. 7 . As for the PC cases, the stability is not affected and the maps are virtually identical to the reference case shown in Fig. 4 .

As a conclusion, it was shown that pilot hydrogen injection has a strong influence on the stability maps of the present swirl combustor, even at very low flow rates. With 2% of the thermal power from hydrogen, stability is greatly increased for low power operating conditions but degrades for high power. It should be noted that the hydrogen injected in the burner provides only up to 2% of the total power, which is minute. In previous investigations, conducted with fully premixed systems, hydrogen addition between 3.2%-9.1% of the total power was shown to make the system more unstable even at low equivalence ratios [12,14,15] . Comparing between hydrogen injection, methane injection and hydrogen premixing, it can be concluded that for low flow-rates, hydrogen injection is the most efficient method to change the stability characteristics.

Analysis

In the remainder of this paper, a specific operating point is considered with the objective to explain the mechanism leading to stable operation with pilot hydrogen. It corresponds to U sw = 18 m.s -1 and φ G = 0 . 80 . As can be seen by comparing Figs. 4 and 5 , this operating point corresponds to a strong instability in the Ref case that is damped with the PH1 and PH2 hydrogen pilot injections.

Pressure traces

Typical pressure and velocity signals recorded during the limit cycle of case Ref ( Table 1 ) are presented in Fig. 8 . The traces are all sinusoidal at a frequency f = 595 Hz, despite the large magnitude of the oscillations. The oscillation level reaches around 25% for the heat release rate (HRR) recorded by the PM and 20% for the velocity measured by HW. The RMS of pressure fluctuations recorded by microphone MB at the bottom of the plenum is 1124 Pa. This signal is also in phase with the HRR fluctuations in Fig. 8 . Appendix B shows that the acoustic pressure inside the combustion chamber is also in phase with the pressure recorded by microphone MB.

The fact that the acoustic pressure and the CH * signals remain close to sine waves indicates that the saturation of the system is not due to a redistribution of the acoustic energy into higher harmonics. A full description of mechanisms leading to limit cycle would require to determine the flame describing function for different pulsation levels u ′ 0 / ū 0 , which is out of the scope of the study. One may however make the following qualititative analysis. The HHR and acoustic pressure inside the chamber being in phase, the Rayleigh index is positive and the instability still feeds acoustic energy in the system at the limit cycle. Therefore saturation is probably due to acoustic fluxes at the boundaries or acoustic losses inside the injector or to a change of the flame response to acoustic disturbances, but the nonlinearity of the flame response remains here weak. It is also worth noting that the pressure traces recorded by microphones MB and M1 are in phase opposition in Fig. 8 . An acoustic analysis indicates that the corresponding mode has the structure of a 3/4-wave like mode, featuring at f = 591 Hz a pressure node slightly upstream the section where the signals M1 and HW are recorded. A full characterization of the structure of this mode is given in Appendix B .

The spectra of the pressure signals recorded by microphone MB at the bottom of the plenum are presented in Fig. 9 . The most dominant frequencies and their respective amplitudes are listed in Table 2 . As expected from the stability maps, the spectra for cases PC and MH are very close to that of the REF case. There is however a notable reduction of the amplitude for PC2 ( Table 2 ), which is coherent with the knowledge that fuel piloting usually damps combustion instabilities. The first remarkable effect of hydrogen injection in the pilot tube (PH cases) is a strong reduction of the peak pressure around 590 Hz. Smaller peaks emerge, at 641 Hz for PH1 and 339 Hz for PH2 but the associated RMS values are low ( Table 2 ) so these conditions are considered stable. These peaks Fig. 10. Flame images with a long chamber and a long plenum for φ G = 0 . 80 and U sw = 18 m.s -1 ( Table 1 ). Only the left side of the image with respect the burner axis is presented. The intensity is scaled in order to increase the overall contrast. The location of the burner is added in white at the bottom of each image. Fig. 11. Flame images with a short combustion chamber and a short plenum for φ G = 0 . 80 and U sw = 18 m.s -1 ( Table 1 ). Only the left side image with respect to the burner axis is presented. Camera settings are the identical for all cases meaning that their intensity can be compared. The location of the burner is added in white at the bottom of each image. correspond to acoustic modes of the setup that are excited by the noise from the turbulent flame. Finally, the spectra for the fully premixed (MH) and methane piloting (PC) cases are almost identical to the Ref case.

Direct visualisations

Images of the flames are shown in Fig. 10 , corresponding to time-averaged line-of-sight integration of the CH * signal over a long duration. 50 snapshots are taken for each case with a total exposure time of 40 ms. For cases Ref, PC and MH, the CH * signal is spread out over the view frame because of the flame motion associated to the combustion instability. A closer look at PC1 and PC2 however shows that the increase of the methane flow rate slightly enhances the emission of CH * in the wake of the pilot injection tube. For the PH cases, which are stable, the image is much sharper. The two flames are anchored at the outlet of the central pilot tube and there is no obvious difference between P H 2 = 1% and 2%.

For a meaningful comparison of the flame shapes and the analysis of the influence of the injection strategies on the flame stabilization, all the cases need to be made stable. This is achieved by changing the acoustic properties of the setup by modifying the lengths of the plenum and flame tube. Experiments are carried out with the short plenum l p = 147 mm and the short flame tube l f = 10 0 mm. Time-averaged images of the CH * signal integrated in the line-of-sight are shown in Fig. 11 for these stable flames.

As expected, all cases are now comparably sharp. The flames are all anchored at the outlet of the central pilot fuel injection tube and the most striking feature is that these flames are very similar at first glance. The shape of the PC, PH and MH flames is almost identical to the Ref case. For the premixed MH cases, this can be explained by the very small increase in the flame speed with hydrogen enrichment. The laminar burning velocity calculated with Cantera and the GRI-mech 3.0 chemistry mechanism is S L = 0 . 269 m.s -1 for the Ref case and barely increases for MH1 and MH2 cases, S L = 0 . 275 m.s -1 (+1.6%) and S L = 0 . 275 m.s -1 (+3.2%), respectively. This is due to the fact that the maximum variation in fuel injection is 2% of the total power corresponding X f H 2 = 6 . 6% . A closer inspection reveals that the distribution of CH * intensity along the flame arms for the cases with piloting exhibit a more intense CH * emission near the flame base compared to the Ref and MH cases. This zone is more intense for the PC cases than the PH cases, which relates to the fact that hydrogen combustion does not generate CH * radicals.

For a more quantitative evaluation of the changes in flame shape, contours at 35% of the CH * peak intensity are plotted for cases Ref, PH1 and PH2 in Fig. 12 . Variations of this threshold level slightly modifies the boundary of these contours, but does not change the difference in flame patterns. The stronger attachement of the flame base is quite obvious but it also appears that the flame height is slightly reduced by the injection of hydrogen. This is a consequence of the increased burning rate when replacing CH 4 by H 2 and altogether, these slight modifications of the flame geometry and the redistribution of the volumetric heat release rate through the reaction zone alter the flame response.

Flame Transfer Functions

The forced response of the flames to acoustic excitation is examined by measuring its Flame Transfer Function (FTF): where ˙ Q and u 0 denote the heat release rate and the velocity at the burner outlet in section (0). In this expression, u 0 corresponds to U sw . The operator ˜ • stands for the Fourier component of the signal at the forcing frequency ω and • means the time averaged value. In this framework, the heat release rate fluctuation ˜ ˙ Q, deduced from the PM equipped with the CH * filter, features a gain G and a phase lag ϕ with respect to the acoustic velocity ˜ u 0 . The prerequisite for this task is a stable flame, which is again obtained with the flame tube and plenum lengths l f = 10 0 mm and l p = 147 mm, respectively. In this case the system is void of thermo-acoustic instabilities for all operating points studied. The bottom cap of the plenum is replaced with an extension housing a loudspeaker as shown in Fig. 13 . Using this configuration, the flow in the main annular injection channel is submitted to harmonic modulation with a controllable level.

˜ ˙ Q ˙ Q = G exp (iϕ) ˜ u 0 u 0 (5) 
The FTF should be determined with a reference velocity as close as possible to the burner outlet [28] . In a swirling injector, it is difficult to instrument the burner at this location and the technique used in [29] to reconstruct the acoustic velocity ˜ u 0 at the burner outlet from the hot wire probe HW and the pressure M1 signals upstream of the swirler is used instead. This is an important aspect of the method because the distance l i = 87 mm between sections (0) and ( 1) is not short. Even at relatively low frequencies there may be a node in the acoustic field between HW and the flame. The methodology is fully described in Appendix A .

The forcing by the loudspeaker is tuned so that the amplitude of the velocity fluctuation at the burnet outlet is 10% of the bulk velocity for all frequencies ˜ u 0 /U sw = 0 . 10 . The resulting FTFs are presented in Fig. 14 . For the premixed methane-air Ref case, the flame is very responsive with large FTF gains exceeding unity over almost the entire frequency range explored from 10 Hz to 700 Hz. Regarding the fully premixed MH cases, hydrogen addition in the fuel at such low concentration levels does not impact the flame response in Fig. 14 . This observation is consistent with the stability maps and the flame visualizations. A fuel blend with a few percent of hydrogen, X f H 2 < 7% does not alter the dynamic stability of the system. The laminar burning velocity was already shown to change less than 3.3% for MH2. Changes of the adiabatic flame temperature for mixtures Ref, MH1 and MH2 are also smaller than 1%.

Methane injection in the central pilot fuel line corresponding to cases PC1 and PC2 has more effect and visibly decreases the FTF gain G for frequencies higher than 250 Hz in Fig. 14 . The FTF phase lag ϕ is marginally altered. The Rayleigh index, that has been shown to take a positive value for the Ref case at this operating condition, remains positive for PC1 and PC2 because the FTF phase lag is identical for the Ref case and the PC cases. The small drop in the FTF gain around 600 Hz is consistent with the modest reduction of the limit-cycle amplitude of the unstable mode observed for the PC cases in Fig. 9 (see also Table 2 ). For case PC2, there is a small bump in the FTF gain at 30 Hz followed by a dip at 80 Hz, but these features are not explained.

The strongest alteration of the FTF is obtained with hydrogen piloting for cases PH1 and PH2. The most obvious impact is the large reduction of the FTF gain in the range 150-300 Hz, which is more pronounced for PH2 than PH1 when the hydrogen flowrate is increased. This could be an effective control strategy but at this operating point, the instability is not in this frequency range. The large dip of the gain G around 220-240 Hz with a change in the slope of the phase lag ϕ is characteristic of interferences between acoustic waves and azimuthal convective waves downstream the swirler [25,30,31] . This feature is not discussed here since our focus is on the influence of piloting and hydrogen addition. The scrutiny of this mechanism is left to further studies. Above 300 Hz, the FTF gain for the PH cases lies below the Ref case in Fig. 14 , but the difference is not sufficient to explain the difference in stability. For frequencies higher than 300 Hz, the FTF phase lags between the PH and Ref cases begin to deviate and the difference increases with the forcing frequency, resulting in a large difference at the frequency of the instability. Around 590 Hz, one reads in Fig. 14 : ϕ(590) ~7 . 7 5 rad for the Ref, PC1, PC2, MH1 and MH2 cases and ϕ(590) = 6 . 36 rad for the PH1 and PH2 cases.

This large difference of the FTF phase lag ϕ is at the origin of the augmented stability margins of the PH cases. This is highlighted by conducting a simplified acoustic energy balance. For a compact flame, the thermo-acoustic energy release at frequency f = 1 /T in the system is determined by the Rayleigh index:

R = 1 T T γ -1 γ p p ′ ˙ Q ′ dt = γ -1 2 γ p Re Z ˜ u 0 ˜ ˙ Q * (6) 
In this expression Re[ • ] is the real component of the complex argument and the star denotes the complex conjugate. It makes use of the complex burner impedance Z at the instability frequency f :

Z = ˜ p 0 ˜ u 0 = | Z| exp (iϕ 0 ) (7) 
where ˜ p 0 and ˜ u 0 denote the acoustic pressure and velocity at the burner outlet in section (0). In this study, the phase lag ϕ 0 in section (0) is deduced from reconstructions of ˜ p 0 and ˜ u 0 with measurements of ˜ p 1 and ˜ u 1 made in section (1). This reconstruction of the acoustic field at the burner outlet was verified with pressure measurements taken from inside the chamber as explained in Appendix B .

When the Rayleigh index is positive R > 0 the combustion dynamics destabilizes the system. When R < 0 , the flame damps acoustic perturbations and the system is stable. Eqs. ( 5) and ( 7) are used to rewrite the Rayleigh source term as a function of the phase lags from the burner impedance Z and FTF:

R = (γ -1) ˙ Q 2 γ p U sw | ˜ u 0 | 2 | Z| G cos ( ϕ 0 -ϕ ) (8) 
When the burner impedance Z , the FTF or the acoustic velocity ˜ u 0 at the burner outlet vanishes, there is no thermo-acoustic energy release R = 0 . For all other conditions, the thermo-acoustic source may damp R < 0 or amplify R > 0 acoustic perturbations, depending on the phase lags ϕ 0 and ϕ from the burner impedance Z and FTF, respectively. According to Eq. ( 8) and neglecting other damping mechanisms, unstable modes need to comply with:

- π 2 [2 π ] < ϕ -ϕ 0 < π 2 [2 π ] (9) 
Knowing that the burner impedance at f 590 Hz is ϕ 0 1.96 rad, one deduces that to trigger an instability the FTF phase lag necessarily belongs to: 0 . 39 < ϕ < 3 . 53 or 6 . 67 < ϕ < 9 . 82 (10) For the REF methane/air case, methane piloting PC1 and PC2 cases and the fully premixed hydrogen/methane MH1 and MH2 cases, the FTF phase lag ϕ(590) ~7 . 6 9 rad falls within the second instability region. With hydrogen piloting, PH1 and PH2, ϕ(590) ~6 . 3 6 rad falls within the stable band 3.53 < ϕ < 6.67.

This analysis shows that minimal hydrogen injection through a pilot jet is an efficient way to alter the FTF with significant changes of the gain at low forcing frequencies and phase lag at high forcing frequencies. This in turn can be used to drastically change the stability margins of the combustor.

Experiments, not shown here, have also been repeated by replacing the CH * filter by an OH * filter to deduce the heat release rate fluctuations. It was found that the measured FTF is independent of the selected filter to deduce heat release rate fluctuations for all injection strategies tested (PM, PH and PC) with P H 2 = 1% and 2%.

Emissions

Another aspect that needs to be considered is the pollutant emissions. NOx emissions are a known issue for hydrogen enriched flames. CO and NOx concentration measurements in the burnt gases have been performed with a gas analyzer ECOM J2KN PRO by probing the flow at the outlet of a 200 mm length combustion chamber. Care has been taken to prevent combustion products mixing with the ambient air. Results for U sw = 18 m.s -1 and φ= 0.8 and the different injection strategies are presented in Table 3 .

Injection of hydrogen premixed with the main methane/air mixture does not modify emissions for the MH cases. Methane and hydrogen piloting do not alter CO emissions, but they increase NOx emissions even for these small flowrates. PC2 and PH2 injection strategies with only 2% of the power originating from combustion of the pilot fuel, lead to an increase of NOx concentrations in the flue gases of +16% for methane and +25% for hydrogen injection. These results put in forward that an optimization needs to be performed between the benefits of the change in the FTF obtained from the injection of hydrogen, and the increase of NOx emissions coming from the non-premixed part of the flame when pure hydrogen is injected.

Conclusion

In this work, the control of combustion instabilities via separate hydrogen injection was studied. The configuration is a swirled premixed methane/air burner, tested over a wide range of operating conditions through variations of bulk flow velocity and equivalence ratio. The goal was to assess control strategies that would require very low fractions of hydrogen, therefore the maximum investigated is 2% of the thermal power. For each operating condition, the air flow rate and total thermal power are kept constant. The reference being the fully premixed methane case, three alternatives are considered: pilot injection of hydrogen (PH), pilot injection of methane (PC) and fully premixed methane hydrogen (MH). These allow to discriminate between fuel composition effects and injection strategies.

The analysis of stability maps, pressure traces, flame images and Flame Transfer Functions led to the following conclusions:

1. When the hydrogen is fully premixed with methane and air the stability map is not affected. 2. Pilot injection of pure hydrogen strongly affects the stability map with a significant reduction of the unstable zones. 3. Classical pilot injection of methane has a weak stabilizing effect at such low fraction of the total power ( < 2%). 4. Piloting with hydrogen affects the flame anchoring resulting in slightly shorter flames with a redistribution of the volumetric heat release toward the bottom of the flame. 5. Both the gain and phase lag of the FTF are massively affected by pilot hydrogen addition with different behaviors depending on the frequency range. 6. NOx emissions need to monitored to select the best compromise between augmented stability margins and reduced emission levels.

It is concluded that hydrogen injection can be used as an efficient passive control means to mitigate thermo-acoustic instabilities. Small changes in the percentage of hydrogen addition result in stable regimes, otherwise unstable without injection for the same thermal power and air flow rate. This effect is more pronounced at low power regimes, resulting in a system that has augmented stability margins.
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We, the authors, declare that we have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper. where j = 1 stands for the HW duct and J -1 denotes the duct just before the injector annular channel. After the wave amplitudes at the main annular injection channel are determined, the acoustic velocity ˜ u 0 at the burner outlet in section (0) corresponds to:

˜ u 0 = A + 0 + A - 0 (A.11)
The FTF is deduced from the light intensity I from CH * radicals recorded by the PM and the velocity u 0 at the burner outlet:

F T F = ˜ I Ī U sw ˜ u 0 = G ( f, | ˜ u 0 /U sw | ) e iϕ ( f, | ˜ u 0 /U sw | ) (A.12)
Figure 16 compares the FTF determined with the reference signals ˜ u 0 and ˜ u 1 . The FTF deduced from the hot wire measurements in section ( 1) is obviously incorrect. The hot wire lies 87 mm below the burner outlet leading to different acoustic velocity fluctuations at the outlet of the main annular injection channel and the channel where the HW is located. There is also a velocity node near the HW position when the system is pulsated at 420 Hz and the FTF gain determined with HW diverges around this forcing frequency.

Another important feature when determining the FTF is to keep the same forcing level at the burner outlet [33] . An iterative algorithm was developed to keep this perturbation level equal to ˜ u 0 /U sw = 0 . 10 . The difference between the velocity fluctuation amplitude recorded with the hot wire HW in section (1) and the reconstructed velocity amplitude | ˜ u 0 | in section (0) is presented in 

Appendix B. Acoustic Structure of the Mode

A low order thermo-acoustic model of the combustor has been constructed with the help of the OSCILOS simulator [34] . This model includes the flame response with the gain and the phase lag measured at the limit cycle of the Ref case. The reflection coefficient at the inlet has been taken to be a fully reflecting velocity node. The outlet of the combustion chamber exhausting burnt gases is open to atmosphere. Measurements of the outlet reflection coefficient in hot conditions were made and a fit was included in the numerical model. The temperature at the outlet of the 300 mm combustion chamber has been measured with a thermocouple. Temperature measurements corrected for thermal radiation were used to calculate the speed of sound and density in the flame tube. The fresh mixture in the plenum is at ambient conditions. The structure of the instability observed for the Ref case at U sw = 18 m.s -1 and φ = 0 . 8 is presented in Fig. 18 . The top image shows a schematic of the burner cavities. The middle plot shows the pressure amplitude with respect to that measured by microphone MB at the bottom of the plenum. The bottom plot shows the phase lag with respect to that measured by microphone MB. This figure confirms that the acoustic pressure in the flame tube is in phase with the pressure signal measured by microphone MB.

It is important to satisfy P1, P2 and P3 simultaneously: the capability to inject ingoing acoustic waves and turbulence at the same time on an inlet patch while letting outgoing acoustic waves cross the boundary without reflection is crucial in many configurations. Well-known examples include the determination of the transfer function of turbulent flames [15,17] , the prediction of combustion noise in gas turbines [18][19][20] or the evaluation of the acoustic transfer matrix of singular elements in turbulent flows [21][22][23][24] . All these studies require to introduce harmonic acoustic forcing and turbulence on the same inlet boundary while letting acoustic waves propagate from the computational domain to the outside without reflection ( Fig. 1 ). Similarly, studies of combustion noise in gas turbines [20,25,26] require to perform simulations of the noise produced by a jet forced simultaneously by turbulence and by acoustic waves generated in the combustion chamber. This paper uses characteristic boundary conditions [3,4,27] which have become the standard approach in most https://doi.org/10.1016/j.compfluid.2019.06.027 0045-7930/© 2019 Elsevier Ltd. All rights reserved. Fig. 1. An example where turbulence and acoustic waves must be introduced through the inlet of a compressible simulation while acoustic waves reflected from the computational domain must propagate without reflection through the same surface: the computation of the Flame Transfer Function of a turbulent flame [15] . compressible solvers [11,[28][29][30] . These methods use characteristic analysis to decompose the Navier-Stokes equations at the boundary 1 and identify waves going into the domain and waves leaving the domain. Wave amplitudes can be expressed as spatial derivatives of the primitive variables. The amplitudes of waves leaving the domain depend only on the flow within the computational domain: they can be computed using one-sided derivatives of the resolved field inside this domain. Inversely, the amplitudes of the waves entering the computational domain can not be obtained by differentiating the field in the domain because this would lead to an ill-posed problem: they must be imposed using information given by the boundary conditions. Fig. 2 shows that, for a subsonic inlet, only the outgoing acoustic wave L 1 (see Section 2 for wave definitions) is leaving the computational domain at speed uc where u is the local convection velocity and c the local sound speed. All other waves (the acoustic wave L 5 at speed u + c, the entropy wave L 2 at speed u and the two transverse waves L 3 and L 4 at speed u ) are entering the domain and must be specified using the boundary conditions. This paper focuses on the determination of these incoming wave amplitudes.

Section 2 recalls the basis of the NSCBC (Navier Stokes Characteristic Boundary Conditions) technique applied to an inlet. The specification of the incoming waves is presented in Section 3 and a novel inlet condition able to satisfy properties P1-P3 is discussed (called NRI-NSCBC for Non Reflecting Inlet NSCBC). Before performing any simulation, a simple theoretical approach is used to predict the reflection coefficient of the standard NSCBC formulation and of the new NRI-NSCBC condition for the injection of acoustic waves in one dimension ( Section 4 ). These results are validated using a onedimensional simulation of a forced duct in Section 5 . The impact of the NRI-NSCBC formulation is then illustrated through three examples2 :

• Section 6 shows that, for an unforced multi-dimensional flow (a nozzle case), using the NRI-NSCBC condition allows to eliminate acoustic waves and to converge much faster to steady state, a crucial property for compressible flow solvers which often remain limited by small time steps and long computation times before convergence.

• Section 7 presents an example of simultaneous acoustic forcing and turbulence injection in a three-dimensional channel and shows that the NRI-NSCBC is able to satisfy Properties 1-3 simultaneously.

• Finally Section 8 proposes a DNS of a premixed turbulent flame which is forced acoustically using both boundary conditions formulations.

Characteristic inlet boundary condition for subsonic flows

Consider a subsonic inlet ( Fig. 2 ) where the boundary plane is the ( y, z ) plane. The velocity components to impose at this inlet are ( u t , v t , w t ). These components can be steady or change with time when turbulence and/or acoustic waves are injected through the inlet. Note that these fields are "target" values: they correspond to the injected velocity signals which must be imposed at the inlet, not necessarily to the values ( u, v, w ) which will be actually reached during the computation because outgoing reflected waves (coming from the computational domain) also change the velocity and pressure field on the inlet patch ( Fig. 1 ).

The Navier-Stokes equations at the inlet can be recast in terms of waves propagating in the x direction, leaving the other two directions unchanged: ∂ρ ∂t

+ d 1 + ∂ ∂y (ρv ) + ∂ ∂z (ρw ) = 0 (1) 
∂ (ρE) ∂t

+ 1 2 
u 2 + v 2 + w 2 d 1 + d 2 γ -1 + ρud 3 + ρv d 4 + ρwd 5 + ∂ ∂y [ v (ρe s + p)] + ∂ ∂z [ w (ρe s + p)] = ∇ (λ∇ T ) + ∇(u.τ ) (2) 
∂ (ρu ) ∂t + ud 1 + ρd 3 + ∂ ∂y (ρv u ) + ∂ ∂z (ρwu ) = ∂τ 1 j ∂x j (3) ∂ (ρv ) ∂t + v d 1 + ρd 4 + ∂ ∂y (ρvv ) + ∂ ∂z (ρw v ) + ∂ p ∂y = ∂τ 2 j ∂x j (4) ∂ (ρw ) ∂t + wd 1 + ρd 5 + ∂ ∂y (ρv w ) + ∂ ∂z (ρww ) + ∂ p ∂z = ∂τ 3 j ∂x j ( 5 
)
where τ is the viscous stress tensor. e s and E are the sensible and total energies respectively: 

( u 2 + v 2 + w 2 ) (6) 
The system of Eqs. (1) to (5) contains derivatives normal to the x boundary ( d 1 to d 5 ), derivatives parallel to the x boundary (called "transverse terms"), and viscous terms. The vector d is given by characteristic analysis:

d = ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ d 1 d 2 d 3 d 4 d 5 ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ = ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 1 c 2 L 2 + 1 2 ( L 5 + L 1 )
1 2

( L 5 + L 1 ) 1 2 ρc ( L 5 -L 1 ) L 3 L 4 ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ = ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ ∂ (ρu ) ∂x ρc 2 ∂u ∂x + u ∂ p ∂x u ∂u ∂x + 1 ρ ∂ p ∂x u ∂v ∂x u ∂w ∂x ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ ( 7 
)
where c is the local speed of sound given by c 2 = γ p /ρ and the L i 's are the amplitudes of characteristic waves propagating at the characteristic velocities uc, u and u + c:

L 1 = (u -c) ∂ p ∂x -ρc ∂u ∂x (8) 
L 2 = u c 2 ∂ρ ∂x - ∂ p ∂x (9) 
L 3 = u ∂v ∂x and L 4 = u ∂w ∂x (10) 
L 5 = (u + c) ∂ p ∂x + ρc ∂u ∂x (11) 

Specification of incoming waves

For a subsonic three-dimensional inlet, the problem is well posed if four conditions are imposed [3,36] . In a characteristic based method such as NSCBC, this means that the four incoming waves L 2 , L 3 , L 4 and L 5 must be imposed. The outgoing wave L 1 does not depend on the boundary conditions and can be computed using one-sided derivatives of the field inside the computational domain. Therefore, the solution can be advanced in time on the inlet, using the system of Eqs. (1) to (5) for boundary values if an evaluation for L 2 to L 5 can be found. The principle of NSCBC is to evaluate these wave amplitudes as if the flow was locally onedimensional and inviscid (LODI). LODI equations provide an estimation of the wave amplitudes L i which is usually chosen so that the physical boundary condition is satisfied. Usual LODI equations are: ∂ρ ∂t

+ 1 c 2 -L 2 + 1 2 (L 5 + L 1 ) = 0 (12) 
∂u ∂t

+ 1 2 ρc (L 5 -L 1 ) = 0 (13) 
∂v ∂t

+ L 3 = 0 ( 14 
)
∂w ∂t

+ L 4 = 0 (15) 
∂ p ∂t

+ 1 2 (L 5 + L 1 ) = 0 (16) 
The difficult question and the differentiating factor between characteristic methods is the specification of the ingoing wave amplitudes L 2 , L 3 , L 4 and L 5 as a function of the chosen inlet conditions. For example, for a constant velocity inlet, the LODI equation (13) would suggest that the incoming acoustic wave amplitude L 5 should be equal to the outgoing wave L 1 but this approach is often too simple for unsteady cases. 3 For the sake of simplicity, the presentation is limited now to an isentropic inlet where the entropy wave L 2 is set to zero. Using Eqs. ( 13)-( 15) , the LODI expression for such an isentropic inlet is to write the incoming waves as:

L 5 = -2 ρc ∂u t ∂t , L 3 = - ∂v t ∂t
and L 4 = -∂w t ∂t (17) which allows to inject an unsteady signal of components ( u t , v t , w t ). Unfortunately, Eq. ( 17) does not work in practice for three reasons:

1. For a steady inlet ( u t = v t = w t = constant), this condition is perfectly reflecting as the ingoing waves L 3 , L 4 and L 5 are all exactly zero: the solver knows that the inlet velocity is constant but it has no information on the values of the target velocities so that, in multidimensional configurations, the mean inlet velocities usually drift because of transverse and viscous terms present in the system of Eqs. ( 1) to (5) . This is usually corrected by adding a linear relaxation term to the target values u t , v t and w t as proposed initially by Rudy and Strikwerda [36,38] . For the normal velocity u , the ingoing acoustic wave L 5 becomes:

L 5 = ρc -2 ∂u t ∂t + 2 K(u -u t ) (18) 
while the two transverse waves are written:

L 3 = - ∂v t ∂t + 2 K(v -v t ) and L 4 = - ∂w t ∂t + 2 K(w -w t ) (19) 
Terms such as (uu t ) are called "relaxation" terms [36,38] .

They do not have a theoretical basis4 : they offer the simplest linear correction form which can be added to the NSCBC theory to avoid a drift of mean values as it forces the instantaneous velocity u to go to its target value u t with a relaxation time 1/ K . Independently of its exact form, this term in Eq. ( 18) is sufficient to avoid drifting mean inlet speed values when K is "sufficiently" large but it also deteriorates the non-reflecting character of the inlet as will be shown later.

Transverse waves ( L 3 and L 4 ) raise no difficulty as they are not associated to any axial acoustic wave and will not be discussed any more in the rest of the paper.

2. An interesting issue in the correction term (uu t ) of Eq. ( 18) is how to choose the "target" value u t . A simple choice would be u t = ū + u t + where ū is the target mean velocity and u t + is the target unsteady velocity (either acoustic or vortical) imposed on the inlet patch. A better choice was proposed in [1,2] who pointed out that outgoing acoustic waves (inducing velocity fluctuations which will be called u -) may also reach the inlet when they propagate from the computational domain to the inlet and should be accounted for in u t . Fortunately, these outgoing waves can be evaluated in the limit of plane, low-frequency waves using the outgoing wave amplitude L 1 which is readily available in all NSCBC methods. Therefore, the proper way to account for u - is to add it to the target velocity to have u t = ū + u t + + u -. A last issue linked to Eq. ( 17) is the choice of the relaxation coefficient K (units: s -1 ). The proper scaling for K is the reduced factor σ = KL/c where L and c are a characteristic length and a typical sound speed of the domain respectively [36,38] . Choosing an adequate value for K is a critical issue in many cases. Very large values of σ can lead to an unstable solution and a divergence of the simulation even in a stable flow ( Fig. 3 ) because the wave amplitude becomes too large as soon as the velocity deviates from its target value: such instabilities are purely numerical and are due to the boundary condition. On the other hand, low values provide non-reflecting characteristics but will let the mean solution to drift from its target mean value ū because of viscous and transverse terms affecting the solution in the system of Eqs. (1) to (5) . Therefore, there usually is a range of σ values which provide both non drifting and quasi nonreflecting properties. Rudy and Strikwerda suggest that this occurs near σ = 0 . 25 but in practice, wide ranges of σ have to be tested by NSCBC users, leading to inefficient trial and error procedures. In some cases, large values of K are used, leading to inlets where the velocity is totally fixed but the boundary is fully reflecting. 3. Another and more surprising problem was pointed out by Prosser [39] and confirmed by Guezennec and Poinsot [40] .

In the classical NSCBC approach, to inject a perturbation u t , the incoming wave is expressed as:

L 5 = -2 ρc ∂u t ∂t (20) 
This is a correct formulation to inject acoustic waves but Prosser [39] used a low Mach number expansion of the Navier-Stokes equations to show that the proper expression to inject vortical perturbations was different and that the factor 2 had to be suppressed to have:

L 5 = -ρc ∂u t ∂t (21) 
The fact that the factor 2 of Eq. ( 20) used for acoustic wave injection must be removed for vorticity injection in Eq. ( 21) was confirmed by the analysis of Polifke et al. [1] and tests [40] show that indeed, Eq. ( 21) is the proper wave expression to inject vortical perturbations (isolated vortices or fully developed turbulence) but raise a simple question: which expression ( Eqs. (20) or ( 21) ) should be used in practice? The present paper shows that they actually must be combined as discussed below.

These recent results suggest a generalized formulation for inlet boundary conditions which is the basis for the NRI-NSCBC condition described here 5 In this formulation, ingoing perturbations are split into two separate components which are superposed to the incoming wave amplitude: the vortical fluctuation, corresponding 5 The reviewing phase of the present paper showed that this result could have been obtained also by combining results proposed by the group of Pr Polifke [1] with the work of Pr Prosser [39] .

Table 1

Comparison of the classical NSCBC and the NRI-NSCBC conditions. ū is the mean target velocity, u t a is the target acoustic fluctuation, u t v is the target vortical fluctuation and u -is the reflected velocity fluctuation reaching the inlet from the computational domain. 

∂u t v ∂t +2 K[ u -( ū + u t a + u t v + u -)]
to a signal u t v and the acoustic fluctuation corresponding to a signal u t a . Each component is handled individually and superposed in the incoming wave as follows:

L 5 ρc = -2 ∂u t a ∂t - ∂u t v ∂t I + 2 K[ u -( ū + u t a + u t v + u -)]
II (22) where part I of expression (22) combines a term 2 ∂u t a / ∂t to introduce acoustic waves and another one ∂u t v / ∂t to inject turbulence, each of them with the correct factor (2 for acoustics and 1 for turbulence). Part II of expression ( 22) is the relaxation term.

It is introduced to avoid drift and is not proposed by the characteristic theory. It includes u t a and u t v but also u -as suggested by Polifke et al. [1] . This formulation allows to use exact terms for 2 ∂u t a / ∂t and ∂u t v / ∂t (satisfying properties P2 and P3 introduced in Section 1 ) while providing an expression for the relaxation term which should be zero as long as non acoustic terms remain small at the inlet (satisfying property P1). This should allow to use large relaxation factors K avoiding the drift of mean values while still being non reflecting for all normal acoustic waves: the relaxation term in Eq. ( 22) becomes non zero only when viscous and transverse terms become non negligible on the inlet. For all other cases, the relaxation term ( II ) is zero and Eq. ( 22) reduces to the exact NSCBC approach for L 5 :

L 5 = -2 ρc ∂ u t a ∂ t -ρc ∂ u t v ∂ t .
In the expression of the incoming wave L 5 ( Eq. ( 22) ), the acoustic velocity u -associated to the reflected wave reaching the inlet from the computation domain must be evaluated. In the case of an outlet, Polifke et al. [1,41] used a method called CBF (characteristics based filter) to obtain a plane averaged value for the outgoing wave amplitude. This requires introducing a series of planes near the oulet of the computational domain where the outgoing wave can be evaluated. CBF is precise but can be difficult or impossible to implement in cases where the domain outlet has a complex shape or typically at an inlet as studied in the present work. Here an alternative technique is used where u -is evaluated locally at each point of the inlet patch from the time integral of the acoustic wave amplitude L 1 which is available in NSCBC:

u -= 1 
2 ρc t 0 L 1 dt (23) 
Expression (23) for u -avoids using the PWM approach [1] and can be used in any code using NSCBC boundary conditions. 6The following sections compare the new NRI-NSCBC formulation to the classical NSCBC conditions [3,12] . Table 1 summarizes the wave expressions which will be used for both boundary conditions.

Theoretical analysis of reflection coefficients in one dimension

A first method to analyze the differences between the standard NSCBC and the NRI-NSCBC conditions is to consider a simple case ( Fig. 4 ) such as the inlet of a configuration where waves can be assumed to be one-dimensional. No vortical perturbation is introduced: u t v = 0 . The inlet patch has a constant mean velocity ū and is submitted to an acoustic harmonic forcing at pulsation ω with a target amplitude u t a . A reflected wave inducing an acoustic perturbation u -associated to a wave amplitude L 1 also reaches the inlet so that the exact velocity fluctuation at the inlet should be u t a + u -. At this point u -could be any signal: the only assumption is that u -is a reflection due to the acoustic forcing and that it is therefore a harmonic signal at pulsation ω too. This case allows to derive analytically, what the inlet velocity will be in a code using the boundary conditions of Table 1 . To obtain this result, the two ingoing wave formulations of Table 1 are gathered in a single notation for this case with acoustic forcing only and no turbulence injection ( u t v = 0 ):

L 5 ρc = -2 ∂u t a ∂t + 2 K[ u -( ū + u t a + αu -)] (24) 
When α = 0 , the standard NSCBC condition is obtained while α = 1 yields the NRI-NSCBC condition. The reflected wave (amplitude L 1 ) creates an acoustic velocity u -which reaches the inlet and interacts with the inlet boundary condition. In general, u -is never zero: reflected waves are found at the inlet of most compressible computations.

Assuming that all quantities fluctuate at pulsation ω and expressing all variables as f (t) = Re [ ˆ f exp (-iωt)] , it is possible to combine Eqs. ( 24) and ( 13) to obtain the velocity fluctuations u ′ = uū at the inlet. To do this, L 1 is obtained from u -using:

∂u - ∂t = 1 2 ρc L 1 so that ˆ L 1 = -2 iωρc ˆ u - (25) 
Eq. ( 13) can then be used to obtain the inlet velocity fluctuations ˆ u ′ using Eq. ( 24) for L 5 and Eq. ( 25) for L 1 :

∂u ∂t = - 1 2 ρc (L 5 -L 1 ) (26) 
which leads to:

ˆ u ′ = ˆ u t a + Kα -iω K -iω ˆ u - (27) 
Eq. ( 27) conveys two messages:

• In general, the inlet velocity fluctuation ˆ u ′ is not equal to the acoustic forcing amplitude imposed on the boundary ˆ u t a . For both boundary conditions ( α = 0 or 1), the only cases where ˆ u ′ is equal to ˆ u t a corresponds to situations where no outgoing wave reaches the inlet ( ˆ u -= 0 ). Fig. 4. Characteristic waves at a subsonic inlet (inlet at x = 0 ). The acoustic forcing induces a velocity fluctuation u t a . A longitudinal acoustic wave (amplitude u -) is reaching the inlet from the computation domain.

• The exact solution is that the inlet velocity should be the sum of the acoustic contributions coming from left and right: ˆ u ′ = ˆ u t a + ˆ u -. When α = 1 (NRI-NSCBC condition), Eq. (27) shows that this property is always satisfied. For the standard NSCBC condition ( α = 0 ), the conclusion is opposite: the inlet velocity ˆ u ′ is never equal to its theoretical value except in rare cases where K = 0 or ˆ u -= 0 .

Knowing ˆ u ′ , it is also possible to express the inlet wave L 5 :

ˆ L 5 = ˆ L t 5 + R 1 ˆ L 1 with R 1 = K(1 -α) K -iω ( 28 
)
where ˆ L t 5 = 2 iωρc ˆ u t a is the target forcing wave and R 1 can be viewed as the reflection coefficient of the boundary condition: it measures how much of a left going wave L 1 reflects into the ingoing acoustic wave L 5 . When α = 1 (NRI-NSCBC), R 1 is exactly zero: the inlet is truly non reflecting and the injected wave ˆ L 5 contains only the imposed wave ˆ L t 5 . For the standard NSCBC condition ( α = 0 ), R 1 is never zero: the inlet is reflecting and any outgoing wave reaching it will be reflected back into the domain, making the inlet effectively more and more reflecting as K is increased. Note that, in this case, the reflection coefficient R 1 in Eq. ( 28) matches the expression obtained for the reflection coefficient by Selle et al. [34] , Polifke et al. [1] and Pirozzoli and Colonius [10] .

A one-dimensional duct with inlet acoustic forcing

The two boundary conditions of Table 1 are tested first on a one-dimensional duct of length L ( Fig. 5 ) forced acoustically at its inlet ( x = 0 ) and terminated by a fixed pressure outlet ( p ′ = 0 at x = L ). This is a direct application of the results of Section 4 where u -will be specified: the inlet forcing is harmonic and corresponds to a velocity fluctuation ˆ u t a . The outlet is fully reflecting so that ingoing waves will reflect at x = L into outgoing waves ( u -) and interact with the inlet condition at x = 0 . For all test cases presented in this section and the following ones, the compressible Navier-Stokes equations are solved using the fourth-order TTGC scheme (on regular meshes [42] ) in the AVBP solver [43,44] . Time advancement is fully explicit and a CFL number of 0.7 is used for all runs.

Since the outlet reflection coefficient is -1 (to ensure p ′ = 0 ), the ratio between L 1 and L 5 is known ( L 1 / L 5 = -exp (2 ikL ) where k = ω/c is the wave number). Therefore the ratio I between the wave amplitude which the boundary condition should impose ( L t 5 ) and the wave which will actually be imposed ( L 5 ) by Eq. ( 24) can also be expressed as:

I = ˆ L 5 ˆ L t 5 = 1 1 + R 1 exp (2 ikL ) (29) 
I is a deterioration index: when it is equal to unity, the boundary condition is perfect, the injected wave is the one imposed by the user and the inlet velocity is u = ū + u t a + u -which is the exact solution. Any non unity I value indicates that the relaxation term in Eq. ( 24) is perturbing the inlet boundary condition and making it partially reflecting. Obviously for the NRI-NSCBC condition where α = 1 and R 1 = 0 , I is equal to unity for all K values while it is not for the standard NSCBC approach. To check this result, onedimensional simulations of the configuration of Fig. 5 were performed for σ = 0 , 2 and 5 at three forcing frequencies (10 0, 20 0 and 500 Hz). The results obtained in terms of the index I as a function of the reduced relaxation coefficient σ are displayed in Fig. 6 .

The simulations match exactly the analytical result of Eq. ( 29) and confirm that for the NSCBC standard formulation, the deterioration index I can reach large values more than 20 for σ = 5 ), indicating that this method is much less accurate than the new NRI-NSCBC condition which offers a unity I index for all values of the relaxation coefficient σ . These results confirm the analysis of Polifke et al. [1] who pointed out the importance of taking u -into account in the relaxation term.

Faster convergence for unforced compressible flows

The capabilities of the NRI-NSCBC can be illustrated in a second test, to demonstrate that it allows faster convergence in multidimensional, compressible, unforced flows because acoustic waves are perfectly evacuated through the boundaries while avoiding a drift of mean values, thanks to a large value of the inlet relaxation coefficient K . For an unforced flow ( u t a = u t v = 0 ), the inlet wave of Eq. ( 22) becomes:

L 5 = 2 Kρc[ u -ū ] for NSCBC ( 30 
)
and

L 5 = 2 Kρc[ u -( ū + u -)] for NRI -NSCBC (31) 
The test case is a two-dimensional subsonic nozzle ( Fig. 7 ) where the inlet Mach number is 0.014, corresponding to an inlet velocity of 5 m/s. The outlet condition is p ′ = 0 . The initial condition corresponds to a zero velocity field and constant pressure and temperature everywhere in the domain, including on the inlet patch. The shape of the nozzle is given by (unit m): , x ≥ 0 (32) When the simulation begins, the inlet boundary condition starts modifying the inlet variables. The objective of the test is to measure the physical time required for the simulation to reach steady state and to check whether acoustic modes of the configuration are triggered. This flow is a good prototype of many compressible simulations. The initial conditions (zero velocity everywhere) combined with the inlet condition (which ramps rapidly to its target value) can generate strong perturbations and acoustic waves: with the standard NSCBC conditions ( Fig. 3 ), low values of K lead to mean values which do not converge to the target values or drift away from them. On the other hand, large values of K avoid drifting mean values but induce reflections and undamped acoustic waves which delay convergence. With NRI-NSCBC, this problem disappears: it is possible to use large values of K and still be non reflecting so that convergence is reached very fast. Fig. 8 summarizes this observation and can be compared to Fig. 3 .

y = ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 0 .
Fig. 9 displays a typical time evolution of inlet velocity and pressure for a reduced relaxation coefficient σ = KL/c = 0 . 017 .

Since this coefficient is small, the inlet velocity ( Fig. 9 , left) increases slowly and no acoustic waves are triggered. However, convergence is reached after a long time for both methods (NSCBC in solid line and NRI-NSCBC in dashed line).

To increase the convergence speed, the natural solution is to increase the inlet relaxation factor: Fig. 10 shows the solutions for a reduced relaxation coefficient σ = KL/c = 17 . The inlet velocity rapidly reaches its target (5 m/s) but acoustic oscillations are triggered using the classical NSCBC method (solid line) because acoustic waves are trapped within the domain: pressure and velocity oscillate at 150 Hz which is the frequency of the first mode of the setup with u ′ = 0 at the inlet and p ′ = 0 at the outlet. Inversely, the NRI-NSCBC method gives a solution (dashed line) which is stabilized after one acoustic time.

Increasing the relaxation coefficient even more (as often done by NSCBC users when they observe an oscillating inlet velocity) does stabilize the inlet velocity ( Fig. 11 , left) but makes the inlet even more reflecting, leading to pressure inlet excursions which actually grow in time ( Fig. 11 , right) and a boundary condition which is ill posed and will eventually lead to full divergence. NRI-NSCBC, as expected, is only weakly affected by the increase of σ and leads to a stable solution rapidly. This simple example reveals another interesting feature of the NRI-NSCBC condition, which provides fast convergence to steady state, using large relaxation coefficients, a useful property in all compressible solvers.

Simultaneous injection of turbulence and acoustic waves through a non-reflecting inlet

This test case corresponds to a situation where an inlet ( x = 0 in Fig. 12 ) is used to inject both turbulence and an harmonic acoustic wave into a square section channel. The domain is a threedimensional parallelepipedic box where the outlet is fully reflecting (imposed pressure: p ′ = 0 at x = L ). Therefore, the inlet is submitted to three waves:

• vorticity waves associated to the turbulence injection u t v , • an ingoing acoustic wave associated to the acoustic forcing u t a , • an outgoing acoustic wave reflected from the outlet and propagating back to the inlet u -.

The mesh is a pure hexahedra grid with 392 × 98 1. Three-dimensional turbulence: the RMS velocity of the injected turbulent field is u t v ,RMS = 5 m/s and its most energetic wavelength is 0.5 mm. The turbulence spectrum has a Passot Pouquet expression [45] . 2. One-dimensional planar acoustic wave: the acoustic forcing is a longitudinal harmonic wave introduced at the domain inlet, at a frequenc f = 260 kHz with a peak amplitude of u t a,peak = 2 m/s.

Note that the ratio between the two excitations levels can be fixed arbitrarily and is configuration dependent. It is measured here by the ratio of the excitation velocities u t v ,RMS /u t a,peak = 2 . 5 . Fig. 13 displays fields of Q-criterion [46] for the standard NSCBC (left) and the NRI-NSCBC approaches (right), showing a usual decaying turbulent field. The same figure displays a pressure field in one plane, revealing that the axial plane acoustic forcing can be identified on the pressure signal. These qualitative results require more analysis to see the influence of the boundary condition. Fig. 14 shows the FFTs of pressure (left) and velocity (right) at the inlet ( x = 0 m).

The two velocity spectra (right image) of Fig. 14 are close and both boundary conditions (NSCBC and NRI-NSCBC) produce inlet fluctuations which match the spectra of the target velocity u t very well, confirming that the turbulent signal is correctly introduced. Note that no discrete peak is visible at the acoustic forcing frequency ( f = 260 kHz). For the conditions chosen here ( u t a,peak /u t v ,RMS = 0 . 4 ), the acoustic forcing is not strong enough to dominate the turbulent forcing. For pressure (left image), however, the two spectra differ: both exhibit a peak at the acoustic forcing frequency (and its first harmonic) but the NSCBC results also p ′ (x, t ) = ρcu a e -ik + x -e -i (k + L + k -(L -x )) e iωt (33) and u ′ (x, t ) = u a e -ik + x + e -i (k + L + k -(L -x )) e iωt (34) where k + = ω/ ( c + u ) , k -= ω/ (cu ) and ω = 2 π f . The variance of pressure p ′ 2 can be obtained by p ′ 2 = p a p * a / 2 , with p * a the conjugate complex of p a . Fig. 15 shows variations of p ′ 2 along the duct axis for both boundary conditions and compares it to the analytical solution of Eq. ( 33) . The NRI-NSCBC captures perfectly the analytical solution showing that for these conditions ( u t /u a = 2 . 5 ), the unsteady pressure field is only weakly affected by the turbulence injection and that the NRI-NSCBC condition does not alter this property. On the other hand, similarly to the case of acoustic forcing in a laminar flow ( Section 5 ), the classical NSCBC formulation modifies the acoustic field structure and fails to capture the analytic solution. 

A turbulent, acoustically forced premixed flame

The last example is a direct numerical simulation (DNS) of a stoichiometric, premixed turbulent flame stabilized in a slot-burner configuration. The inlet is forced by turbulence and by an harmonic acoustic wave introduced simultaneously, a usual situation for example to study Flame Transfer Functions in thermoacoustics.

The DNS is performed with the explicit, compressible solver (AVBP) for the 3D Navier-Stokes equations with simplified thermochemistry on unstructured meshes [43,47] . A Taylor-Galerkin finite element scheme called TTGC [42] of fourth-order in space and time is used. The acoustic CFL number is 0.7. The outlet boundary condition is handled using an imposed pressure, NSCBC approach [3] with transverse terms corrections [37] . The inlet is treated either with the standard NSCBC formulation or with the new NRI-NSCBC approach. Other boundaries are treated as periodic.

Methane/air chemistry at 1 bar is modeled using a global 2step scheme fitted to reproduce the flame propagation properties such as the flame speed, the burned gas temperature and the flame thickness [48] . This simplified chemistry description is sufficient to study the dynamics of premixed turbulent flames. tween reduced temperatures of 0.01 and 0.99). The mesh is a homogeneous hexahedra grid with a constant element size x = 0 . 1 mm, ensuring 7-9 points in the preheat zone and 4-5 in the reaction zone. With this resolution, the temperature and heat release profiles given by the DNS code match perfectly the results given by a specialized one-dimensional flame code (Cantera) for a laminar premixed flame. The domain size is 512 cells (5,12 cm) in the x direction and 256 cells (2,56 cm) in the y and z ones, for a total of 33.55 million cells ( Fig. 16 ). The fresh gas injection channel has a height h = 8 . 53 mm ( h/δ 0 L ≈ 25 ). The inlet stream is a central flow of stoichiometric fresh gases surrounded by a coflow of burnt gases at low injection velocity. Inlet temperatures are 300 and 2256 K in the fresh and burnt gases, respectively. The temperature and composition of the burnt gas coflow corresponds to the products of an adiabatic combustion of the fresh gases. Mean inlet velocity profiles are imposed as:

u (x = 0 , y, z) = u co + (u in -u co ) 1 + tanh y -h 2 δ × 1 -tanh y -2 h 2 δ (35) 
where u in = 10 m/s is the maximum speed in the fresh gases, u co = 0 . 1 m/s is the minimum speed in the coflow of hot gases and δ is the momentum thickness of the shear layer ( δ = 0 . 08 mm) corresponding to a vorticity thickness of 0.36 mm. Turbulence is injected in the fresh gases only. The RMS velocity of the incoming flow is 1 m/s and the integral length scale is l F = 2 mm. The spectrum of the injected turbulence corresponds to a Passot-Pouquet form [45] . Acoustic forcing is introduced at the inlet on the fresh gas stream. The forcing frequency is f a = 1 kHz and the forcing amplitude is 2 m/s. For both NRI-NSCBC and NSCBC The two DNS of Fig. 17 , obtained by NRI-NSCBC and NSCBC, are obviously different but it is difficult to say which one is the best. A more quantitative result can be obtained by looking at the pressure spectra at the domain inlet in Fig. 18 . The spectra observed for NRI-NSCBC corresponds to the expected result: a discrete peak at the acoustic forcing frequency f a superimposed on broadband turbulent noise. On the other hand, for NSCBC, three additional highlevel peaks also appear: they are due to the excitation by the flame of the eigenmodes of the computational domain. It is possible to verify that these modes are indeed acoustic modes by using an Helmholtz solver [50] taking into account the mean temperature distribution in the domain and the boundary conditions (imposed inlet velocity and imposed outlet pressure). The frequencies predicted for the first three acoustic modes given by the Helmholtz solver are marked by arrows in Fig. 18 . The three acoustic modes which are excited when NSCBC is used are the longitudinal 1/4 wave (at 4350 Hz), 3/4 wave (at 12500 Hz) and 5/4 wave (at 19500 Hz) modes. Their frequencies, computed with the Helmholtz solver, match the frequencies observed in the LES with a 5 percent accuracy. These modes interact with the flame response at the acoustic forcing frequency ( f a = 1 kHz) and make the NSCBC run difficult to interpret: measuring the flame response at f a = 1 kHz would be impossible for the NSCBC run because this response is polluted by the three acoustic eigenmodes forced by the boundary conditions. Clearly, NSCBC fails to inject acoustic forcing and turbulence without exciting the cavity modes of the computational domain while NRI-NSCBC succeeds in this task.

Conclusions

This paper has described a new boundary condition for subsonic inlet, based on a combination of the formalism proposed by Polifke and coworkers [1,2] to account for outgoing acoustic waves and an extension of the method of Guezennec et al. [40] to introduce both turbulence and acoustic waves simultaneously. The approach can be summarized in the expression of the ingoing wave:

L 5 ρc = -2 ∂u t a ∂t - ∂u t v ∂t + 2 K[ u -( ū + u t a + u t v + u -)] (36) 
where u t a is the velocity of the injected acoustic wave, u t v is the axial velocity of the turbulent signal, ū is the mean target velocity, K is a relaxation coefficient and u -is the velocity of the outgoing wave which is estimated locally using the outgoing wave amplitude L 1 :

u -= 1 2 ρc t 0 L 1 dt ( 37 
)
Analysis and tests show that this NRI-NSCBC condition performs better than the standard NSCBC approach: it allows to use large values for the relaxation coefficient K and to obtain non-drifting mean values and non reflective capabilities simultaneouslyecor.

Tests were performed for one-dimensional acoustic forcing in a duct, for flow establishment in a compressible nozzle, for simultaneous injection of acoustic waves and turbulence in a threedimensional channel terminated by a fixed pressure outlet and finally for a turbulent premixed flame forced acoustically. For all cases, NRI-NSCBC captured the expected solution accurately suggesting that this could become a standard approach in compressible codes.

Introduction

Combustion instabilities caused by a coupling of heat release luctuations and acoustic modes of the combustion chamber are one of the key uncertainties in the development process of gas turbines. Their consequences may range from limiting the operating conditions to the destruction of the combustion chamber.

Combustion instabilities involve various complex physical mechanisms. Therefore, canonical test cases are often used to isolate certain phenom-ena. In this context, several conigurations involving laminar lames in various shapes have been studied in the past. Besides V-lames and conical lames [1,2] , the case of a lame anchoring in the wake of a bluff body in laminar cross low, has been studied using numerical and analytical approaches. Using laminar Direct Numerical Simulations (DNS) validated by experiments, Brebion et al. [3] investigated the inluence of the cylindrical lame holder's temperature on the lame anchoring mechanism. In their follow up study, Mejia et al. [4] investigated the inluence of the cylinder's temperature on the Flame Transfer Function (FTF). The effect of rotation of the cylinder on the lame anchoring mechanism was explained by Xavier et al. [5] showed that rotating the cylinder breaks the symmetry of both lame branches. Since the asymmetry of both lame branches is tunable by the rotation rate, it is a variable parameter to adapt the lame topology, without changing the low velocity or the cold gas mixture. The dynamic response of both lame branches and their interaction nevertheless remain unknown.

This article focuses on inluence of the cylinder rotation rate on the dynamic response of the lames to harmonic acoustic forcing. In Section 2 the setup and numerical strategy are laid out. Section 3.1 describes the inluence of the rotation rate on the unperturbed lame topology and Section 3.2 discusses the FTF of the case without cylinder rotation. This FTF is compared in Section 3.3 to FTFs for various cylinder rotation rates. Section 3.4 discusses the lame branches topology in case of monochromatic forcing for several rotation rates. Finally, the results are concluded and discussed in Section 4 .

Coniguration and simulation framework

The coniguration corresponds to that of Xavier et al. [5,7] : it consists of a constant-section rectangular channel (width W = 34 mm and depth 94 mm) at the center of which a stainless-steel cylinder (diameter d = 8 mm) serves as a lame holder (see Fig. 1 ). The cylinder is mounted on an electric motor with a controlled rotation speed ranging from 600 to 20 , 000 rpm. The normalised rotation rate is deined as

α = ωd 2 u b (1)
where u b is the bulk velocity of the premixed gases in the channel.

As shown in previous studies on this experiment [3,5,7] , because of its geometry and the laminar conditions, two-dimensional simulations are adequate. Laminar DNS are performed using the AV B P code [8] , jointly developed by CERFACS and IFP Energies nouvelles, which solves the compressible Navier-Stokes equations for multicomponent reacting lows on unstructured grids. The numerical integration is performed by a two-step Taylor-Galerkin scheme called TTGC [9] , which is of third-order in both space and time. In the current work, the combustion of methane and air is modelled via an analytically reduced skeletal mechanism accounting for 19 transported species and 11 quasi-steady species [10] . This mechanism, referred to as LU19 , is based on the GRI-mech3.0 mechanism [11] and reproduces the adiabatic temperature and lame speed over a wide range of operating conditions. It also includes lowtemperature-chemistry, required to describe lame wall interaction at the lame holder interface.

The lateral walls are water-cooled and modelled by a no-slip iso-thermal boundary condition ( T wall = 292 K ). The computational domain extends from x = -35 mm to x = 97 mm, where x = 0 corresponds to the center of the cylinder. The inlet and outlet boundary conditions are modelled via the Navier-Stokes characteristic boundary conditions (NSCBC) [12] . The inlet is fed by a methane-air mixture at equivalence ratio = 0 . 75 and temperature T u = 292 K. The velocity proile is given by experimental measurements. The bulk speed is u b = 0 . 8 m/s. A pressure of p = 100 , 700 Pa is imposed at the outlet. This operating point is far away from lame detachment of the cylinder.

The boundary condition at the cylinder's surface is a no-slip rotating wall, which was shown by Mejia et al. [7] to accurately account for the rotation of the lame holder. An estimation of the Biot number of the present cylinder is 0.01, meaning that the assumption of spatially uniform temperature is valid. Consequently, the cylinder temperature, T cyl , can be obtained by solving [5] :

dT cyl dt = S C p ρV ( ˙ Q cond -˙ Q rad ) , (2) 
where t denotes time, S the cylinder surface, ρ and V the density and the volume of the cylinder, and C p the mass speciic heat capacity. ˙ Q cond and ˙ Q rad are the conductive and radiative heat luxes, respectively. ˙ Q cond is obtained by integrating the laminar DNS heat lux long the cylinder surface. Radiation is governed by the Stefan-Boltzmannradiation law [13] :

˙ Q rad = ǫσ T 4 cyl -T 4 wall , (3) 
where σ is the Stefan-Boltzmann constant, and the emissiency coeficient, ǫ, is set to 0.9. The gas is assumed to be fully transparent and the temperature of the surroundings of the cylinder is supposed to be equal to the temperature of the cooled walls T wall = 292 K. Since the time scales of the chemical reactions and that of the preheating of the cylinder are distinctively different, the transient heat up of the experiment can be accelerated following, for example the strategy presented in [14] . Also, because of the low Biot number and the high rotation rate, once in the permanent regime, the temperature of the cylinder is homogeneous and constant. Finally, regarding spatial resolution, the coarsest cell size in the domain is x = 500 µm , while it is x = 70 µm close to the lame, which corresponds to 8 points in the lame [15] . Based on a Fig. 2. Field of velocity component in main low direction, u , with stream lines highlighted as thin black solid lines, isosurface of heat release as thick solid line and cylinder temperature for various cylinder rotation rates, α. mesh convergence study focusing on one dimensional lame head on quenching, the cell size at all solid walls is set to x = 25 µm . The setup of the mesh convergence study is presented in [16] .

This numerical strategy was successfully compared to experimental results in many previous studies [3,5,7] , including investigations on lame wall interaction [16] and it is used here without modiication.

Results

In this section, the inluence of rotation of the lame holder on the response of the lame to acoustic waves is studied. This analysis is conducted in the framework of FTF, i.e., in the linear regime corresponding to low amplitude perturbations.

Steady-state analysis

First, the steady lame shapes are presented in Fig. 2 , for all of which the luctuations in heat release are smaller than 0.05% of the mean heat release value. As expected, without rotation the lame is symmetric ( Fig. 2 a) but this symmetry is broken by the rotation of the lame holder. With increasing rotation rates, the root of the upper branch detaches from the cylinder, but moves upstream again for very large values of α (cf. Fig. 2 e). The tip of the upper branch moves downstream until α = 1 . 25 but then goes back upstream, even past its location for the symmetric lame. Regarding the lower branch, it always remains attached to the cylinder and its tip is monotonously pushed downstream. A thorough investigation of the effect of bluff body rotation on the lame root is provided by Xavier et al. [5] .

From the simple observation of the lame shape in the steady state, one can anticipate that the two branches will have a very different response to acoustic waves. Indeed, one can show from irst principles [17,18] that the lame response is driven by its length and the dynamics of its root. While the length greatly impacts the delay, the dynamics of the lame root drives the gain of the FTF [4,6] . Moreover, the rotation of the cylinder breaks the symmetry of the low so that the bulk velocities on both sides of the lame holder are different. This will change the speed at which perturbations travel on the lame front, also impacting the lame delay. Finally, because of the complex low pattern around the cylinder, the temperature of the lame holder changes with the rotation rate (see right side of Fig. 2 ). It irst decreases signiicantly at low rotation rates and increases again, past the reference value without rotation. The quantitative measurement of these changes is reported in Table 1 , which gives the cylinder temperature, the lame root and tip positions and the bulk velocities for the two branches for various rotation rates.

All these changes in the lame front topology and the low ield point towards a modiication of the FTF, which will be studied in the next sections.

Flame response without rotation

This section focuses on the FTF of the various lames, starting with the case without rotation. Under the assumption that the system is linear and invariant, it has been shown in many studies that the Wiener-Hopf Inversion (WHI) is a pow- erful methodology for the determination of FTFs [19][20][21] . In this method, the transfer function of a system is estimated by broad band forcing of the system and subsequent correlation analysis of its input and output signal. A detailed description of the method is provided in [22,23] . In order to remain in the linear regime, the forcing amplitude for the estimation of the FTF is kept at 1% of the bulk velocity. The reference point for the velocity perturbations is at x = -10 mm and y = 0 . Figure 3 shows the FTF of the symmetric reference lame (i.e., α = 0 ), obtained by a WHI analysis of laminar DNS data. As seen in previous studies of this coniguration, this lame only responds under 250 Hz and shows a strong gain ( > 2) at low frequencies, here around 80 Hz. The phase of the FTF is linear, corresponding to a constant time delay τ deined as the slope of the phase. For the present operating point, τ = 35 . 5 ms. The accuracy of the WHI was tested by performing FTF evaluation at various discrete frequencies (see circles in Fig. 3 ). We now investigate the motion of the lame front under harmonic forcing at 80 Hz, i.e., close to the frequency of the peak in the FTF. Figure 4 presents the mean and perturbed lame front and shows the deinition of the normal displacement ξ between the two. In order to elucidate the dynamics of the lame, the evolution of ξ along the lame front is presented in Fig. 5 at four different phases of the harmonic excitation. It appears that the amplitude of the displacement increases weakly along the lame front but shows non-linear deformation close to the lame tip. It is also quite clear that a lot of the variation in the lame surface is caused by the lame-wall interaction at the lame tip.

Flame response with rotation

Figure 6 shows the FTFs for various rotation rates, up to α = 3 . 75 , including the case without rotation as the reference. The irst observation is that the maximum gain is marginally affected up to α = 2 . 5 . However, between α = 2 . 5 and α = 3 . 75 , it increases by at least a factor of 2. The location of the maximum gain remains in the low-frequency range (between 50 Hz and 80 Hz), but without clear trend.

The second observation is that for many rotation rates, the gains exhibit strong dips (see markers in Fig. 6 ). It is anticipated that these dips could stem from the symmetry breaking of the lame, resulting in interference between the responses of the two lame branches. Regarding the phase of the FTF, it is linear in all cases and the corresponding delay monotonously increases with the rotation rate.

In order to investigate the dips in the FTF gain, the two lame branches are now analysed separately. The underlying assumption is that their dynamics are not, or suficiently weakly coupled.

The FTF of the upper ( y > 0, labelled y + ), respectively lower ( y < 0, labelled y -) branches are determined by integration of the heat release rate over one half of the domain. The reference point for the velocity is the same as for the global FTF and the heat release rate luctuations are normalised by the total lame power. The resulting FTFs are displayed in Fig. 7 a for the y + -branch and in Fig. 7 b for the y --branch.

For the upper branch, the variations in maximum gain are limited but the cutoff frequency clearly decreases with α. It goes from 250 Hz without rotation down to around 130 Hz for α> 2.5. The delay of the lame response irst increases and then decreases with a maximum around α = 1 . 25 , which is consistent with the evolution of the steady upper-lame length shown in Fig. 2 .

The evolution of the FTF of the lower branch is very different. First there is no decrease in the cutoff frequency but the striking feature is that the maximum gain increases drastically past α = 2 . 5 over a broad frequency range. The delay of the FTF monotonously increases with α, replicating the increase in lame length concomitant with the bulk velocity increase for y < 0. Despite the high gains at α = 3 . 75 , results of monochromatic forcing, which are illustrated by the circles in Fig. 7 , and WHI are in good agreement.

We now investigate the hypothesis that the breaking of the lame symmetry results in an interference between the two branches. A practical application for this modiication of the FTF via rotation of the lame holder could be the control of combustion instabilities by tuning the location of the dips in the FTF. A simple model can be built to predict the frequency at which this dip occurs. It is based on the idea that the dip is the consequence of the interference between the responses in heat release luctuation of the two branches. The total heat release luctuation is equal to the sum of the heat release luctuation of both branches, q ′ tot = q ′ y + + q ′ y -. Introducing the FTF using the notation of Crocco, the luctuation in heat release can be related to a harmonic velocity luctuation, u ′ , which yields:

q ′ tot q = u ′ u n y + + n y -exp ( iω τ ) exp iωτ y + . (4)
Here, n are the gains of the respective branches and the difference in time delays is depicted as τ = τ y --τ y + . From Eq. ( 4) it is evident, that the gain of the global FTF is depending on the phase angle between the two branches, given by φ = ω τ.

(

) 5 
The two extreme cases are ideal constructive interference and ideal destructive interference. For the former case, the phase angle between the both branches' heat release signals is 0 or an even multiple of π . Then the gain of the global heat release reduces to n tot = n y + + n y -. In the other case, the difference in phase angles is an odd multiple of π , so that the gain of the global heat release is equal to n tot = | n y + -n y -| . Therefore, the frequency at which destructive interference is maximal can be deduced from Eq. ( 5) :

f d ,n = φ 2 π τ , φ = ( 2 n -1 ) π, n ∈ Z . (6) 
The values, extracted from the laminar DNS, of the delays of the two branches ( τ y + and τ y -for the upper and lower branch, respectively), their difference, τ , and the irst two frequencies of constructive and destructive interference ( f c, n and f d, n for n = 1 and n = 2 ) are given in Table 2 . For α = 0 . 625 and α = 1 . 25 , the predicted values of f d, 1 correspond very well to the FTF of Fig. 6 . For α = 2 . 5 , the irst destructive interference occurs at a frequency where the gain of the upper-branch FTF is close to zero (cf. Fig. 7 a). Consequently, the interference is not meaningful and no dip is observed in the FTF. Finally for the higher rotation rate ( α = 3 . 75 ), the value of f d, 1 is again very low and a dip is observed. The frequency of the second dip, f d, 2 , ( Table 2 ) is much higher than the cutoff frequency of the lame response for all rotation rates except for α = 3 . 75 , which exhibits a dip around the expected value of 93 Hz. The frequencies f d, n are illustrated by the markers in Fig. 6 , showing very good agreement with the location of the dips in the corresponding gains. It seems that the simple model of Eq. ( 6) gives an accurate prediction of this phenomenon, giving a posteriori conirmation of the hypothesis that there is indeed interference between the two lame branches.

Given the strong impact of symmetry breaking on the shape of the FTF, one may use the rotation rate of the lame holder to control combustion instabilities. However, it can be anticipated that only the low rotation rates, say α< 1.25 can be of practical use for the present lame, irst because of the strong decrease of the cutoff frequency of one of the branches, but also because of the large increase in gain of the other branch, which drives the gain of the total FTF and hinders the destructive interference.

Flame front dynamics

We pursue the analysis of the lame response by plotting the lame displacement along the lame front for the two branches in Fig. 8 . As for the nonrotating case, the frequency of interest is 80 Hz, which lies close to the peak in the gain of the FTF for all rotation rates.

We start the analysis for the upper lame branch. For all rotation rates a growth of the lame displacement along the lame front is observed. With increasing rotation rate from α = 0 to α = 2 . 5 , the lame displacement amplitude at the lame tip decreases moderately. It appears that the response in lame displacement amplitude increases again beyond this rotation rate. The same trend can be observed regarding the non-linear deformation close to the lame tip. This effect seems to decrease until a rotation rate of α = 2 . 5 and increase again for higher rotation rates. Nevertheless, only a small variation of the lame displacement amplitude at the lame tip is observed. At the lower lame branch, the amplitude of the lame root displacement at l = 0 seems to decrease with increasing rotation rate. In contrast, the displacement growth along the lame front signiicantly increases, especially for rotation rates of α ≥ 2.5. This goes along with a considerable increase in non-linearity, as can be seen in the right half of Fig. 8 . Note that the lame displacement monotonically grows along the lame front for both the upper and lower branch and all rotation rates until the lame tip, except for the lower branch at α = 3 . 75 . Here a saturation seems to occur and the luctuation amplitude, while initially growing at the highest rate for low lame locations, stays approximately constant for l > 40 mm until the lame tip at l = 87 . 4 mm . Figure 8 suggests, that the lower branch's drastic increase in gain of the FTF for rotation rates α ≥ 2.5 might be due to some kind of convective instability mechanism which leads to a signiicant increase in lame displacement. The growth of perturbations artiicially introduced into Fig. 9. Relative lame tip position with respect to the lame tip position of the steady lame, x = x tip -x tip,s , as a function of the phase angle of the velocity perturbation, ϕ, for a cylinder rotation rate of α = 0 . 625 ; pulsation amplitude: 2% of bulk velocity; pulsation frequency: 132 Hz. a laminar lame has been observed before (e.g., by Petersen [24] and Mejia et al. [4] ).

Finally, the lame tip movement is analysed. Figure 9 shows the lame tip position of the perturbed upper and lower lame branches with respect to their positions in the unperturbed case for a cylinder rotation rate of α = 0 . 625 . The pulsation amplitude is at 2% of the bulk speed and its frequency is 132 Hz, i.e., at the frequency of ideal destructive interference. It appears that the tip movements are perfectly out of phase, which is expected since at these frequencies the FTFs show a phase difference of π and most of the heat release luctuation is produced at the interaction of the lame tip and the lateral walls. Tog e t h e r with Fig. 6, Fig. 9 shows that introducing rotation of a lame holder can be used to build a lame which becomes almost insensitive to acoustic perturbation, suggesting that this could be used for combustion instability control. Note however that this result is obtained only in a limited frequency range.

Conclusion

The FTF of a laminar lame stabilised behind a rotating cylindrical bluff body is investigated for various rotation rates of the cylinder by the means of laminar DNS. The rotation causes a symmetry break between the two lame branches, where especially the lame tip positions vary signiicantly, especially for high rotation rates. FTFs are estimated for each branch separately, assuming that they can be described as two independent Linear Time Invariant (LTI)-systems. The results show a difference in time delays between the upper and the lower lame branch. This is mainly due to an independent modiication of the lame tip positions of both branches, caused by two effects: a detachment of the upper branch from the cylinder and a modiication of the bulk speeds in the two half domains due to the cylinder's viscous boundary layer. The resulting difference in time delay causes interference of the lames' heat release signals. At frequencies where destructive interference is maximal, the global FTFs, which include both lame branches, as a consequence show deep gaps in the gain. The difference in time delay and therefore the frequency at which destructive interference of both lame branches occurs can be tuned by adapting the rotation rate of the cylinder. In this context, the analysis suggests, that the rotation rate is a suitable and easily adaptable measure of open loop control of combustion instabilities. It is shown that for cylinder rotation rates, α ≥ 2.5, the lame displacement considerably grows along the lame front of the lower lame branch, leading to gains, that by far exceed the gain of the non-rotating coniguration. This effect therefore limits the applicability of the method to moderate rotation rates and frequencies f ≥ 100 Hz. Most practical lames are highly turbulent, and the existence of a corresponding effect in the turbulent regime remains unknown. Nevertheless, the present paper underlines the asset of decreasing the gain of the FTF signiicantly around a speciic frequency by being able to tune the asymmetry of a combustion system which leads to destructive interference.

Introduction

Performances and durability of combustion systems have been tremendously improved since Whittle's irst turbojet, and regulations for pollutant emissions, noise and fuel consumption are driving future optimization and technological developments [START_REF] Wulf | Technological review of aeroengine pollutant emissions[END_REF][START_REF] Lawrence | Meeting the challenge of aviation emissions: an aircraft industry perspective[END_REF]. Thermal eiciency improvement is crucial but limited by the thermal resilience of nozzle guide vanes used in gas turbines [START_REF] Lefebvre | Surface temperature measurement on engine components by means of irreversible thermal coatings[END_REF][START_REF] Facchini | Conjugate heat transfer simulation of a radially cooled gas turbine vane[END_REF][START_REF] Duchaine | Development and assessment of a coupled strategy for conjugate heat transfer with large eddy simulation: application to a cooled turbine blade[END_REF][START_REF] Berger | On the sensitivity of a helicopter combustor wall temperature to convective and radiative thermal loads[END_REF]. Moreover, the compactness of future systems is likely to enhance material stresses [START_REF] Dreizler | Advanced laser diagnostics for an improved understanding of premixed lame-wall interactions[END_REF]. The development of new materials that can withstand higher temperatures, raises the need to better understand their behavior in a combustion environment [START_REF] Padture | Thermal barrier coatings for gas-turbine engine applications[END_REF][START_REF] Hooker | Metal matrix composites for aeroengines[END_REF]. Among others, lame-wall interactions and subsequent heat transfer in a combustor need to be carefully addressed as they can inluence pollutant formation (Popp and Wall temperature measurements in combustion systems are therefore mandatory but remain challenging due to the high-temperature and corrosive environment [START_REF] Dreizler | Advanced laser diagnostics for an improved understanding of premixed lame-wall interactions[END_REF]. Classical thermometry techniques sufer from several drawbacks. Thermocouples are intrusive and have their own thermal inertia, infrared thermometry (IR) relies on the knowledge of the material emissivity and the signal sufers from interferences with light emission from the lame (chemiluminescence). Thermal paints only provide mean or peak information [START_REF] Lefebvre | Surface temperature measurement on engine components by means of irreversible thermal coatings[END_REF]). Phosphor thermometry has appeared to be an interesting trade-of for these applications. Being semi-invasive as it requires to add a thin coating of phosphor particles, this techniqueoften named laser-induced phosphorescence (LIP)-uses rare-earth-doped ceramic phosphors whose spectroscopic properties are highly sensitive to temperature [START_REF] Allison | Remote thermometry with thermographic phosphors: instrumentation and applications[END_REF][START_REF] Sae International Khalid | Thermographic phosphors for high temperature measurements: principles, current state of the art and recent applications[END_REF][START_REF] Chambers | Doped Oxides for high-temperatures luminescence and lifetime thermometry[END_REF]. In practice, this technique can be either implemented in the temporal domain, by measuring the phosphorescence glowing after excitation [START_REF] Knappe | Investigation and compensation of the nonlinear response in photomultiplier tubes for quantitative single-shot measurements[END_REF], or in the spectral domain, by estimating a ratio of intensities [START_REF] Feist | Thermographic phosphors for gas turbines: instrumentation development and measurement uncertainties[END_REF]. [START_REF] Fuhrmann | Phosphor thermometry: a comparison of the luminescence lifetime and the intensity ratio approach[END_REF] performed a systematic study of these two approaches and showed the advantages of the lifetime method, which is used in this study.

Despite the numerous applications of this technique to combustion (Kashdan and Bruneaux 2011; [START_REF] Alden | Thermographic phosphors for thermometry: a survey of combustion applications[END_REF][START_REF] Brubach | On surface temperature measurements with thermographic phosphors: a review[END_REF]), some authors have studied how the surrounding environment can alter the spectroscopic properties of these particles. As an example, [START_REF] Brubach | On surface temperature measurements with thermographic phosphors: a review[END_REF] investigated the inluence of the dopant concentrations, laser energy, surrounding gas composition and pressure rise on a thermographic phosphor. However, to the authors' knowledge, the inluence of this coating on lame stabilization has received little attention. For example, the coating is likely to change the material emissivity, the radiative heat transfer, the lame stabilization, and could even alter its stability (Miguel-Brebion et al. 2016; [START_REF] Kraus | Inluence of heat transfer and material temperature on combustion instabilities in a swirl burner[END_REF]. This aspect will be treated in the irst part of this paper.

Recently, [START_REF] Mejia | Stabilization of a premixed lame on a rotating cylinder[END_REF] highlighted the possibility to perform active control of thermoacoustic instabilities of a lame stabilized on a rotating cylindrical lame holder. [START_REF] Xavier | Experimental and numerical investigation of lames stabilised behind rotating cylinders: interaction of lames with a moving wall[END_REF] numerically showed that the corresponding heat luxes were more than three times larger, in comparison to classical lame-wall interaction cases (Poinsot and Veynante 2011; [START_REF] Ezekoye | Increased surface temperature efects on wall heat transfer during unsteady lame quenching[END_REF][START_REF] Lu | Unsteady heat transfer during side wall quenching of a laminar lame[END_REF]). The lack of detailed measurements in Mejia's experiment was the motivation for the implementation of LIP on this coniguration. However, the rotating lame holder raises some questions on the data analysis: the classical point-wise laser excitation is likely to fail if the displacement of the moving target during the phosphorescence decay is larger than the typical size of the illuminated area. Several studies on moving surfaces have been reported, and the classical strategy consists in using phosphors with fast decay lifetimes [START_REF] Mannick | Phosphor-based thermometry of rotating surfaces[END_REF][START_REF] Allison | Monitoring permanent-magnet motor heating with phosphor thermometry[END_REF][START_REF] Tobin | High-temperature phosphor thermometry of rotating turbine blades[END_REF][START_REF] Alden | Thermographic phosphors for thermometry: a survey of combustion applications[END_REF]. Thus, the object can be considered as a quasi-static object during the collection process. However, because this solution requires speciic phosphors with adequate hardware, the authors want to evaluate the capabilities of a phosphor with longer decay lifetimes, by slightly modifying the pointwise static arrangement (second part of the paper).

The aim of this study is twofold: (1) evaluate the inluence of the coating on the lame stabilization, and (2) provide a simple methodology for measuring temperatures on fast rotating parts with a phosphor having long decay lifetimes. Derived from the classical point-wise LIP arrangement, the methodology is implemented on the canonical case of a lame stabilized on a rotating cylindrical lame holder [START_REF] Mejia | Stabilization of a premixed lame on a rotating cylinder[END_REF]).

The paper is organized as follows: the combustion test bench is briely introduced in Sect. 2 while LIP implementation and validation are discussed in Sect. 3. Finally, the methodology for measuring temperatures on the rotating lame holder is described and validated in Sect. 4.

Setup and diagnostics

Combustion chamber

This study is performed on a conined laminar premixed methane/air lame, stabilized in the wake of a cylindrical lame holder. The setup, which is the same as that of [START_REF] Xavier | Experimental and numerical investigation of lames stabilised behind rotating cylinders: interaction of lames with a moving wall[END_REF], consists of a constant-section channel with a rectangular cross section: height, h = 37 mm and depth, l = 94 mm (cf. Fig. 1). The lame holder is a stainless-steel cylinder of diameter, d = 8 mm , which can be rotated at a constant angular velocity, , by a brushless electric engine (Faulhaber 2232S024BX4).The front side of the burner is equipped with a quartz window to allow direct lame visualization and the lateral walls are itted with two optical slits for the passage of a laser sheet (not shown). The lateral walls are also water-cooled, which helps reducing the thermal inertia of the setup and allows a precise speciication of boundary conditions for numerical simulations.

The bulk velocity and the equivalence ratio of the mixture are u b = 1.07 m/s and = 0.7 , respectively. The Reynolds number, based on the cylinder diameter and the bulk velocity is Re = 580 . In this regime, the reacting low is steady. The control parameter of this experiment is the normalized rotation rate, , deined as The cylinder rotation speed ranges from 380 to 7600 rpm (rotation per minutes), corresponding to values of between 0.15 and 3.

Laser-induced phosphorescence (LIP)

One objective of this study is to measure the temperature of the lame holder when it is rotating, via laser-induced phosphorescence. One issue with the classical point-wise laser excitation is that it is likely to fail if the phosphorescence decay time is much larger than the time the sensor views the illuminated spot. For instance, a rotating cylinder with = 2 (i.e., 5100 rpm) at room temperature has a displacement of ≈ 7 mm while the phosphor decays. This is deinitely larger than the sensor ield of view, which will experience a rapid signal extinction. Instead of using fast decay lifetimes' phosphor, the present setup produces a laser sheet rather than a point-wise excitation. Besides the increased collected signal, this solution also extends the phosphorescence collection time. Figure 2 presents the optical bench that can be applied to both steady and rotating cylinders. The laser beam irst goes through a convergent lens ( f 1 = 1000 mm ) and is expanded through an additional cylindrical diverging lens ( f 2 =-22 mm ). Its optical axis is normal to the lame holder's rotation axis, so that the plane illuminates half of the cylinder's perimeter. The phosphorescence signal is collected on a set of two spherical lenses (diameter 50 mm, f 3 = 500 mm ) and which increases the collected light on a photomultiplier (PM) tube (Hamamatsu H7422-50). The backward collection coniguration is slightly tilted from the optical axis (Fig. 2). Because the cylinder is in the object plane of the irst spherical lens, the PM sees a part of the cylinder.

(1) = d∕2u b .

The viewing area is determined experimentally by replacing the pulsed laser source by a continuous diode source. The relected light is collected on the PM and a mask is displaced in the streamwise direction until signal extinction occurs. The maximum amplitude of displacement is therefore converted to two angles, -and + . In this study, -= 0.5 rad and + = ∕2 rad, meaning that the PM sees the upper part of the cylinder.

Preliminary measurements using infrared thermography and thermocouples have shown that the temperature range for the steady lame holder lies between T = 500 K and T = 800 K for typical operating conditions. Therefore, we chose the commercial powder Mg 4 FGeO 5,6 ∶Mn (Osram SV067), which has an operating range from 300 to more than 900 K , corresponding to phosphor lifetimes from 3.3 ms to 5 μs (Brubach et al. 2008). The median diameter of the particles lies between 5.8 and 10.5 μm . The phosphor parti- cles are mixed with a liquid ceramic binder (Zyp Coatings, Inc., HPC). The phosphor mass concentration is set to 5 % in this study, providing signal-to-noise ratios larger than 30 between 300 and 850 K (based on the maximum signal intensity and the mean background noise, see Fig. 3b). The resulting mixture is sprayed on the cylinder with an airbrush (Sotar Super Micron).

This coating is excited with the third harmonic (355 nm) of a Nd:YAG pulsed laser (at 10 Hz). The laser pulse energy is adjusted to 30 μJ per shot with a variable neutral density ilter (Thorlabs NDC-50C-4-A). This level is in the linear range for the response of the coating and is low enough to prevent thermal damage (Atakan and Roskosch 2013; Linden et al. 2009). The PM is equipped with neutral density ilters to prevent photocathode saturation [START_REF] Brubach | Characterization of Manganese-activated magnesium fluorogermanate with regards to thermographic phosphor thermometry[END_REF], and a set of colored optical ilters: residuals from the laser excitation are removed with a high-pass filter (CVI LPF-550). The phosphorescence signal is transmitted by means of a narrow band-pass ilter (CVI F10-660) at 660 ± 10 nm . The current output from the PM goes through an in-house current-to-voltage converter (load resistance of 10 kΩ ) and is recorded by a 1 MHz acquisition card. 

Signal processing and validation

Measurements are performed in the temporal domain, by recording the phosphorescence decay after the coating has been excited by the laser. The collected signal is normalized by its maximum and a portion of the curve (between 10 and 90 % of the maximum) is extracted to get rid of fast luores- cence processes after the laser excitation and background noise when the signal has suiciently decayed. Thus, the extracted data are itted with an exponential function:

The principle of LIP is that the decay time depends on the temperature, T, of the material. A calibration procedure is required to establish the relation, T( ) , between the tem- perature and the decay time. For this calibration, we use a stainless steel heated sample by means of two heating cartridges, and whose temperature is controlled by a type K thermocouple. The sample temperature ranges from 300 to 850 K. For each temperature, 100 laser shots are recorded and the mean curve is itted to estimate . The number of required data is determined by a sensitivity analysis to statistically converge the 1st and 2nd moments of . Prior to each measurement campaign, a calibration is performed on a newly coated sample. The precision of the data is evaluated during the calibration procedure. For each temperature, the standard deviation due to shot-to-shot variations is converted to a temperature shift. This procedure is repeated over the entire range of temperature, which results in a precision of ± 7K . The accuracy is determined by a comparison with infrared thermography. Figure 4a shows the transverse temperature proile across the sample with the two measurement methods. The infrared thermography measurements have an averaged standard deviation of 0.1% (not depicted in Fig. 4a), so that the mean IR temperature is used as the baseline for estimating the LIP accuracy. The averaged discrepancy (i.e., the average error) of the LIP to IR measurements is ∼ 1%.

The application of the coating is delicate and it is anticipated that it could be be user-dependent. Therefore, a series of tests is conducted to validate the coating technique. These tests are conducted on a coated piece of glass so that the distribution of phosphor particles can be visualized. The piece of glass is coated with the same procedure as the sample and the quality of the deposit procedure is checked with an upright transmission microscope (Zeiss A1 coupled with a 2000 × 2000 pix 2 Basler ace camera). A raw visualization of 2 by 2 mm 2 (Fig. 3a) shows that the airbrush technique pro- duces a rather homogeneous coating. An example of a phosphorescence decay curve in Fig. 3b conirms the excellent signal-to-noise ratio with the settings described in Sect. 2.2. Without any speciic procedure during the application, the airbrush technique produces a homogeneous coating while being inexpensive compared to more elaborated techniques [START_REF] Brubach | On surface temperature measurements with thermographic phosphors: a review[END_REF]). The coating thickness is evaluated with a contact measurement gauge -Logitech (precision of ± 0.1 μm ). 40 point-wise measurements distributed over the sample gives an averaged thickness of 10 μm with a standard deviation 1 μm . The linear trend observed when applying several layers (i.e., a slope of 10 μm per layer) proves the good repeatability of the technique. The cylinder is coated while it is rotating at low speed, to ensure a good uniformity.

We anticipate that the coating may be altered or damaged by the harsh conditions of the reacting low. to reproduce typical experimental conditions, several cycles of heating load are conducted: the sample is heated to 900 K during 10 min, and this procedure is repeated ten times. Between each heating load, an emission spectrum is recorded on a spectrometer (Ocean Optics USB 2000+, wavelength range from 330 to 1100 nm, optical resolution of 0.3 nm). Figure 4b presents ten successive spectra which have been normalized by the maximum of the irst one. Both shape and amplitude of the spectra do not change with time so that neither spectroscopic nor signal-to-noise ratio are afected. An additional visual inspection conirms the excellent thermomechanical resistance to heat loads. It is therefore concluded that this coating is adequate for repeated use under reacting conditions, without measurable alteration of its performance.

The stabilization of the lame is known to depend on the material temperature, which is driven by the conductive and radiative properties of the lame holder. Knowing that the low thermal conductivity of the coating ( ≈ 1-5 W/m K) can produce a temperature diference between the cylinder temperature, T c , and the measurement, T LIP , we use a simple resistance model to evaluate this shift, ΔT = R (the heat lux is obtained from numerical sim- ulations [START_REF] Xavier | Experimental and numerical investigation of lames stabilised behind rotating cylinders: interaction of lames with a moving wall[END_REF]), and R is the thermal resistance). The estimated temperature diference of 0.08-0.4 K is much lower than the precision of the technique and is not expected to play a major role in the lame stabilization process (Sect. 4.2). We also investigate the modiication of the emissivity by the coating. Even if the coated surface is usually small, it might afect heat transfer and the lame location (Miguel- [START_REF] Brebion | Joint Numerical and Experimental Study of Thermo-acoustic Instabilities[END_REF]). The emissivity of the calibration sample's raw surface is compared to a coated one. The emissivity at a given temperature is,

where L is the luminescence of the surface (either raw or coated), L 0 is the luminescence of a black body (DCN 1000 N4, NHG), and L e is the luminescence relected from the environment at room temperature T e . The transmission of air between the camera and the object is neglected as measurements are performed with a 14-bit infrared camera (Jade MWIR, CEDIP) operating with a spectral range of 3.6-5.2 μm , which corresponds to a high air transmittance window. The integration time is set to 20 μs to prevent sensor saturation at high temperatures.

Results are given in Table 1, where p and c are the emissivities of the raw and coated surface, respectively. The coated surface has an emissivity ∼ 40% larger than the raw one: the coating application increases the wall roughness, which could be the main reason for the increased emissivity (not discussed here).

Because of the signiicant increase in , an a posteriori study is conducted: the inluence of the coating on the lame anchoring location is conducted by temporally tracking the lame root location (FRL) of both branches. First, an uncoated cylinder is used as the reference for the FRL. Then, the cylinder is fully coated with the phosphor thereby varying the number of coating layers (from one to four layers). The lame is imaged on a Image Intense camera (LaVision), equipped with a f / 16 182 mm telecentric lens (TC4M64, Opto-engineering) to better resolve the vicinity of the cylinder. A colored optical ilter, centered at 430 ± 10 nm , is placed in front of the sensor to collect the spontaneous CH* emission. Figure 5 presents the FRL (average of the two branches) during the transient heating. CH* chemiluminescence images are collected and the exact FRL is detected with a crest detector. After 400 s, the FRL has reached a steady state position. A slight diference is observed between the uncoated and the coated cylinder. The FRL of the coated cylinder is shifted downstream by approximately 0.35 0 L ( 0 L is the planar unstretched adiabatic lame thickness), in comparison to the uncoated one. Modiications of the aerodynamics around the cylinder induced by the roughness of the coating and alteration of radiative properties would play a combined role to displace the steady-state lame stabilization. Moreover, increasing the number of layers does not change the FRL obtained for one layer. We therefore conclude the coating used in this study-especially the emissivity modiication-is not signiicantly afecting the transient and steady lame stabilizations.

Results

In Sect. 3, the LIP technique was calibrated on a non-rotating cylinder and it was checked that the coating did not afect the lame. In this section, the methodology for LIP measurement on the rotating cylinder is presented. As explained in Sect. 2.2, half of the perimeter is illuminated by the laser sheet and phosphorescence viewed by the photomultiplier is collected. Consequently, this setup measures the average temperature on the cylinder's surface. However, as the Biot number is 0.01, no temperature gradients are expected in the cylinder. Moreover, when the cylinder is rotating with >0.2 , the thermal time scale s = d 2 ∕D (D is the thermal difusivity) is 6 s, which is 50 times larger than the rotation time scale r = d∕ u b (one cylinder revolution). Thus, the temperature uniformity is enhanced by rotation.

Distortion function determination

Figure 6 shows typical phosphorescence signals recorded at ambient temperature (i.e., without lame) and for diferent rotation rates, . For = 0 , the signal exhibits an exponential decay. However, when increases, the decay rate is smaller than without rotation because a portion of the illuminated area moves out of the PM ield of view (i.e., signal extinction). This leads to a systematic error in the evaluation of the temperature because the LIP relies on the knowledge of a calibration curve T( ) obtained without rota- tion. At high rotation rates ( >2 ), the cylinder performs a full revolution during the phosphorescence decay so that the PM signal goes to zero (when the cylinder has performed half of a revolution) and presents a secondary peak when the illuminated area has done a full revolution. It is therefore obvious that when LIP is performed on the rotating cylinder, a correction factor must be applied to the PM signal. We now propose an analytical evaluation of the distortion function, (t, ) , that relates the phosphorescence signal when the cylinder is moving, I(t, ) , to the one without rotation, I(t, = 0)=I 0 (t). Figure 7a represents the portion of the cylinder that is illuminated by the laser sheet. As the diverging lens is 2 m away from the cylinder, the laser luence I L , received on the cylinder surface is assumed to be uniform between -∕2 and ∕2.Consider a portion dl of the cylinder's surface, at an angle from the direction of the laser axis. The intensity received from the laser d I R is (4) dI R = I L cos( )dl.

Because the LIP is operated in the linear regime, the phosphorescence emission d I E is proportional to the intensity received where accounts for linearity between d I R and d I E . Because the PM is almost aligned with the optical axis of the laser, it collects the phosphorescence with an anglet (Fig. 7b). The term t accounts for the cylinder rotation. A Lambertian pattern (i.e., the of-normal emitted radiance follows a cosine law) is considered for the phosphorescence scattering, based on Allison and Gillies (1997) and [START_REF] Lee | Strong perturbation of the guided light within Y 2 O 3 ∶ Eu 3+ thin ilm phosphors coated with twodimensional air-hole photonic crystal arrays[END_REF]. Combining Eqs. ( 4) and (5) gives Since d I E is an amount of light, negative values must be discarded. This is performed with a sliding Heaviside step function H( ),

The signal collected on the PM is the integral of d I E over the ield of view of the sensor (cf. Fig. 2):

where + and -represent the maximum angles of the PM's ield of view. Using the cylindrical coordinates (i.e., dl = rd ) yields, Using Eq. ( 9), it is possible to deine the distortion function (t, ) , which is the ratio of the signal with rotation, I(t, ) , and the one without rotation I(t, = 0)=I 0 (t), Equation ( 10) shows that the distortion function, (t, ) , only depends on the PM's ield of view and the cylinder's rotation rate.1 Equation ( 10) can be numerically integrated so that a phosphorescence signal recorded on the rotating cylinder can be corrected for the rotation via the distortion function.

Figure 8a shows the theoretical distortion functions for different rotation rates . Obviously, the non-rotating case leads to a unit distortion function. When rotation is imposed, a slight overshoot above unity occurs before the function drops to zero: because the PM sees the upper part of the cylinder (positive ), it records, with a delay, the maximum phosphorescence emitted at = 0 . As the rotation rate increases, (t, ) drops more rapidly, conirming the signal extinction due to the rotation. The theoretical distortion function that is determined in the previous section can be validated by directly measuring the ratio of phosphorescence signals I(t, )∕I 0 (t) . However, this test needs to be done at the same temperature. In our experiment, the ambient condition at T c = 300 K is the only one that ensures a constant cylinder temperature. Indeed, as shown by [START_REF] Xavier | Experimental and numerical investigation of lames stabilised behind rotating cylinders: interaction of lames with a moving wall[END_REF], the steady-state temperature of the cylinder under reacting conditions depends on the rotation rate. The comparison between theory and experiments in Fig. 8b shows an excellent agreement for = 0.5 . However, discrepancies occur for larger rotation rates, which are not fully understood.

As the rotation increases, the time the PM sees the illuminated area c =( ∕2 + + )r∕ u b is shortened. If the (10) phosphorescence decay is longer than the PM collection time (i.e., rotation timescale c ), it will clearly induce a bias, by reducing the itting window [START_REF] Tobin | High-temperature phosphor thermometry of rotating turbine blades[END_REF]). Thus, one must ensure that the phosphorescence decay time P = ln(10) ( being the phosphorescence lifetime) is much smaller than the rotation timescale c to prevent any information losses. Similarly, the correction we propose induces a post-processing bias as the recorded signal I(t, ) is divided by the eiciency function which tends to zero. With the intent to deine the validity range of the correction procedure, we arbitrarily deine as the time at which the distortion function reaches half of its initial value. Consequently, we propose the following criteria under which the LIP measurements on moving objects are valid:

Figure 9 represents the timescales of Eq. ( 11) as a function of the rotation rate . Several phosphorescence decay times P and their respective temperatures are highlighted (dashed horizontal lines). The criterion on the eiciency function is more restrictive than the rotation timescale . Therefore, the shaded area depicts the valid zone of measurements, where P < . The higher the rotation rate is, the higher the temperature of the surface needs to be to perform this type of measurements. The evolution of the cylinder temperature T c is superimposed (black thick lines with square markers) and shows that the data of the present experiment lie within the valid range. Fig. 9 Map showing the evolution of several timescales with rotation ( c : cylinder rotation, : eiciency function, dotted lines: LIP). The shaded area corresponds to the range where LIP can be applied on rotating cylinders using Eq. ( 9)

Validation of the temperature lumped model in numerical simulations

In contrast with previous numerical investigations, where adiabatic, coupled or lumped-adaptive conditions were implemented [START_REF] Mejia | Stabilization of a premixed lame on a rotating cylinder[END_REF](Mejia et al. , 2018;;[START_REF] Xavier | Experimental and numerical investigation of lames stabilised behind rotating cylinders: interaction of lames with a moving wall[END_REF]), the experimental value of the cylinder temperature is used as the boundary condition, to validate direct numerical simulations (DNS). Figure 10 shows the excellent agreement between experimental flame visualization (CH* chemiluminescence) and DNS (iso-contour of the heat release rate), for diference rotation rates . This proves that the assumption of a uniform temperature is valid in terms of lame stabilization.

The sensitivity of the cylinder temperature on the lame root location (FRL) is evaluated by performing several DNS with a temperature shift, ΔT , ranging from -40 to 40 K (Fig. 11). The axial and radial FRL (z and y) are extracted with a crest detector on the heat release rate (set to 20% of the maximum). The spatial locations for each branch are normalized by the reference case (Fig. 10a) to give a deviation = 100(x ix ref i )∕x ref i ( x i = z or y). The shaded area in Fig. 11 also shows the LIP precision of the present technique (i.e., ± 7K ). A temperature deviation smaller than the LIP precision produces a FRL shift less than 3% for both branches. However, diferent trends occur when this shift is higher: the lower branch (Fig. 11a) is more sensitive to the cylinder temperature whereas the upper branch (Fig. 11b) is not afected. Indeed, as the FRL of the lower branch is close to the cylinder, its reactivity is enhanced by the fresh gases that are pre-heated by the cylinder. In contrast, the upper branch is much more sensitive to the cylinder rotation, as depicted in Fig. 10. Therefore, in our case, a wrong estimation of the cylinder temperature could mainly lead to a change the location of the lower branch.

Conclusion

The accurate experimental determination of wall temperatures is crucial for the validation of numerical tools and the improvement of future combustion systems. The present work discusses the use of laser-induced phosphorescence (LIP) and shows how classical arrangements can be modiied to measure the temperature of moving surfaces.

Preliminary tests have been conducted to evaluate how the phosphorescent coating could afect the lame stabilization.

Results show that the high temperature of the substrate does not alter the spectroscopic properties of phosphor particles, indicating that the coating can be used during several campaigns. The emissivity of the coated surface is increased by almost 40% , mainly due to the roughness increase. However, the transient and steady lame locations are weakly afected, enabling non-intrusive measurements. The classical point-wise LIP arrangement has been modiied to allow temperature measurements at the surface of a moving object. A larger area is illuminated and the collected signal is corrected by a distortion function accounting for the displacement during the phosphorescence decay. The validity of this correction is assessed theoretically and experimentally. The main constraint stems from the velocity of the object and the phosphorescence decay rate. Eventually, measurements on a rotating cylindrical lame holder are compared with numerical simulations, and show an excellent agreement. A sensitivity analysis highlights that the lower branch is sensitive to the cylinder temperature, whereas the rotation rate determines the location of the upper branch.
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 43 Figure 3.16 : Inverse-Abel transformed mean flame images of respectable cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. ................................................................ Figure 3.17 : Mean flame image map of the REF cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The pixel intensities are normalized by the maximum pixel intensity of the averaged images of the 14 m/s cases for each equivalence ratio. ................................................................................ Figure 3.18 : Mean flame image map of the PH2 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 3.19 : Mean flame image map of the PH4 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 4.1 : Schematic representation of the configuration used in thermo-acoustic stability studies......................................................... Figure 4.2 : Stability map of the methane-air fully premixed flame. Case REF in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .................Figure 4.3 : Stability maps of the configurations with hydrogen pilot injection. Cases PH1 and PH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.4 : Stability maps of the configurations with methane pilot injection. Cases PC1 and PC2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.5 : Stability maps of configurations with the hydrogen-enriched methane/air mixtures. Cases MH1 and MH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .......................................Figure 4.6 : Flame images with a long chamber and a long plenum for φ G = 0.80 and U sw = 18 m.s -1 (Tab. 2.3). Only the right sides of the images with respect the burner axis is presented. The intensities are normalized by their maximum values to increase the contrast. The location of the burner is added in black at the bottom of each image...................................................................................................Figure 4.7 : Measured and fitted reflection coefficients at the flame tube outlet for U sw = 18 m.s -1 . The subscript "hot" and "cold" depict the cases with and without combustion, and the "M" signifies the Mach number with combustion. .........................................................Figure 4.8 : Setup used to measure the acoustic modes of the system without combustion. .........................................................................................Figure 4.9 : Modes of the acoustic setup without combustion. The line represents the measured pressure ratio and the dotted lines are the predictions of the low order model. ....................................................
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 44 Figure 3.16 : Inverse-Abel transformed mean flame images of respectable cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. ................................................................ Figure 3.17 : Mean flame image map of the REF cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The pixel intensities are normalized by the maximum pixel intensity of the averaged images of the 14 m/s cases for each equivalence ratio. ................................................................................ Figure 3.18 : Mean flame image map of the PH2 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 3.19 : Mean flame image map of the PH4 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 4.1 : Schematic representation of the configuration used in thermo-acoustic stability studies......................................................... Figure 4.2 : Stability map of the methane-air fully premixed flame. Case REF in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .................Figure 4.3 : Stability maps of the configurations with hydrogen pilot injection. Cases PH1 and PH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.4 : Stability maps of the configurations with methane pilot injection. Cases PC1 and PC2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.5 : Stability maps of configurations with the hydrogen-enriched methane/air mixtures. Cases MH1 and MH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .......................................Figure 4.6 : Flame images with a long chamber and a long plenum for φ G = 0.80 and U sw = 18 m.s -1 (Tab. 2.3). Only the right sides of the images with respect the burner axis is presented. The intensities are normalized by their maximum values to increase the contrast. The location of the burner is added in black at the bottom of each image...................................................................................................Figure 4.7 : Measured and fitted reflection coefficients at the flame tube outlet for U sw = 18 m.s -1 . The subscript "hot" and "cold" depict the cases with and without combustion, and the "M" signifies the Mach number with combustion. .........................................................Figure 4.8 : Setup used to measure the acoustic modes of the system without combustion. .........................................................................................Figure 4.9 : Modes of the acoustic setup without combustion. The line represents the measured pressure ratio and the dotted lines are the predictions of the low order model. ....................................................

Figure 4 . 5 :

 45 Figure 3.16 : Inverse-Abel transformed mean flame images of respectable cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. ................................................................ Figure 3.17 : Mean flame image map of the REF cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The pixel intensities are normalized by the maximum pixel intensity of the averaged images of the 14 m/s cases for each equivalence ratio. ................................................................................ Figure 3.18 : Mean flame image map of the PH2 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 3.19 : Mean flame image map of the PH4 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 4.1 : Schematic representation of the configuration used in thermo-acoustic stability studies......................................................... Figure 4.2 : Stability map of the methane-air fully premixed flame. Case REF in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .................Figure 4.3 : Stability maps of the configurations with hydrogen pilot injection. Cases PH1 and PH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.4 : Stability maps of the configurations with methane pilot injection. Cases PC1 and PC2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.5 : Stability maps of configurations with the hydrogen-enriched methane/air mixtures. Cases MH1 and MH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .......................................Figure 4.6 : Flame images with a long chamber and a long plenum for φ G = 0.80 and U sw = 18 m.s -1 (Tab. 2.3). Only the right sides of the images with respect the burner axis is presented. The intensities are normalized by their maximum values to increase the contrast. The location of the burner is added in black at the bottom of each image...................................................................................................Figure 4.7 : Measured and fitted reflection coefficients at the flame tube outlet for U sw = 18 m.s -1 . The subscript "hot" and "cold" depict the cases with and without combustion, and the "M" signifies the Mach number with combustion. .........................................................Figure 4.8 : Setup used to measure the acoustic modes of the system without combustion. .........................................................................................Figure 4.9 : Modes of the acoustic setup without combustion. The line represents the measured pressure ratio and the dotted lines are the predictions of the low order model. ....................................................

Figure 4 . 6 :

 46 Figure 3.16 : Inverse-Abel transformed mean flame images of respectable cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. ................................................................ Figure 3.17 : Mean flame image map of the REF cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The pixel intensities are normalized by the maximum pixel intensity of the averaged images of the 14 m/s cases for each equivalence ratio. ................................................................................ Figure 3.18 : Mean flame image map of the PH2 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 3.19 : Mean flame image map of the PH4 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 4.1 : Schematic representation of the configuration used in thermo-acoustic stability studies......................................................... Figure 4.2 : Stability map of the methane-air fully premixed flame. Case REF in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .................Figure 4.3 : Stability maps of the configurations with hydrogen pilot injection. Cases PH1 and PH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.4 : Stability maps of the configurations with methane pilot injection. Cases PC1 and PC2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.5 : Stability maps of configurations with the hydrogen-enriched methane/air mixtures. Cases MH1 and MH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .......................................Figure 4.6 : Flame images with a long chamber and a long plenum for φ G = 0.80 and U sw = 18 m.s -1 (Tab. 2.3). Only the right sides of the images with respect the burner axis is presented. The intensities are normalized by their maximum values to increase the contrast. The location of the burner is added in black at the bottom of each image...................................................................................................Figure 4.7 : Measured and fitted reflection coefficients at the flame tube outlet for U sw = 18 m.s -1 . The subscript "hot" and "cold" depict the cases with and without combustion, and the "M" signifies the Mach number with combustion. .........................................................Figure 4.8 : Setup used to measure the acoustic modes of the system without combustion. .........................................................................................Figure 4.9 : Modes of the acoustic setup without combustion. The line represents the measured pressure ratio and the dotted lines are the predictions of the low order model. ....................................................
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 47 Figure 3.16 : Inverse-Abel transformed mean flame images of respectable cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. ................................................................ Figure 3.17 : Mean flame image map of the REF cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The pixel intensities are normalized by the maximum pixel intensity of the averaged images of the 14 m/s cases for each equivalence ratio. ................................................................................ Figure 3.18 : Mean flame image map of the PH2 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 3.19 : Mean flame image map of the PH4 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 4.1 : Schematic representation of the configuration used in thermo-acoustic stability studies......................................................... Figure 4.2 : Stability map of the methane-air fully premixed flame. Case REF in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .................Figure 4.3 : Stability maps of the configurations with hydrogen pilot injection. Cases PH1 and PH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.4 : Stability maps of the configurations with methane pilot injection. Cases PC1 and PC2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.5 : Stability maps of configurations with the hydrogen-enriched methane/air mixtures. Cases MH1 and MH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .......................................Figure 4.6 : Flame images with a long chamber and a long plenum for φ G = 0.80 and U sw = 18 m.s -1 (Tab. 2.3). Only the right sides of the images with respect the burner axis is presented. The intensities are normalized by their maximum values to increase the contrast. The location of the burner is added in black at the bottom of each image...................................................................................................Figure 4.7 : Measured and fitted reflection coefficients at the flame tube outlet for U sw = 18 m.s -1 . The subscript "hot" and "cold" depict the cases with and without combustion, and the "M" signifies the Mach number with combustion. .........................................................Figure 4.8 : Setup used to measure the acoustic modes of the system without combustion. .........................................................................................Figure 4.9 : Modes of the acoustic setup without combustion. The line represents the measured pressure ratio and the dotted lines are the predictions of the low order model. ....................................................
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 48 Figure 3.16 : Inverse-Abel transformed mean flame images of respectable cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. ................................................................ Figure 3.17 : Mean flame image map of the REF cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The pixel intensities are normalized by the maximum pixel intensity of the averaged images of the 14 m/s cases for each equivalence ratio. ................................................................................ Figure 3.18 : Mean flame image map of the PH2 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 3.19 : Mean flame image map of the PH4 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 4.1 : Schematic representation of the configuration used in thermo-acoustic stability studies......................................................... Figure 4.2 : Stability map of the methane-air fully premixed flame. Case REF in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .................Figure 4.3 : Stability maps of the configurations with hydrogen pilot injection. Cases PH1 and PH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.4 : Stability maps of the configurations with methane pilot injection. Cases PC1 and PC2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.5 : Stability maps of configurations with the hydrogen-enriched methane/air mixtures. Cases MH1 and MH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .......................................Figure 4.6 : Flame images with a long chamber and a long plenum for φ G = 0.80 and U sw = 18 m.s -1 (Tab. 2.3). Only the right sides of the images with respect the burner axis is presented. The intensities are normalized by their maximum values to increase the contrast. The location of the burner is added in black at the bottom of each image...................................................................................................Figure 4.7 : Measured and fitted reflection coefficients at the flame tube outlet for U sw = 18 m.s -1 . The subscript "hot" and "cold" depict the cases with and without combustion, and the "M" signifies the Mach number with combustion. .........................................................Figure 4.8 : Setup used to measure the acoustic modes of the system without combustion. .........................................................................................Figure 4.9 : Modes of the acoustic setup without combustion. The line represents the measured pressure ratio and the dotted lines are the predictions of the low order model. ....................................................
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 49410 Figure 3.16 : Inverse-Abel transformed mean flame images of respectable cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. ................................................................ Figure 3.17 : Mean flame image map of the REF cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The pixel intensities are normalized by the maximum pixel intensity of the averaged images of the 14 m/s cases for each equivalence ratio. ................................................................................ Figure 3.18 : Mean flame image map of the PH2 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 3.19 : Mean flame image map of the PH4 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio. ................. Figure 4.1 : Schematic representation of the configuration used in thermo-acoustic stability studies......................................................... Figure 4.2 : Stability map of the methane-air fully premixed flame. Case REF in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .................Figure 4.3 : Stability maps of the configurations with hydrogen pilot injection. Cases PH1 and PH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.4 : Stability maps of the configurations with methane pilot injection. Cases PC1 and PC2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G ............................................................................Figure 4.5 : Stability maps of configurations with the hydrogen-enriched methane/air mixtures. Cases MH1 and MH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G . .......................................Figure 4.6 : Flame images with a long chamber and a long plenum for φ G = 0.80 and U sw = 18 m.s -1 (Tab. 2.3). Only the right sides of the images with respect the burner axis is presented. The intensities are normalized by their maximum values to increase the contrast. The location of the burner is added in black at the bottom of each image...................................................................................................Figure 4.7 : Measured and fitted reflection coefficients at the flame tube outlet for U sw = 18 m.s -1 . The subscript "hot" and "cold" depict the cases with and without combustion, and the "M" signifies the Mach number with combustion. .........................................................Figure 4.8 : Setup used to measure the acoustic modes of the system without combustion. .........................................................................................Figure 4.9 : Modes of the acoustic setup without combustion. The line represents the measured pressure ratio and the dotted lines are the predictions of the low order model. ....................................................
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 411 Figure 4.10 : Mode shape for passive flame at 560 Hz with 1425 K chamber temperature, designated as MODE-1..................................................Figure 4.11 : Mode shape for passive flame at 618 Hz with 1425 K chamber temperature, designated as MODE-2.................................................. Figure 4.12 : Pressure, velocity and heat release signals for the respective cases.The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. .... Figure 4.13 : Power spectra of pressure signals recorded by MB for the cases in Table 2.3 for U sw =18 m/s φ 0 G =0.8.................................................... Figure 4.14 : Dominant frequencies of pressure signals recorded by MB for the cases in Table 2.3 for U sw =18 m/s φ 0 G =0.8. The thickness of the font of the text depends on RMS of pressure oscillations measured by MB microphone. ............................................................................Figure 4.15 : Short time FFT analysis of the pressure and velocity signals obtained for the REF case at U sw =18 m/s φ 0 G =0.8. The line represents the reconstructed acoustic pressure using the model presented in A, the circular markers are measurements. ....................Figure 4.16 : Classified unstable modes of MIRADAS setup for REF cases. Blue corresponds to MODE-1 (Fig.4.10) and established limit cycles, red corresponds to MODE-2 (Fig.4.11) and established limit cycles, orange corresponds MODE-2 (Fig.4.11) and short-lived limit cycles, white corresponds to competing intermittent limit cycles. The thickness of the outlines of text is proportional to the RMS amplitude of the fluctuations. A legend is provided at the top of the figure for comparison................................................................Figure 4.17 : Short time FFT analysis of the pressure, velocity and CH* signals obtained for the REF case at U sw =30 m/s φ 0 G =0.7...............................Figure 4.18 : Short time FFT analysis of the pressure, velocity and CH* signals obtained for the REF case at U sw =32 m/s φ 0 G =0.7...............................Figure 4.19 : Short time FFT analysis of the pressure, velocity and CH* signals obtained for the REF case at U sw =34 m/s φ 0 G =0.7...............................Figure 4.20 : Short time FFT analysis of the pressure, velocity and CH* signals obtained for the REF case at U sw =36 m/s φ 0 G =0.7...............................Figure 4.21 : Short time FFT analysis of the pressure, velocity and CH* signals obtained for the REF case at U sw =22 m/s φ 0 G =0.8...............................Figure 4.22 : Classified unstable modes of MIRADAS setup for PH1 and PH2 cases. Blue corresponds to MODE-1 (Fig.4.10) and established limit cycles, red corresponds to MODE-2 (Fig.4.11) and established limit cycles, cyan corresponds to MODE-1 (Fig.4.11) and short-lived limit cycles, white corresponds to competing intermittent limit cycles. The thickness of the outlines of text is proportional to the RMS amplitude of the fluctuations. A legend is provided at the top of the figure for comparison. ................Figure 4.23 : Short time FFT analysis of the pressure, velocity and CH* signals obtained for the PH2 case at U sw =40 m/s φ 0 G =0.8. ..............................Figure 5.1 : Schematic representation of the configuration used to measure FTFs. ...................................................................................................
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 617618619620622623 Figure 6.5 : Amplitudes of the complex heat release signal with acoustic forcing, ũ0 /U sw = 0.30 at 400 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33... Figure6.6 : Amplitudes of the complex heat release signal with acoustic forcing, ũ0 /U sw = 0.30 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33... Figure6.7 : Phases wrt. velocity at the burner outlet of the complex flame response to acoustic forcing, ũ0 /U sw = 0.30 at 240 Hz forU sw =18 m/s, φ 0 G =0.8, S=0.33. .............................................................. Figure 6.8 : Phases wrt. velocity at the burner outlet of the complex flame response to acoustic forcing, ũ0 /U sw = 0.30 at 400 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33. .............................................................. Figure 6.9 : Phases wrt. velocity at the burner outlet of the complex flame response to acoustic forcing, ũ0 /U sw = 0.30 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33. .............................................................. Figure 6.10 : RMS values of pixel intensities of flame response to acousticforcing, ũ0 /U sw = 0.30 at 240 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33... Figure6.11 : RMS values of pixel intensities of flame response to acoustic forcing, ũ0 /U sw = 0.30 at 400 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33... Figure6.12 : RMS values of pixel intensities of flame response to acoustic forcing, ũ0 /U sw = 0.30 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33... Figure 6.13 : Longitudinal evolution of the radially integrated heat release rate for hydrogen piloted (PH) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33. ........................ Figure 6.14 : Longitudinal evolution of the radially integrated heat release rate for methane piloted (PC) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33. ........................ Figure 6.15 : Longitudinal evolution of the radially integrated heat release rate for hydrogen enriched (MH) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33. ........................ Figure 6.16 : Polar plots of the local heat release rate for 30% forcing at 240 Hz. The size of the markers are as a function of the axial distance. The thick lines represent the spatially integrated global response scaled by 1/200, U sw =18 m/s, φ 0 G =0.8, S=0.33...............................................Figure 6.17 : Longitudinal evolution of the radially integrated heat release rate for hydrogen piloted (PH) cases forced at 400 Hz with a forcing level of 30%. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33. ........................
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 820821823 Figure 8.12 : Phase locked normalized heat release rate as presented in Eq. A.3.7 for a forced flame at a frequency of 400 Hz for the PC4 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles wrt. the velocity signal at the outlet of the burner are indicated at the bottom of the images. ................................................ Figure 8.13 : Phase locked normalized heat release rate as presented in Eq. A.3.7 for a forced flame at a frequency of 400 Hz for the PC10 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles wrt. the velocity signal at the outlet of the burner are indicated at the bottom of the images. ................................................ Figure 8.14 : Phase locked normalized heat release rate as presented in Eq. A.3.2 for a forced flame at a frequency of 400 Hz for the REF case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles are indicated at the bottom of the images. ............................... Figure 8.15 : Phase locked normalized heat release rate as presented in Eq. A.3.2 for a forced flame at a frequency of 400 Hz for the PC4 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles are indicated at the bottom of the images. ............................... Figure 8.16 : Phase locked normalized heat release rate as presented in Eq. A.3.2 for a forced flame at a frequency of 400 Hz for the PC10 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles are indicated at the bottom of the images. ............................... Figure 8.17 : Mechanism leading to deformation of the flame during a forcing cycle. On the left of each image vorticity field with heat release contours superimposed on top, on the right of each image the velocity field with heat release contours superimposed on top has been presented..................................................................................... Figure 8.18 : Normalized RMS field of heat release fluctuations during a forcing cycle. On the left side of the images, LES calculations, on the right side of the images, experimental measurements are presented. ............................................................................................ Figure 8.19 : Complex field of heat release fluctuations represented by phase (Eq. A.3.16) at the top and by normalized amplitude (Eq. A.3.15) at the bottom. On the left side of each figure, LES results and on the right side experimental measurements are presented. .................Figure 8.20 : REF case at 400 Hz: longitudinal evolution of the cross-stream averaged heat release rate. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the the radially integrated heat release on the global heat release. ..............................
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 824 Phase averaged signals of the LES calculations and the reconstructed velocity for PC4 case. ⌊u ′ 0 ⌋ is the acoustic velocity measured at the HW location in Fig.5.1, ⌊p ′ 1 ⌋/ρ 0 /c 0 is the normalized acoustic pressure, ⌊u ′ 1 ⌋ is the velocity measured in LES at the burner exit and u ′ 0 is the acoustic velocity at the burner outlet reconstructed using the technique presented in Appendix A.1.
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 825 Phase averaged signals of the LES calculations and the reconstructed velocity for PC10 case. ⌊u ′ 0 ⌋ is the acoustic velocity measured at the HW location in Fig.5.1, ⌊p ′ 1 ⌋/ρ 0 /c 0 is the normalized acoustic pressure, ⌊u ′ 1 ⌋ is the velocity measured in LES at the burner exit and u ′ 0 is the acoustic velocity at the burner outlet reconstructed using the technique presented in Appendix A.1.
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 1 Schematic representation of acoustic reconstruction through the different sections of the swirled injector. ............................................Figure A.2 : Flame Transfer Functions for the Ref case. The dotted line is the FTF determined with the HW signal. The straight line is the FTF using the reconstructed velocity at the burner outlet from the low order model and the HW and M1 signals. .......................................... Figure A.3 : Velocity fluctuation level in section 1 and 0 used for the FTF determination. The operator • denotes here the bulk flow velocity in the corresponding section. .............................................................. xxv xxvi NUMERICAL AND EXPERIMENTAL INVESTIGATIONS OF COMBUSTION INSTABILITIES OF SWIRLED PREMIXED METHANE-AIR FLAMES WITH HYDROGEN ADDITION

Fig. 1 . 1 ,

 11 Fig.1.1, the worldwide total primary energy supply by sources in the period 1971-2017 is presented. The first striking indication is that the total energy produced in the world is always increasing, although the weight of different sources changes from time to time. The energy produced from renewable sources is increasing, however, energy produced from fossil fuels except coal is also on the rise.
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 11 Figure 1.1: Total primary energy supply in the world by sources in the period 1971-2017 [2] [2]. 1

Figure 1 . 2 :

 12 Figure 1.2: Pie chart of total primary energy supply by sources in the world in 2017 [2].

Figure 1 . 3 :

 13 Figure 1.3: Total final consumption (TFC) by sector in the world in 2017. IEA defines non-energy use as petroleum products such as white spirit, paraffin waxes, lubricants, bitumen and other products, exclusively produced for non-energy use [2]. 2

Figure 1 . 4 :

 14 Figure 1.4:Overview of the working principle of power-to-gas concept[3] 

Figure 1 . 5 :

 15 Figure 1.5: Bus used in hydrogen/natural gas blend tests [4].

Figure 1 . 6 :

 16 Figure 1.6: Basic interactions leading to combustion instabilities [5].

Figure 1 . 8 :

 18 Figure 1.8: Schematic of the active instability control setup for Siemens gas turbines with annular combustors [7]

Fig. 2 . 1 .

 21 Fig. 2.1. The main mixture of fuel and air is injected at the bottom of a plenum with a circular cross section of diameter D p =65 mm through two poly-amide tubes of 10 mm internal diameter separated symmetrically by 180 • . Inside the plenum a honeycomb panel is fitted to break the turbulent structures resulting from the injection.The L p =147 mm long plenum is presented in Fig.2.1, but different lengths of plenums are available to change the inlet impedance permitting the study of the stability characteristics of the setup. The flow then goes through a convergent nozzle that ensures a laminar flow with less than 1% velocity fluctuation with a top hat velocity profile, followed by a short annular tube of 12 mm internal diameter.

Figure 2 . 1 :

 21 Figure 2.1: Schematic representation and relevant dimensions of the experimental setup. Dimensions are in millimeters. This configuration is used to obtain the mean flame images for different swirlers and different chamber diameters.

Figure 2 . 2 :

 22 Figure 2.2: Detailed view of the injection system with the main dimensions are in millimeters.

Figure 2 . 3 :

 23 Figure 2.3: Schematic representation of the two different swirlers used in this work. The dimensions are in milimeters. One on the left; the swirler with holes 15 • of the swirler axis corresponding to a geometrical swirl number of S=0.33 and on the right; the swirler with holes 35 • of the swirler axis corresponding to a geometrical swirl number of S=0.86.

Figure 2 . 4 :

 24 Figure 2.4: Schematic representation of the gas and cooling water lines of MIRADAS setup.

Figure 2 . 5 :

 25 Figure 2.5: Representation of the injection strategies. The cross indicates that the pilot fuel stage is not used, there is no mean flow through the tube.

Fig. 2

 2 Fig. 2.6.

Figure 2 . 6 :

 26 Figure 2.6: Schematic representation of the mass flow control algorithm applied in the software controlling the MIRADAS experiment. The descriptions of the symbols are given inTable 2.2.

Figure 3 . 1 :

 31 Figure 3.1: Schematic representation of the configuration used in mean flame imaging.

Figure 3 . 2 :

 32 Figure 3.2: Calibration target used to obtain the magnification ratio.

3. 2

 2 Flame Images with 15 • Swirler, D c =46 mm Combustion Chamber Firstly, the flames obtained with a low swirl configuration (θ sw =15 • corresponding to a geometrical swirl number of S=0.33) are presented. The bulk velocity U sw is set to 18 m/s and the initial equivalence ratio is φ 0 G =0.8. The fraction of hydrogen percentage is increased and its effect is observed. This corresponds to a Reynolds number of 7120 based on the hydraulic diameter of D h =6 mm and a thermal power of 3910 W.The resulting images are presented in Fig. 3.3.

Figure 3 . 3 :

 33 Figure 3.3: Mean flames corresponding to a geometrical swirl number of S=0.33 and a chamber diameter of D c =46 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. Right side of the images are presented for comparison.

Figure 3 . 4 :

 34 Figure 3.4: Laminar Flame Speeds as a function of initial equivalence ratio φ 0 G and hydrogen power fraction P H 2 .

Figure 3 . 5 :

 35 Figure 3.5: Inverse-Abel transformed mean flame images of cases corresponding to a geometrical swirl number of S=0.33 and a chamber diameter of D c =46 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. Right side of the images are presented for ease of comparison.
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 36 Figure 3.6: Flames with increased piloting ratio, U sw =18 m/s and φ 0 G =0.8, S=.33

Figure 3 . 7 :

 37 Figure 3.7: Maximum temperatures vs. strain rates for atmospheric pressure CH 4 /Air and H 2 /Air flames. Unburnt gas temperatures are set to 300 K. Horizontal axis is on a logarithmic scale.

3. 3 Flame

 3 Fig 3.8 shows that, as expected, the flames obtained with 35 • swirler are shorter for the same injection power fraction or hydrogen power fraction compared to the flames
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 38 Figure 3.8: Mean flames corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =46 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. Right side of the images are presented for comparison. 32

Figure 3 . 9 :

 39 Figure 3.9: Inverse-Abel transformed mean flame images corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =46 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8. 33

Figure 3 . 10 :

 310 Figure 3.10: Mean flame image map of the REF cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =46 mm. The pixel intensities are normalized by the maximum pixel intensity of the averaged images of the 14 m/s cases for each equivalence ratio. 35

Figure 3 . 11 :

 311 Figure 3.11: Mean flame image map of the PH4 cases, S=0.86, D c =46 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio.

Figure 3 . 12 :

 312 Figure 3.12: Mean flame image map of the PH10 cases; S=0.86, D c =46 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio.

Figure 3 . 13 :

 313 Figure 3.13: Mean flame image map of the PC10 cases; S=0.86, D c =46 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio.

Figure 3 . 14 :

 314 Figure 3.14: Mean flame image map of the MH10 cases; S=0.86, D c =46 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio.

3. 4

 4 Flame Images with 35 • Swirler, D c =64 mm Combustion Chamber It is logical to think that when the diameter of the combustion chamber is increased the length of the flame would be shorter as the bulk velocity in the combustion chamber is lower, but of course swirled flames are never that simple. The length of the flames are strongly dependent on combustion aerodynamics, mainly the size of the center and size re-circulation zones. Flame images obtained with combustion chamber of D c =64 mm inner diameter is presented in Fig. 3.15.

Figure 3 . 15 :

 315 Figure 3.15: Mean flames corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8.

Fig. 3 .

 3 Fig. 3.15 shows that the REF flame of the 64 mm chamber is taller compared to the REF flame of the 46 mm chamber (Fig. 3.8), even though the bulk velocity inside the chamber is lower, suggesting that it is extremely difficult to predict the length of flames using geometrical and flame speed expressions. Moreover, when 2% hydrogen is injected, the length of the flames are reduced by 25% for 64 mm chamber. The Inverse-Abel transformed images are presented in Fig. 3.16.
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 316 Figure 3.16: Inverse-Abel transformed mean flame images of respectable cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8.

Figure 3 . 17 :

 317 Figure 3.17: Mean flame image map of the REF cases corresponding to a geometrical swirl number of S=0.86 and a chamber diameter of D c =64 mm. The pixel intensities are normalized by the maximum pixel intensity of the averaged images of the 14 m/s cases for each equivalence ratio.

Figure 3 . 18 :

 318 Figure 3.18: Mean flame image map of the PH2 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio.

Figure 3 . 19 :

 319 Figure 3.19: Mean flame image map of the PH4 cases; S=0.86, D c =64 mm. Pixel intensities are normalized by the maximum pixel intensity of 14 m/s flames of REF cases for each equivalence ratio.

  4.1.

Figure 4 . 1 :

 41 Figure 4.1: Schematic representation of the configuration used in thermo-acoustic stability studies.

2 . 5 .

 25 The stability maps cover a range of equivalence rations between 0.70 ≤ φ 0 G ≤ 0.85, bulk velocities between 14 m/s ≤ U sw ≤ 40 m/s, corresponding to thermal powers in the range 2700 W ≤ P ≤ 9300 W. Gases are injected in the setup at room temperature T u = 292 K. These conditions correspond to injection Reynolds numbers 5541 ≤ Re D h ≤ 15831 based on the hydraulic diameter D h = 6 mm of the main annular injection channel (Fig. 2.2).

Figure 4 . 2 :

 42 Figure 4.2: Stability map of the methane-air fully premixed flame. Case REF in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G .

Figure 4 .

 4 Figure 4.2 shows that the reference configuration exhibits two regions of instability, one at φ 0 G =0.85 for flow velocities higher than U sw ≥ 24 m.s -1 (Re D h ≥ 9500) and another one along the descending diagonal covering a large fraction of the operational domain. The peak frequency of these self-sustained modes lies between 520 Hz and 680 Hz depending on the operating point considered.

Figure 4 . 3 :

 43 Figure 4.3: Stability maps of the configurations with hydrogen pilot injection. Cases PH1 and PH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G .

  replacing H 2 with CH 4 . The corresponding stability maps are shown in Fig. 4.4. The comparison with the reference case in Fig. 4.2 indicates that the stability is marginally impacted, even for case PC2, which has the largest methane pilot flowrate.

Figure 4 . 4 :

 44 Figure 4.4: Stability maps of the configurations with methane pilot injection. Cases PC1 and PC2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G .The two cases with pilot injection suggest that the change in the global composition of the fuel, namely hydrogen addition, is the driving factor for the improved stability. A

Figure 4 . 5 :

 45 Figure 4.5: Stability maps of configurations with the hydrogen-enriched methane/air mixtures. Cases MH1 and MH2 in Tab. 2.3 and Fig. 2.5. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ 0 G .

  Images of the unstable flames are shown in Fig.4.6, corresponding to time-averaged line-of-sight integration of the CH * signal over a long duration. 50 snapshots are taken for each case with a total exposure time of 40 ms. For cases REF, PH and MH, the CH * signal is spread out over the view frame because of the flame motion associated to the combustion instability. For the PH cases, which are stable, the image is much sharper.

Figure 4 . 6 :

 46 Figure 4.6: Flame images with a long chamber and a long plenum for φ G = 0.80 and U sw = 18 m.s -1 (Tab. 2.3). Only the right sides of the images with respect the burner axis is presented. The intensities are normalized by their maximum values to increase the contrast. The location of the burner is added in black at the bottom of each image.
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 2 Validation of the numerical model is carried out first without combustion with the long plenum L p = 221 mm and the long flame tube L c = 300 mm. The modes of the system without combustion are determined with microphone MB at the bottom of the plenum and a reference microphone MREF located near the outlet of the flame tube. The schematic of the experiment is given in Fig. 4.8. The system is excited with an external speaker positioned near the outlet of the chamber and the signals from MREF and MB are recorded. The modes of the system without combustion are also determined with OSCILOS using fits to the measured reflection coefficients measured without combustion at the outlet boundary condition. The measurements and the results of these calculations are compared in Fig. 4.9, where the peaks of | pMB / pREF | represent the modes of the system. This comparison validates the acoustic model of the combustor without combustion. The frequencies of the three first pressure peaks are well retrieved by the model at 62, 304 and 572 Hz.

Figure 4 . 9 :

 49 Figure 4.9: Modes of the acoustic setup without combustion. The line represents the measured pressure ratio and the dotted lines are the predictions of the low order model.

Figure 4 . 10 :

 410 Figure 4.10: Mode shape for passive flame at 560 Hz with 1425 K chamber temperature, designated as MODE-1.

Figure 4 . 11 :

 411 Figure 4.11: Mode shape for passive flame at 618 Hz with 1425 K chamber temperature, designated as MODE-2.

  For the REF case, the traces are sinusoidal despite the large magnitude of the oscillations. The oscillation level reaches around 25% for the heat release rate (HRR) recorded by the PM and 20% for the velocity measured by HW for the REF case. The RMS of pressure fluctuations recorded by microphone MB at the bottom of the plenum is 1124 Pa. This signal is also in phase with the heat release rate fluctuations in Fig. 4.12.

Figure 4 . 12 :

 412 Figure 4.12: Pressure, velocity and heat release signals for the respective cases. The bulk velocity at the exit of the swirled annular injection channel is U sw =18 m/s and the initial equivalence ratio is φ 0 G =0.8.

Figure 4 . 13 :

 413 Figure 4.13: Power spectra of pressure signals recorded by MB for the cases in Table 2.3 for U sw =18 m/s φ 0 G =0.8.

4 . 14 .

 414 It can be seen that with hydrogen injection (PH1 and PH2 cases) the stability map is completely changed. In addition, there are big frequency jumps on the order of 100 Hz for the operating points at at φ 0 G = 0.80 between REF and PH2 cases. This will be investigated later in the text. Comparing PC2 and REF cases shows that methane injection causes a weak tendency to reduce the frequencies on the order of 10 Hz. Additionally, comparing MH2 and REF cases, it can be seen that hydrogen enrichment generally increases the frequency of unstable modes by 10 Hz.

Figure 4 . 14 :

 414 Figure 4.14: Dominant frequencies of pressure signals recorded by MB for the cases in Table 2.3 for U sw =18 m/s φ 0 G =0.8. The thickness of the font of the text depends on RMS of pressure oscillations measured by MB microphone.

Figure 4 . 16 :

 416 Figure 4.16: Classified unstable modes of MIRADAS setup for REF cases. Blue corresponds to MODE-1 (Fig.4.10) and established limit cycles, red corresponds to MODE-2 (Fig.4.11) and established limit cycles, orange corresponds MODE-2 (Fig.4.11) and short-lived limit cycles, white corresponds to competing intermittent limit cycles. The thickness of the outlines of text is proportional to the RMS amplitude of the fluctuations. A legend is provided at the top of the figure for comparison.

Figure 4 . 17 :

 417 Figure 4.17: Short time FFT analysis of the pressure, velocity and CH* signals obtained for the REF case at U sw =30 m/s φ 0 G =0.7.

Figure 4 . 18 :

 418 Figure 4.18: Short time FFT analysis of the pressure, velocity and CH* signals obtained for the REF case at U sw =32 m/s φ 0 G =0.7.

Figure 4 . 19 :

 419 Figure 4.19: Short time FFT analysis of the pressure, velocity and CH* signals obtained for the REF case at U sw =34 m/s φ 0 G =0.7.

Figure 4 . 20 :

 420 Figure 4.20: Short time FFT analysis of the pressure, velocity and CH* signals obtained for the REF case at U sw =36 m/s φ 0 G =0.7.

  4.10) and MODE-2 (Fig. 4.11) occurs. The instability jumps from MODE-1 towards MODE-2 for short periods of time. This behavior can be observed from the time dependent frequency in short time FFT plot of acoustic variables and the phase plot of ∠ p0 / pMB . The phase ∠ p0 / pMB jumps from -π as in MODE-1 towards 0 as in MODE-2. Increasing the velocity to U sw =34 m/s shows an instability where a jump to MODE-2 has happened, but the instability is not completely established, it falls back to MODE-1 from time to time as can be observed in ∠ P0 / PMB plot presentedin Fig. 4.19. When the velocity is further to U sw =36 m/s, a fully established instability corresponding to MODE-2 is observed, where the transition towards MODE-1 never occurs anymore.

Figure 4 . 21 :

 421 Figure 4.21: Short time FFT analysis of the pressure, velocity and CH* signals obtained for the REF case at U sw =22 m/s φ 0 G =0.8. In Fig. 4.21 the REF case for U sw =22 m/s φ 0 G =0.8 is presented. Here the mode shape corresponds to MODE-2 and does not change with time, however the instability

Figure 4 . 22 :

 422 Figure 4.22: Classified unstable modes of MIRADAS setup for PH1 and PH2 cases. Blue corresponds to MODE-1 (Fig.4.10) and established limit cycles, red corresponds to MODE-2 (Fig.4.11) and established limit cycles, cyan corresponds to MODE-1 (Fig.4.11) and short-lived limit cycles, white corresponds to competing intermittent limit cycles. The thickness of the outlines of text is proportional to the RMS amplitude of the fluctuations. A legend is provided at the top of the figure for comparison.
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 423 Figure 4.23: Short time FFT analysis of the pressure, velocity and CH* signals obtained for the PH2 case at U sw =40 m/s φ 0 G =0.8.

Figure 5 . 1 :

 51 Figure 5.1: Schematic representation of the configuration used to measure FTFs.

5. 1

 1 Fig.5.2. Here, the left half of the flame corresponds to the CH* light emission and the right half to OH*. First, the increase in hydrogen content leads to a shortening of the flame, which is consistent with the larger flame speed of hydrogen enriched mixtures versus pure methane as can be seen in Fig. 3.4. The overall flame shape and length are very similar using CH* or OH* emissions. However, with increasing hydrogen content, OH* images show higher intensities, either spatially distributed, for MH cases, or closer to the pilot tube in the PH cases. This is consistent with the region where one would expect that hydrogen oxidation occurs. Overall, both emissions give very similar results.

Figure 5 . 2 :

 52 Figure 5.2: Comparison of mean flame structure determined from CH* and OH* emissions. Influence of injection strategy (PH versus MH) and hydrogen content (in % of the total thermal power), U sw =18 m/s, φ 0 G =0.8, S=0.33.
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 53 Figure 5.3: Comparison of FTFs measured with CH* and OH* emissions for a constant forcing level ũ0 /U sw = 0.10 for U sw =18 m/s, φ 0 G =0.8, S=0.33. The resulting flame transfer function for all the cases obtained with 15 • swirler and D c =46 mm combustion chamber at a forcing level of ũ0 /U sw = 0.10 are presented in Fig. 5.4. For the REF case (premixed methane-air), the flame is very responsive with large FTF gains exceeding unity over almost the entire frequency range explored from 10 to 700 Hz, with a dip at 100 Hz and a peak at 360 Hz. Regarding the fully premixed MH cases, hydrogen addition in the fuel at low concentration levels does not impact the flame response. This observation is also consistent with the stability maps presented in Section 4.2 and the flame visualizations shown in Fig. 3.3. A fuel blend with a

  .4: ϕ(590) = 8.2 rad for the REF, PC1, PC2, MH1 and MH2 cases and ϕ(590) = 6.3 rad for the PH1 and PH2 cases. Comparing REF, PH, PC and MH cases, it can be seen that introduction of hydrogen (PH and MH cases) reduces the time delay of the flame response, and fuel piloting reduces the gain of the FTFs in a broadband manner. Hydrogen enrichment reduces the delay of flame responses; however makes the flames more reactive at higher frequencies with higher FTF gains. Methane piloting reduces FTF gain in a broadband manner, however does not effect the delays of the flame responses. Only hydrogen piloting (PH cases) reduces the time delay and gain simultaneously in a broadband manner.

Figure 5 . 4 :

 54 Figure 5.4: FTFs for a constant forcing level ũ0 /U sw = 0.10 for U sw =18 m/s, φ 0 G =0.8, S=0.33. 79

Figure 5 . 5 :

 55 Figure 5.5: FTFs for a constant forcing level ũ0 /U sw = 0.30 for U sw =18 m/s, φ 0 G =0.8, S=0.33. 82

Figure 5 . 6 :

 56 Figure 5.6: FTFs for a constant forcing level ũ0 /U sw = 0.60 for U sw =18 m/s, φ 0 G =0.8, S=0.33.
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 57 Figure 5.7: FTFs for a constant forcing level ũ0 /U sw = 0.30 for U sw =18 m/s, φ 0 G =0.8, S=0.86. 85

Figure 5 . 8 :

 58 Figure 5.8: Eigenfrequencies and growth rates of the reduced order acoustic model calculated with OSCILOS of the REF case as a function of the forcing level, U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 5 . 9 :

 59 Figure 5.9: Eigenfrequencies and growth rates of the reduced order acoustic model calculated with OSCILOS of the respective cases at 10% forcing. The horizontal dashed line represents the acoustic losses obtained form the limit cycle analysis of the REF case (blue plus in Fig. 5.8).
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 511 Figure 5.11: MIRADAS setup in radial injection configuration. (a) Overview of the experiment, (b) direct visualization (without optical filter) of the flame image with Ūsw =8 m/s and φ G =0.75 (c) detail view of the injection system, (d) External speaker used to modulate injected flowrate.
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 8 In MIRADAS setup, by adjusting the phase between two speakers ( DE / DB ) driven at the same frequency, the phase between FT F u (ω) ũ ū and FT F φ (ω) φ φ can be changed to investigate the effect on the amplitude of the global heat release response | Q| Q . First of all, the drive signals of each speaker are set one by one to give a heat release response of | q/ q| = .2 individually. Then, both speakers are driven at the same time with the calibrated drive signal amplitudes | DE | and | DB | and the phase between the driving signals ∠ DE / DB are changed to modify the phase between FT F u (ω) ũ ū and FT F φ (ω) φ φ and the heat release response Q Q ≡ Ĩ Ī for each phase is recorded. The results of this experiment are presented in Fig. 5.12.

Fig. 5 .

 5 Fig. 5.12 shows that the amplitude of the global heat release response changes as a function of the phase between the drive signals of speakers ∠ DE / DB . This is a result of the competition between the two parts of the decomposed FTF, one caused by the equivalence ratio modulation FT F φ (ω) φ φ and the other caused by velocity modulation FT F u (ω) ũ ū . At ∠ DE / DB = π/4 these two parts are in phase meaning that the angle between these decomposed FTFs that are complex numbers are close to zero, and their amplitudes are accumulated, resulting in a maximum in the heat release response | Q| Q ≡ | Ĩ| Ī . At ∠ DE / DB = 5π/4 they are out of phase and the angle between decomposed FTFs

Figure 5 . 12 :

 512 Figure 5.12: Amplitude of global heat release response | Q| Q ≡ | Ĩ| Ī with competing FT F u (ω) ũ ū and FT F φ (ω) φ φ transfer functions. The acoustic velocity and pressure measurements are taken at Section 1 as marked in Fig.5.11.
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 6 SPATIAL ANALYSIS OF FLAME RESPONSES In the previous chapter, a global overview on the responses of flame responses with different injection strategies are presented. The heat release responses are measured with a photomultiplier, which integrates spatially the CH* chemiluminescent light signal, and giving a signal proportional to the integrated heat release rate. Using these measurements it is possible to comment on the global response of the different flames, however the reason why there are dips in the FTF gains, or why the global delays of the flame change is not possible. Further investigations are done by recording phase locked flame images to investigate the reason behind the dips and the changes in phase of the Flame Transfer Functions. Three frequencies of interest are explored; 240 Hz where the dip in the FTFs occur, 590 Hz where there is a big difference in the phase of the FTFs with the introduction of hydrogen and also the frequency of instability, and a mid range frequency of 400 Hz. This chapter is organized into two sections, the first investigating the local flame responses for low swirl flames and the second one providing a similar analysis for high swirl flames. 6.1 Spatial Spectral Analysis of Flame Responses for 15 • Swirler, D c =46 mm Combustion Chamber

Figure 6 . 1 :

 61 Figure 6.1: Phase locked images of the REF case at a forcing level of ũ0 /U sw = 0.30 at 240 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33. ⌊I⌋ designates phase averaged CH* chemiluminescent light emission.

Figure 6 . 2 :

 62 Figure 6.2: Inverse Abel Transformed phase locked images of the REF case at a forcing level of ũ0 /U sw = 0.30 at 240 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33. IA ⌊I⌋(r, z, ψ) designates phase averaged inverse Abel Transformed CH* chemiluminescent light emission.

Fig. 6 .

 6 Fig. 6.3 shows that the phase locked flame images represents quite well the instantaneous CH* intensity signal and can be used with confidence to examine the local flame response of the forced flames. Here all the signals are aligned to have zero phase angle for the velocity signal at the outlet of the burner.

Figure 6 . 3 :

 63 Figure 6.3: Comparison of the signals obtained with camera and PM for a forcing level of ũ0 /U sw = 0.30 at 240 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 4 :

 64 Figure 6.4: Amplitudes of the complex heat release signal with acoustic forcing, ũ0 /U sw = 0.30 at 240 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 5 :

 65 Figure 6.5: Amplitudes of the complex heat release signal with acoustic forcing, ũ0 /U sw = 0.30 at 400 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 6 :

 66 Figure 6.6: Amplitudes of the complex heat release signal with acoustic forcing, ũ0 /U sw = 0.30 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 7 :

 67 Figure 6.7: Phases wrt. velocity at the burner outlet of the complex flame response to acoustic forcing, ũ0 /U sw = 0.30 at 240 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.
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 68 Figure 6.8: Phases wrt. velocity at the burner outlet of the complex flame response to acoustic forcing, ũ0 /U sw = 0.30 at 400 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.
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 69 Figure 6.9: Phases wrt. velocity at the burner outlet of the complex flame response to acoustic forcing, ũ0 /U sw = 0.30 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 10 :

 610 Figure 6.10: RMS values of pixel intensities of flame response to acoustic forcing, ũ0 /U sw = 0.30 at 240 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 11 :

 611 Figure 6.11: RMS values of pixel intensities of flame response to acoustic forcing, ũ0 /U sw = 0.30 at 400 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 12 :

 612 Figure 6.12: RMS values of pixel intensities of flame response to acoustic forcing, ũ0 /U sw = 0.30 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33. Although the local delays and amplitudes give a very detailed view of the local responses of forced flames, an easier to present method which offers a broader view on the responses of forced flames is possible. To accomplish this, profiles of radially integrated heat release fields are used. This is easy for experimental measurements, as the forced flame images consist of spatially uniform pixels with pixel intensities proportional to the chemiluminescent light coming from the flame, representing line

Figure 6 . 13 :

 613 Figure 6.13: Longitudinal evolution of the radially integrated heat release rate for hydrogen piloted (PH) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33.
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 614109615 Figure 6.14: Longitudinal evolution of the radially integrated heat release rate for methane piloted (PC) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33. 109

Figure 6 . 16 :

 616 Figure 6.16: Polar plots of the local heat release rate for 30% forcing at 240 Hz. The size of the markers are as a function of the axial distance. The thick lines represent the spatially integrated global response scaled by 1/200, U sw =18 m/s, φ 0 G =0.8, S=0.33.
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 12617 Figure 6.17: Longitudinal evolution of the radially integrated heat release rate for hydrogen piloted (PH) cases forced at 400 Hz with a forcing level of 30%. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33.

  .a showing profiles of radially integrated time averaged local heat release rates. The roots of the flames also respond stronger as it can be seen in the RMS profiles of radially integrated local heat release demonstrated in Fig.6.17.b. The phase lag profiles show an interference behavior at around 12 mm axial position, this is due to the competition of the local heat release rate in the radial direction as can be seen in Fig.6.8. It is also observed that hydrogen injection by 10% of thermal power fraction alters the local phase between 5 mm to 30 mm where most of the heat release occurs. Moreover by inspecting Fig.6.17.d, it can be seen that the competition behavior between local responses at the root and the edges of the flames similar to forcing at 240 Hz is also present for forcing at 400 Hz. This competition goes in favor of the roots of the flame with increased hydrogen injection fraction.Methane piloted (PC) cases for 30% forcing at 400 Hz are presented in Fig.6.18. With methane injection, flames and flame activity mores towards upstream slightly, however the local phases are marginally effected. The artifact in the phase at 15 mm axial position is due to the competition between the local heat release responses in the radial direction as can be seen in Fig.6.8. Additionally for PC cases the competition behavior between the roots and the edges of the flames is not pronounced.

Figure 6 . 18 :

 618 Figure 6.18: Longitudinal evolution of the radially integrated heat release rate for methane piloted (PC) cases forced at 400 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 19 :

 619 Figure 6.19: Longitudinal evolution of the radially integrated heat release rate for hydrogen enriched (MH) cases forced at 400 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 20 :

 620 Figure 6.20: Polar plots of the local heat release rate for 30% forcing at 400 Hz. The size of the markers are as a function of the axial distance. The thick lines represent the spatially integrated global response scaled by 1/200, U sw =18 m/s, φ 0 G =0.8, S=0.33. 6.1.3 Inspection of Local Flame Responses for 30% Forcing at 590 Hz

Figure 6 . 21 :

 621 Figure 6.21: Longitudinal evolution of the radially integrated heat release rate for hydrogen piloted (PH) cases forced at 590 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 22 :

 622 Figure 6.22: Longitudinal evolution of the radially integrated heat release rate for methane piloted (PC) cases forced at 590 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33.
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 623 Figure 6.23: Longitudinal evolution of the radially integrated heat release rate for methane piloted (MH) cases forced at 590 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 24 :

 624 Figure 6.24: Polar plots of the local heat release rate for 30% forcing at 590 Hz. The size of the markers are as a function of the axial distance. The thick lines represent the spatially integrated global response scaled by 1/200, U sw =18 m/s, φ 0 G =0.8, S=0.33.
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 14 Inspection of Local Flame Responses for 60% Forcing For forcing at 240 Hz and a forcing level of ũ0 /U sw = 0.60, the phase locked flame images for the REF case are presented in Fig. 6.25. Compared to forcing at ũ0 /U sw = 0.30 (Fig. 6.1), the response of the flame the flame response is much more erratic at ũ0 /U sw = 0.60 forcing. The Vortex roll-up is much more pronounced and the flame edges travel much farther as a result of increased forcing amplitude, the flame flaps its wings much more. For example, comparing two flames at ≈30 • of phase, edges of the REF flame forced at ũ0 /U sw = 0.60 forcing are completely rolled upon themselves (Fig. 6.25), while this rolled up part of the flame edges is much more smaller for forcing at ũ0 /U sw = 0.30 (Fig. 6.1).

Figure 6 . 25 :

 625 Figure 6.25: Phase locked images of the REF case at a forcing level of ũ0 /U sw = 0.60 at 240 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33. Furthermore for forcing at 400 Hz and ũ0 /U sw = 0.60, the flame is detached at 236 • of phase. The forcing cycle is always sampled with 12 flame images in this thesis and this is the only point (400 Hz, ũ0 /U sw = 0.60, 236 • ) where the flame is lifted, all other flames forced at 400 Hz with a forcing level of ũ0 /U sw = 0.60 are attached to the injection tube for all instances recorded. Furthermore, there is no residual heat release rate signal near the injection tube in the 236 • phase image, indicating that this behavior

Figure 6 . 26 :

 626 Figure 6.26: Phase locked images of the REF case at a forcing level of ũ0 /U sw = 0.60 at 400 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 27 :

 627 Figure 6.27: Phase locked images of the REF case at a forcing level of ũ0 /U sw = 0.60 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 28 :

 628 Figure 6.28: Inverse Abel Transformed phase locked images of the REF case at a forcing level of ũ0 /U sw = 0.60 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33. IA ⌊I⌋(r, z, ψ) designates phase averaged inverse Abel Transformed CH* chemiluminescent light emission.

Figure 6 . 29 :

 629 Figure 6.29: Phase locked images of the PH2 case at a forcing level of ũ0 /U sw = 0.60 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 30 :

 630 Figure 6.30: Inverse Abel Transformed phase locked images of the PH2 case at a forcing level of ũ0 /U sw = 0.60 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33. IA ⌊I⌋(r, z, ψ) designates phase averaged inverse Abel Transformed CH* chemiluminescent light emission. 124

Figure 6 . 31 :

 631 Figure 6.31: Phase locked images of the MH2 case at a forcing level of ũ0 /U sw = 0.60 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 32 :

 632 Figure 6.32: Phase locked images of the MH4 case at a forcing level of ũ0 /U sw = 0.60 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 33 :

 633 Figure 6.33: Phase locked images of the PC10 case at a forcing level of ũ0 /U sw = 0.60 at 590 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.33.

Figure 6 . 35 :

 635 Figure 6.35: Phases wrt. velocity at the burner outlet of the complex flame response to acoustic forcing, ũ0 /U sw = 0.30 at 240 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.86.128
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 636 Figure 6.36: Longitudinal evolution of the radially integrated heat release rate for hydrogen piloted (PH) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.86. 129

Figure 6 . 37 :

 637 Figure 6.37: Longitudinal evolution of the radially integrated heat release rate for methane piloted (PC) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.86.
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 638 Figure 6.38: Longitudinal evolution of the radially integrated heat release rate for hydrogen enriched (MH) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.86.

Figure 6 . 39 :

 639 Figure 6.39: Polar plots of the local heat release rate for 30% forcing at 240 Hz. The size of the markers are as a function of the axial distance. The thick lines represent the spatially integrated global response scaled by 1/200, U sw =18 m/s, φ 0 G =0.8, S=0.86.
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 7 Fig. 7.1 displays the evolution of NOx emissions with different injection strategies is presented. The values presented are parts per million by volume in dried burnt gasses. Here no O2 correction is applied as the flow-rate of air is kept constant. As

Figure 7 . 1 :

 71 Figure 7.1: NO emissions in dry exhaust gasses as a function of hydrogen and/or injection fraction for PH, PC and MH cases, for a bulk velocity of U sw =18 m/s and an equivalence ratio of φ =0.8.

Fig. 7 .

 7 Fig. 7.2 also shows CO emissions. Methane injection causes an increase in CO emissions as a result of deviation from perfectly premixed regime. Hydrogen injection reduces CO emissions. This is caused partly by hydrogen aiding in achieving complete combustion and partly by the fact that replacing methane by hydrogen reduces the number of carbon atoms that can create CO emissions.
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 72 Figure 7.2: CO emissions in dry exhaust gasses as a function of hydrogen and/or injection fraction for PH, PC and MH cases, for a bulk velocity of U sw =18 m/s and an equivalence ratio of φ =0.8.
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 73 Figure 7.3: CO 2 emissions in dry exhaust gasses as a function of hydrogen and/or injection fraction for PH, PC and MH cases, for a bulk velocity of U sw =18 m/s and an equivalence ratio of φ =0.8.

Fig. 7 .

 7 Fig. 7.3 may invoke the idea of using hydrogen from renewable sources to replace

Figure 7 . 4 :

 74 Figure 7.4: PPMv volume fraction of NO and CO in dry exhaust gasses as a function of equivalence ratio for a fixed bulk velocity of U sw =18 m/s.
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 8 LES CALCULATIONS, COMPARISON TO EXPERIMENTS AND HEAT RELEASE RESPONSE MECHANISMS OF HARMONICALLY FORCED METHANE / AIR FLAMESThis chapter summarizes 3D reacting compressible Large Eddy Simulations done with AVBP code[START_REF] Schönfeld | Steady and Unsteady Flow Simulations Using the Hybrid Flow Solver AVBP[END_REF] to show the capabilities of LES in predicting harmonic responses of fully premixed and lightly piloted methane air flames and the mechanism of heat release response of harmonically forced flames. No hydrogen/methane flame is computed here because the computation of such flames would have required too many developments in the LES code (this is actually the topic of an ongoing ERC grant at IMFT/CERFACS : cerfacs.fr/scirocco). The flame responses for different flames are presented in the experimental chapters. Here, the mechanism leading to the heat release response will be analyzed using LES calculations. Firstly, general information on the code AVBP, the mesh and the boundary conditions used has been presented in the section General Description of AVBP, Mesh and Boundary Conditions. Subsequently, stable (without forcing) flame calculations and their comparison to experiments are studied and flow and combustion characteristics of swirled premixed and lightly piloted flames are investigated. Finally forced flame calculations, heat release response mechanisms and comparisons of numerical and experimental flame transfer functions are analyzed.

[ 185 -Figure 8 . 1 :

 18581 Figure 8.1: Overview of the mesh used in reacting compressible LES calculations of MIRADAS setup.

Figure 8 . 2 :

 82 Figure 8.2: Boundary conditions applied in LES calculations. The volume of theambient air around the combustion chamber is reduced for ease of presentation.

  compare with CFD calculations, mean CFD flames must be line of sight integrated by integrating the data on evenly distributed slices. As the camera outputs measurements 145 in pixel intensities, which for 16 bit depth goes from 0 to 65535 for every pixel and CFD calculations output heat release data in SI units, a maximum value normalization has been performed for comparison as presented in A.3.2 for clarity and ease of comparison. The normalized heat release expression qLS y Norm in Eq. A.3.2 has been plotted for REF case in Fig. 8.3.
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 83 Figure 8.3: Comparison of calculated and measured mean flames for the REF case. On the left side of z-axis; LES calculations, on the right side; measurements from MIRADAS experiment.

Figure 8 . 4 :

 84 Figure 8.4: Comparison of calculated and measured mean flames for the PC4 and PC10 cases. On the left side of z-axis; LES calculations, on the right side; measurements from MIRADAS experiment.

Figure 8 . 5 :

 85 Figure 8.5: Comparison of calculated and measured angle averaged mean flames for REF, PC4 and PC10 cases. On the left side of z-axis angle averaged LES calculations, on the right side inverse abel transformed flame images from MIRADAS experiment.
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 2 Where P CH * [kmole photons/s] is the emission of CH* chemiluminescence, ṁ f and ṁa are fuel and air mass flow rates, A E is the Einstein coefficient for CH*, L c is the length of the calculation domain for 1D flame simulations, [CH * ] [kmole/m 3 ] is the concentration of CH*, ρ u is the density of the unburnt gasses, S L is the laminar flame speed. The comparison of the experimental emission curve and numerical results is presented as a function of the equivalence ratio in Eq. 8.6.
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 86 Figure 8.6: Comparison of CH* emissions of flames calculated with CH* extendedLindstedt mechanism[8] and experimental results of Nori et. al.[9]. Data points are normalized by dividing the emission data by the value at stoichiometry as direct comparison is not possible coming from the fact that the details of the measurement system is not given.

Fig. 8 .

 8 Fig. 8.6 shows that the CH* extended Lindstedt mechanism represents the experiments quite nicely, leading to the conclusion that the CH* extended Lindstedt mechanism [8] can be used to study the link between heat release and CH* emissions. Furthermore, as the normalized CH* emission fields from the experiments are compared to normalized heat release rates, the spatial agreement of CH* emission and heat release fields comes into question. Fig.8.7 shows the heat release and CH* emission profiles along the PC10 1D counter-flow flame calculated with the extended Lindstedt mechanism. The maximums of CH* emission rates and heat release rates match well, meaning that a comparison for piloted flames can be done with confidence.

Figure 8 . 7 :

 87 Figure 8.7: CH* emission and heat release profiles along the counter-flow PC10 flame, showing the proximity of the maximums of CH* photon emission rate and heat release rate.

Figure 8 . 8 :

 88 Figure 8.8: Angle averaged -time averaged axial velocity fields of REF, PC4 and PC10 cases obtained from LES calculations. The thick white lines are contours of zero axial velocity, the black lines are streamlines of the time averaged field.
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 38 Fig.8.9 shows that the non-premixed portions of flames PC10 and PC4 are very small compared to the premixed portions of the respective cases. The non-premixed portions of the heat release represents 0.8% and 1.4% of the total heat mean release of the flames of PC4 and PC10 cases respectively. This feature of the flames suggest that they should follow premixed flame characteristics in their responses to acoustic forcing.

Figure 8 . 9 :

 89 Figure 8.9: Flames separated into premixed burning and non-premixed burning regions using normalized Takeno index. The black corresponds to null Takeno index ζ = 0.

Figure 8 . 10 :

 810 Figure 8.10: Equivalence ratio field for PC4 and PC10 cases. Contour lines are labeledwith their respective values. The equivalence ratio field for REF case is not shown as the case is perfectly premixed, the field is completely uniform.

Figure 8 . 11 :

 811 Figure 8.11: Phase locked normalized heat release rate as presented in Eq. A.3.7 for a forced flame at a frequency of 400 Hz for the REF case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles wrt. the velocity signal at the outlet of the burner are indicated at the bottom of the images.

Fig. 8 .

 8 Fig. 8.11 shows that the response of the REF flame is well represented in LES calculations. There are two main shapes which are linked to the flame response in these flames. Firstly, the perturbation which is located in the vicinity of the injection tube that becomes clear around 300 • of phase with respect to the periodic velocity perturbation. The agreement in the phase between the experiment and the LES calculations strongly supports the validity of the technique used to reconstruct the experimental flame responses and the velocity reconstruction at the exit of the combustion chamber. This perturbation is convected downstream of the flame with the flow, continuing the deformation of the flame and getting amplified as it is transported.As it reaches ≈140 • of phase, this perturbation is wrapped around itself constituting a vortex roll-up phenomenon. Towards the end of the cycle, the rolled-up vortex is transported even further downstream, continuing to deform the edges of the flame, at the same time the perturbation of the next period is generated. The flame responses obtained from LES calculations and experimental flame images agree very well, with a very slight phase difference, but all the phenomena are well captured in space and time.
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 812 Figure 8.12: Phase locked normalized heat release rate as presented in Eq. A.3.7 for a forced flame at a frequency of 400 Hz for the PC4 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles wrt. the velocity signal at the outlet of the burner are indicated at the bottom of the images.

Figure 8 . 13 :

 813 Figure 8.13: Phase locked normalized heat release rate as presented in Eq. A.3.7 for a forced flame at a frequency of 400 Hz for the PC10 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles wrt. the velocity signal at the outlet of the burner are indicated at the bottom of the images.

Figure 8 . 14 :

 814 Figure 8.14: Phase locked normalized heat release rate as presented in Eq. A.3.2 for a forced flame at a frequency of 400 Hz for the REF case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles are indicated at the bottom of the images.

Fig. 8 .

 8 Fig.8.14 displays the comparison of inverse abel transformed phase locked flame images to angle averaged phase averaged heat release field for REF case. The flame responds with its entire surface, with deformations varying in space. A disturbance at the flame front base close to the injection tube travels downstream with time, deforming the flame. The flame starts getting wrapped at around 140 • of phase and r = 10, z = 20 mm in space. This wrapped portion of the flame is transported downstream with the flow, getting bigger as it is transported. At around 200 • of phase the outer part of this wrapped part of the flame starts touching the walls of the combustion chamber. As the walls of the combustion chamber are colder, this part starts getting quenched at around 200 • in phase. As it is transported upstream, the center of this wrapped part of the flame moves outwards and downstream more and more of the flame surface is lost by heat losses. At around 0 • in phase the center traverses the combustion chamber walls and this rolled up portion of the flame is lost and the process is repeated for the new cycle.
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 815 Figure 8.15: Phase locked normalized heat release rate as presented in Eq. A.3.2 for a forced flame at a frequency of 400 Hz for the PC4 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles are indicated at the bottom of the images.
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 816 Figure 8.16: Phase locked normalized heat release rate as presented in Eq. A.3.2 for a forced flame at a frequency of 400 Hz for the PC10 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles are indicated at the bottom of the images.
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 817 Figure 8.17: Mechanism leading to deformation of the flame during a forcing cycle.On the left of each image vorticity field with heat release contours superimposed on top, on the right of each image the velocity field with heat release contours superimposed on top has been presented.
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 819 Figure 8.19: Complex field of heat release fluctuations represented by phase (Eq. A.3.16) at the top and by normalized amplitude (Eq. A.3.15) at the bottom. On the left side of each figure, LES results and on the right side experimental measurements are presented.
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 8208 Figure 8.20: REF case at 400 Hz: longitudinal evolution of the cross-stream averaged heat release rate. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the the radially integrated heat release on the global heat release.

Fig. 8 .

 8 Fig. 8.22 displays the axial profiles of the characteristic flame response parameters for the PC10 case. The change in length of the averaged flames are much less between PC10 and PC4 cases compared to the change in lengths between PC4 and REF cases and this holds true for RMS of the heat release fluctuations. The base of the flames becomes more active and contributes to the global heat release response. In Fig. 8.22.d the projection of the the radially integrated heat release on the global heat release is presented. The negative parts of this curve mark the parts of the flames responding with a phase difference that is destructive, meaning these parts cause a drop in the FTF gain, and the positive parts cause a increase in the FTF gain. With the increased flowrates of injection, the base of the flames start to respond and start to 'pull back'

Figure 8 . 22 :

 822 Figure 8.22: PC10 case at 400 Hz: longitudinal evolution of the cross-stream averaged heat release rate. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the the radially integrated heat release on the global heat release.
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 824 Figure 8.24: Phase averaged signals of the LES calculations and the reconstructed velocity for PC4 case. ⌊u ′ 0 ⌋ is the acoustic velocity measured at the HW location in Fig. 5.1, ⌊p ′ 1 ⌋/ρ 0 /c 0 is the normalized acoustic pressure, ⌊u ′ 1 ⌋ is the velocity measured in LES at the burner exit and u ′ 0 R is the acoustic velocity at the burner outlet reconstructed using the technique presented in Appendix A.1
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 825115 Figure 8.25: Phase averaged signals of the LES calculations and the reconstructed velocity for PC10 case. ⌊u ′ 0 ⌋ is the acoustic velocity measured at the HW location in Fig. 5.1, ⌊p ′ 1 ⌋/ρ 0 /c 0 is the normalized acoustic pressure, ⌊u ′ 1 ⌋ is the velocity measured in LES at the burner exit and u ′ 0 R is the acoustic velocity at the burner outlet reconstructed using the technique presented in Appendix A.1

Finally, LES calculations

  and their comparisons with experimental results were displayed. It is demonstrated that the heat release response is caused by the increase in the flame surface area caused by the vortex roll-up mechanism and the destruction of the flame surfave area when the rolled up parts of the flame touches the combustion chamber walls. Furthermore the acoustic reconstruction technique to measure actual flame transfer functions has been validated.

Figure A. 2 :

 2 Figure A.2: Flame Transfer Functions for the Ref case. The dotted line is the FTF determined with the HW signal. The straight line is the FTF using the reconstructed velocity at the burner outlet from the low order model and the HW and M1 signals.

Figure A. 2

 2 Figure A.2 compares the FTF determined with the reference signals ũ0 and ũ1 . The FTF deduced from the hot wire measurements in section 1 is obviously incorrect.The hot wire lies 87 mm below the burner outlet leading to different acoustic velocity fluctuations at the outlet of the main annular injection channel and the channel where the HW is located. There is also a velocity node near the HW position when the system is pulsated at 420 Hz and the FTF gain determined with HW gain diverges around this forcing frequency.Another important feature when determining the FTF is to keep the same forcing level at the burner outlet[START_REF] Durox | Experimental analysis of nonlinear flame transfer functions for different flame geometries[END_REF]. An iterative algorithm was developed to keep this perturbation level equal to ũ0 /U sw = 0.10. The difference between the velocity fluctuation amplitude recorded with the hot wire HW and the reconstructed velocity amplitude | ũ0 | in section 0 is presented in Fig. A.3. This last test validates the FTF reconstruction technique and the results shown in Fig. A.2.

Figure A. 3 :

 3 Figure A.3: Velocity fluctuation level in section 1 and 0 used for the FTF determination. The operator • denotes here the bulk flow velocity in the corresponding section.

Fig. 1 .

 1 Fig. 1. Schematic representation and relevant dimensions of the experimental setup. Dimensions are in millimeters.

Fig. 2 .

 2 Fig. 2. Detailed view of the injection system with the main dimensions are in millimeters.

  filter (ASAHI XHQA430) also centered on λ = 430 ± 10 nm and a telecentric lens (Opto Engineering TC4M120), which provide valuable information on the shape and heat release distribution of the flame. The telecentric lens avoids image distortion due to perspective effects compared to classical lenses.The experiments presented in this paper are conducted at lean operating conditions, 0.70 ≤ φ G ≤ 0.85, and for bulk flow velocities, 14 m.s -1 ≤ U sw ≤ 40 m.s -1 , corresponding to thermal powers in the range 2700 W ≤ P ≤ 9300 W . Gases are injected in the setup at room temperature T u = 292 K. These conditions correspond to injection Reynolds numbers 5541 ≤ Re D h ≤ 15831 based on the hydraulic diameter D h = 6 mm of the main annular injection channel ( Fig.2).

Fig. 3 .

 3 Fig.3. Representation of the injection strategies that are tested. The cross indicates that the pilot fuel stage is not used.

Fig. 4 .

 4 Fig. 4. Stability map of the methane-air fully premixed flame. Case Ref in Table1and Fig.3. Root-mean-square fluctuations of pressure at MB versus bulk velocity U sw and equivalence ratio φ G .

Fig. 8 .Fig. 9 .

 89 Fig. 8. Pressure (MB, M1), velocity (HW) and heat release rate (PM) time traces for case Ref at φ G = 0 . 80 and U sw = 18 m.s -1 .

Fig. 12 .

 12 Fig. 12. Contours of 35% of the maximum of CH * intensity from images in Fig. 11 .

Fig. 13 .

 13 Fig. 13. Schematic representation of the configuration used to measure FTFs.

Fig. 14 .

 14 Fig. 14. Flame transfer functions for a constant forcing level ˜ u 0 /U sw = 0 . 10 at the burner outlet.

Fig. 16 .

 16 Fig.16. FTF for the Ref case. The dotted line is the FTF determined with the HW signal measured in section(1). The straight line is the FTF using the reconstructed velocity u ′ 0 at the burner outlet in section (0) from the low order model and the HW and M1 signals.

Fig. 17 .

 17 Fig. 17. Velocity fluctuation level in sections (1) and (0) used for the FTF determination. The operator • denotes here the bulk flow velocity in the corresponding section.

Fig. 18 .

 18 Fig.18. Comparison between measurements (circles) and predictions (full line) of the acoustic pressure distribution along the combustor of the unstable mode calculated with OSCILOS ( http://www.oscilos.com ).

Fig. 17 .

 17 Fig. 17 . This last test validates the FTF reconstruction technique and the results shown in Fig. 14 .

Fig. 2 .

 2 Fig. 2. Characteristic waves at a subsonic inlet (inlet at x = 0 ).

  and E = e s + 1 2

Fig. 3 .

 3 Fig. 3. Typical behavior of the solution for the classical NSCBC inlet condition ( Eq. (18) ) as a function of the reduced relaxation coefficient σ = KL/c. L is a typical domain length of the domain and c the sound speed. The shaded area is the desired operational zone.
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Fig. 5 .

 5 Fig. 5. Tests of inlet boundary conditions for a one-dimensional duct forced by a harmonic wave at the inlet and terminated by a pressure node at x = L .

Fig. 6 .

 6 Fig. 6. Comparison of the quality index I ( Eq. 29 ) in log scale, for the pulsated duct of Fig. 5 : analytical result ( Eq. (29) ) vs compressible simulations. (a) standard NSCBC method, (b) new NRI-NSCBC method. Lines: analytical solutions; symbols: simulations.
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Fig. 7 .

 7 Fig. 7. Geometry of nozzle used for convergence tests to steady state. The domain length is L = 0 . 6 m. The sound speed is c = 345 m/s.

Fig. 8 .

 8 Fig. 8. Typical behavior of the solution for the new NRI-NSCBC inlet condition as a function of the reduced relaxation coefficient σ = KL/c. L is a typical domain length and c the sound speed. The shaded area is the desired operational zone.

  × 98 points corresponding to a domain size of L = 4 × 1 × 1 mm. The mean inlet velocity is homogeneous in the x = 0 plane: U = 10 0 m/s. Periodicity conditions are applied in the two transverse directions y and z . Very large values of the relaxation coefficient K are used in both NSCBC and NRI-NSCBC: K = 2 . 10 6 s -1 corresponding to a reduced coefficient σ = KL/c = 23 . The inlet is submitted to two simultaneous outside excitations:

Fig. 9 .

 9 Fig. 9. Inlet velocity (left) and pressure (right) time evolutions for σ = KL/c = 0 . 017 . NSCBC: solid line. NRI-NSCBC: dashed line.

Fig. 10 .

 10 Fig. 10. Inlet velocity (left) and pressure (right) time evolutions for σ = KL/c = 17 . NSCBC: solid line. NRI-NSCBC: dashed line.

Fig. 11 .

 11 Fig. 11. Inlet velocity (left) and pressure (right) time evolutions for σ = KL/c = 170 . NSCBC: solid line. NRI-NSCBC: dashed line.

Fig. 12 .

 12 Fig. 12. Simultaneous injection of three-dimensional turbulence (velocity amplitude u t v ) and one-dimensional acoustic forcing (velocity amplitude u t a ) at the inlet of a domain with reflecting outlet ( p ′ = 0 ).

Fig. 13 .

 13 Fig. 13. Simultaneous injection of isotropic homogeneous turbulence and acoustic wave. Isosurface of Q criterion Q = 2 . 5(U/L ) 2 colored by the axial velocity (95 ≤ u ( m / s ) ≤ 105) and fluctuating pressure in the range -1 . 2 e -2 ≤ p/p ∞ -1 ≤ 1 . 2 e -2 in one plane. Left: NSCBC, right: NRI-NSCBC.

Fig. 14 .Fig. 15 .

 1415 Fig. 14. Simultaneous injection of isotropic homogeneous turbulence and acoustic wave. Spectra of pressure (left) and velocity (right) at the domain inlet x = 0 m, y = z = 0 . 005 m. Solid line: NSCBC, dashed line: NRI-NSCBC. The arrows indicate the frequency ( f a = 260 kHz) at which the acoustic wave is introduced. The triangles on the right image correspond to the spectra of the injected turbulence target signal u t v .
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 1 Fresh gases are stoichiometric: the laminar flame speed is S 0 L = 40 . 5 cm/s. The flame thicknesses are δ 0 L = 0 . 34 mm (based on the maximum temperature gradient) and δ = 0 . 7 mm (based on the distance be-

Fig. 16 .

 16 Fig. 16. Physical domain used for the DNS. At the inlet, a double hyperbolic tangent profile is used to inject fresh gases in a sheet ≈ 8 mm high, surrounded by a coflow of burnt gases. Top-bottom (along y ) and left-right (along z ) boundaries are periodic. The isosurface is a typical view of T = 160 0 K.

Fig. 17 .

 17 Fig. 17. Flame response at four instants of the acoustic forcing period ( f a = 1 kHz). Temperature field and isolevels of vorticity.

Fig. 18 .

 18 Fig. 18. Pressure spectra for NSCBC (solid line) and NRI-NSCBC (dotted line) at the domain inlet. The f a arrow corresponds to the acoustic forcing at 1 kHz. The three other arrows are the first three longitudinal eigenmodes of the computational box at 4350, 12500 and 19500 Hz. The spectral resolution is 70 Hz.

Fig. 1 .

 1 Fig. 1. Transverse cut of the computational domain.

Fig. 3 .

 3 Fig. 3. FTF without rotation ( α = 0 ) based on WHI and monochromatic forcing.

Fig. 4 .

 4 Fig. 4. Flame shapes behind a non-rotating cylinder; dashed line: unperturbed lame; solid line: lame forced at 80 Hz; Insert: deinition of lame angle, α, and lame normal displacement, ξ .

Fig. 5 .Fig. 6 .

 56 Fig. 5. Flame displacement, ξ , along the lame front without rotation for various phases at f = 80 Hz. Forcing amplitude: 5% u b .

Fig. 7 .

 7 Fig. 7. FTF of individual lame branches versus rotation rate α; the circles mark results of monochromatic forcing at α = 3 . 75 .

Fig. 8 .

 8 Fig. 8. Flame displacement, ξ , along the lame front at a velocity forcing of amplitude of 5% u b and f = 80 Hz for various phase angles, ϕ, and rotation rates α.

Fig. 1 3

 13 Fig. 1 Longitudinal cut through the combustion chamber (front view) and deinition of the control parameters

Fig. 2 Fig. 3 a 3 33

 233 Fig. 2 Optical arrangement of the rotating laser-induced phosphorescence in the case of rotating cylinder. VNDF variable neutral density ilter; NDF neutral density ilter; CF colored ilter; PMT photomultiplier; f 1 spherical lens (1000 mm); f 2 cylindrical lens (-22 mm); f 3 spherical lens (500 mm)
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 4 Fig.4a Comparison of the transverse temperature across the heated sample, between LIP data (square) and infrared thermography (solid line). b Series of ten emission spectra taken at room temperature (300 K) and spaced by a heating period of 10 min at 900 K between each measurement
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 53 Fig.5 Evolution of the lame root with time without rotation, for an uncoated cylinder (gray rectangles) and a coated cylinder (several layers)
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 967333 Fig.6 Evolution of phosphorescence raw signals for diferent rotation rates , without combustion, i.e., at room temperature T c = 300 K . The secondary peak in the signal corresponds to the time r for a full revolution of the cylinder
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Fig. 8 a

 8 Fig.8a Theoretical eiciency function (t, ) from Eq. (10) for different . b Evaluation of eiciency functions from theory (Eq. (10)) and experiments ( I(t, )∕I(t, = 0) ), taken for several rotation rates
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 10111333 Fig. 10 Comparison between experiments (CH* chemiluminescence ield) and DNS with isothermal boundary conditions (black iso-contours of 20% of the maximum heat release rate), for diferent rotation rates : a = 0.5 , b = 1.0, = 1.5, = 2.0 . The cylinder is fully coated with one layer
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	ABBREVIATIONS
	FDF	: Flame Describing Function
	FFT	: Fast Fourier Transform
	FTF	: Flame Transfer Function
	LES	: Large Eddy Simulation

i : Imaginary unit, i 2 = -1 i : Photon emission rate, kmolephotons/m 3 /s I : Pixel intensity/Chemiluminescent light emission λ : Thermal conductivity, W /m -K L : Length, m or mm as indicated ṁ : mass flow rate, kg/s. µ : Dynamic viscosity, Pas. ṅ : Molar flow rate kmole/
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  Figure 6.39 : Polar plots of the local heat release rate for 30% forcing at 240 Hz. The size of the markers are as a function of the axial distance. The thick lines represent the spatially integrated global response scaled by 1/200, U sw =18 m/s, φ 0 G =0.8, S=0.86............................................... Figure 7.1 : NO emissions in dry exhaust gasses as a function of hydrogen and/or injection fraction for PH, PC and MH cases, for a bulk velocity of U sw =18 m/s and an equivalence ratio of φ =0.8................. Figure 7.2 : CO emissions in dry exhaust gasses as a function of hydrogen CO 2 emissions in dry exhaust gasses as a function of hydrogen and/or injection fraction for PH, PC and MH cases, for a bulk velocity of U sw =18 m/s and an equivalence ratio of φ =0.8................. Figure 7.4 : PPMv volume fraction of NO and CO in dry exhaust gasses as a function of equivalence ratio for a fixed bulk velocity of U sw =18 m/s.138 Figure 8.1 : Overview of the mesh used in reacting compressible LES calculations of MIRADAS setup. ....................................................... Figure 8.2 : Boundary conditions applied in LES calculations. The volume of the ambient air around the combustion chamber is reduced for ease of presentation............................................................................. Figure 8.3 : Comparison of calculated and measured mean flames for the REF case. On the left side of z-axis; LES calculations, on the right side; measurements from MIRADAS experiment....................................... Figure 8.4 : Comparison of calculated and measured mean flames for the PC4 and PC10 cases. On the left side of z-axis; LES calculations, on the right side; measurements from MIRADAS experiment................ Figure 8.10 : Equivalence ratio field for PC4 and PC10 cases. Contour lines are labeled with their respective values. The equivalence ratio field for REF case is not shown as the case is perfectly premixed, the field is completely uniform. ........................................................................ Figure 8.11 : Phase locked normalized heat release rate as presented in Eq. A.3.7 for a forced flame at a frequency of 400 Hz for the REF case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase locked normalized heat release rate as presented in Eq. A.3.7 for a forced flame at a frequency of 400 Hz for the PC4 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles wrt. the velocity signal at the outlet of the burner are indicated at the bottom of the images. ................................................ Figure 8.13 : Phase locked normalized heat release rate as presented in Eq. A.3.7 for a forced flame at a frequency of 400 Hz for the PC10 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles wrt. the velocity signal at the outlet of the burner are indicated at the bottom of the images. ................................................ Figure 8.14 : Phase locked normalized heat release rate as presented in Eq. A.3.2 for a forced flame at a frequency of 400 Hz for the REF case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles are indicated at the bottom of the images. .
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Figure 6.36 : Longitudinal evolution of the radially integrated heat release rate for hydrogen piloted (PH) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.86. ........................ Figure 6.37 : Longitudinal evolution of the radially integrated heat release rate for methane piloted (PC) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.86. ........................ Figure 6.38 : Longitudinal evolution of the radially integrated heat release rate for hydrogen enriched (MH) cases forced at 240 Hz with a forcing level of %30. a) normalized time-averaged heat release rate; b) normalized root-mean-square fluctuations; c) phase of heat release fluctuations; d) projection of the radially integrated heat release on the global heat release, U sw =18 m/s, φ 0 G =0.8, S=0.86. ........................ and/or injection fraction for PH, PC and MH cases, for a bulk velocity of U sw =18 m/s and an equivalence ratio of φ =0.8................. xxii Figure 7.3 : Figure 8.5 : Comparison of calculated and measured angle averaged mean flames for REF, PC4 and PC10 cases. On the left side of z-axis angle averaged LES calculations, on the right side inverse abel transformed flame images from MIRADAS experiment. ................... Figure 8.6 : Comparison of CH* emissions of flames calculated with CH* extended Lindstedt mechanism [8] and experimental results of Nori et. al. [9]. Data points are normalized by dividing the emission data by the value at stoichiometry as direct comparison is not possible coming from the fact that the details of the measurement system is not given........................................................ Figure 8.7 : CH* emission and heat release profiles along the counter-flow PC10 flame, showing the proximity of the maximums of CH* photon emission rate and heat release rate.......................................... Figure 8.8 : Angle averaged -time averaged axial velocity fields of REF, PC4 and PC10 cases obtained from LES calculations. The thick white lines are contours of zero axial velocity, the black lines are streamlines of the time averaged field................................................. Figure 8.9 : Flames separated into premixed burning and non-premixed burning regions using normalized Takeno index. The black corresponds to null Takeno index ζ = 0. ............................................ Phase angles wrt. the velocity signal at the outlet of the burner are indicated at the bottom of the images. ................................................ xxiii Figure 8.12 : .............................. Figure 8.15 : Phase locked normalized heat release rate as presented in Eq. A.3.2 for a forced flame at a frequency of 400 Hz for the PC4 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles are indicated at the bottom of the images. ............................... Figure 8.16 : Phase locked normalized heat release rate as presented in Eq. A.3.2 for a forced flame at a frequency of 400 Hz for the PC10 case. Left sides of the images are LES results and right sides are the experimental flame CH* chemiluminescence images. Phase angles are indicated at the bottom of the images. ............................... Figure 8.17 : Mechanism leading to deformation of the flame during a forcing cycle. On the left of each image vorticity field with heat release contours superimposed on top, on the right of each image the velocity field with heat release contours superimposed on top has been presented..................................................................................... Figure 8.18 : Normalized RMS field of heat release fluctuations during a forcing cycle. On the left side of the images, LES calculations, on the right side of the images, experimental measurements are presented. ............................................................................................ Figure 8.19 : Complex field of heat release fluctuations represented by phase (Eq. A.3.16) at the top and by normalized amplitude (Eq. A.3.15) at the bottom. On the left side of each figure, LES results and on the right side experimental measurements are presented. .................

  , the rolled up portions of the flames start touching the combustion chamber walls and gets quenched which causes a loss of flame surface area. These changes in flame surface area result in a fluctuating heat release rate, consisting the flame response. Tout d'abord, les caractéristiques de stabilité statique, telles que les longueurs de flamme et les caractéristiques d'attachement de la flamme sont étudiées via des images de chimiluminescence CH * de flamme et les cas avec pilotage Par conséquent, pour explorer pourquoi et comment la fonction globale de transfert de flamme est modifiée avec différentes stratégies d'injection, des images de flamme forcée sont étudiées. Il est démontré que les changements dans la fonction de transfert de flamme sont causés par le comportement de compétition entre les réponses locales de dégagement de chaleur pour les cas pilotés par l'hydrogène. Autrement dit, il y a une différence de phase entre les réponses locales près du tube d'injection et les bords de la flamme, provoquant un effet de baisse, qui à son tour provoque une baisse du gain de la fonction de transfert de flamme. NOx, mais les résultats montrent qu'une optimisation est possible pour obtenir des flammes stables, à faible CO 2 et à faible NOx. Enfin, les calculs LES et leurs comparaisons avec les résultats expérimentaux sont présentés. La capacité des calculs LES à prédire les réponses de la flamme est affichée et il est démontré que les réponses de la flamme proviennent des interactions des tourbillons qui se forment à la suite des pulsations acoustiques et des flammes.

	ÉTUDES NUMÉRIQUES ET EXPÉRIMENTALES DES INSTABILITÉS
	DE COMBUSTION DE FLAMMES PRÉMÉLANGÉES SWIRLÉES
	DE MÉTHANE-AIR AVEC ADDITION D'HYDROGÈNE
	RÉSUMÉ
	Dans ce travail, les flammes stabilisées par tourbillonnement, assistées par hydrogène
	(enrichissement en hydrogène et pilotage) sont étudiées expérimentalement via
	l'expérience MIRADAS.
	xxviii

Finally, LES calculations and their comparisons with experimental results are presented. The capability of LES calculations in predicting flame responses is demonstrated and it is shown that the flame responses originate from the interactions of the vortices that are formed as a result of acoustic pulsations and the flames. Flames are wrapped around these vortices which increase the flame surface area. Further down xxvii the forcing cycleà l'hydrogène, pilotage au méthane et enrichissement en hydrogène sont comparés au cas de référence; d'une combustion méthane-air parfaitement prémélangée, pour une large gamme des richesse et des vitesses. On constate que le pilotage de l'hydrogène est la méthode la plus efficace pour fixer les flammes et étendre les plages de fonctionnement stables de la chambre de combustion. Ensuite, les caractéristiques de stabilité dynamique de l'installation sont étudiées expérimentalement via des cartes de stabilité et il est démontré que l'injection d'une très petite partie de la puissance thermique de l'hydrogène se traduit par un système plus stable ; une extension des points de fonctionnement stables dans les cartes de stabilité, ce qui signifie un fonctionnement global plus sûr. L'enrichissement en hydrogène et le pilotage du méthane sont également explorés et il est démontré que ces méthodes ne sont pas efficaces pour changer les cartes de stabilité, les cartes de stabilité ne sont pas effectuées. Par la suite, les réponses des flammes forcées sont étudiées expérimentalement et il est démontré que le pilotage de l'hydrogène et l'enrichissement en hydrogène provoquent une baisse du délai global de la fonction de transfert de flamme. Avec le pilotage de l'hydrogène, il y a une baisse globale du gain de la fonction de transfert de flamme, mais pour les cas enrichis en hydrogène, le gain est augmenté. Pour les cas pilotés au méthane, il y a une réduction globale du gain de la fonction de transfert de flamme, mais le délai n'est pas affectée. Ensuite, l'effet de différentes stratégies d'injection sur les émissions de polluants est étudié. Il est démontré que l'ajout d'hydrogène, en configuration d'injection pilote ou d'enrichissement d'hydrogène, entraîne une baisse des émissions de CO 2 pour la même puissance thermique. Les stratégies de pilotage provoquent une légère augmentation xxix des émissions de
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 21 Different mass flow controllers used in MIRADAS experiment.

	The mass flow controllers used in this work are summarized
	in Table 2.1. All controllers are driven via a Brooks 0254 set-point controller with 4
	control channels.	
	Fluid	Brand Model
	Air	Brooks SLA 5358
	Main Methane	Brooks SLA 5851
	Hydrogen	Brooks SLA 5851
	Injection Methane Brooks SLA 5850

Table 2 .

 2 2. 

	Table 2.2: Descriptions of the symbols used in flow-rate calculations of hydrogen,
		methane and air.
	A 0	: Area at the exit of the annular injection channel
	T N	: Temperature at normal conditions, 273.15 K
	p N	: Pressure at normal conditions, 101 325 Pa
	U sw	: Average axial flow velocity at the exit of the annular injection channel
	φ 0 G	: Global equivalence ratio when only methane fuel is used
	T 0	: Fresh gas temperature
	p 0	: Atmospheric pressure at the time of experiment
	P H 2 : Ratio of the thermal power coming from Hydrogen X 0 : Air molar fraction for methane-air combustion air X 0 CH 4 : Methane molar fraction for methane-air combustion Vair : Air volumetric flow-rate
	V N air VCH 4 : Methane volumetric flow-rate : Air volumetric flow-rate at normal conditions V N : Methane volumetric flow-rate at normal conditions CH 4 : Hydrogen volumetric flow-rate VH 2 V N H 2 : Hydrogen volumetric flow-rate at normal conditions
	P	: Thermal power
	When multiple fuels are used simultaneously, care is required for a consistent definition
	of basic combustion parameters. Whether the fuels are premixed or injected separately,
	one may define the molar fraction of each species in the hypothetical fuel mixture. In
	this study considering hydrogen and methane oxidized in air, the molar fraction of
	hydrogen in the hypothetical global fuel mixture is:

Table 2 . 3 :

 23 Details of the operating points.

	Case	Main	Pilot	P main [%]	P pilot [%]

Table 3 . 1 :

 31 Change of equivalence ratio with increasing hydrogen power fraction

	P H 2 , %	0	1	2	4	10	20	40
	φ G	0.800 0.799 0.797 0.795 0.786 0.773 0.745

Table 4 .

 4 

	Case Amplitude, Pa Frequency, Hz
	REF	1304	591
	PH1	25	641
	PH2	13	339
	PC1	1140	590
	PC2	520	586
	MH1	1112	596
	MH2	1024	597

1: Dominant frequencies and corresponding pressure amplitudes for the cases in Table

2

.3 at φ 0 G = 0.80 and U sw = 18 m.s -1 .

Table 8 . 1 :

 81 Boundary conditions applied in LES calculations. PC* represents the calculations with fuel injection in the middle tube.

			REF	PC*
	Mean Flame Calculations	Main Inlet Pilot Fuel Inlet	INLET_RELAX_ RHOUVW_T_Y WALL_NOSLIP _ADIAB	INLET_RELAX_ RHOUVW_T_Y INLET_RELAX_ RHOUVW_T_Y
	FTF Calculations	Main Inlet Pilot Fuel Inlet	INLET_RELAX_ UVW_T_Y_PULSE WALL_NOSLIP _ADIAB	INLET_RELAX_ UVW_T_Y_PULSE INLET_RELAX_ RHOUVW_T_Y

Table 8 . 2 :

 82 Flame transfer function gains and phases obtained from experimental measurements and LES calculations for a forcing level of %30 at 400 Hz of frequency for respective cases.

		Gain	Phase, radians
		EXP LES EXP	LES
	REF	1.23 1.30 5.62	4.44
	PC4	1.04 1.07 4.46	3.52
	PC10 0.83 1.13 4.67	3.57

Table 1

 1 Operating conditions.

	Case	Main	Pilot	P

main [%] P pilot [%] P H 2 [%]

Table 2

 2 Dominant frequencies and corresponding pressure amplitudes for the cases in Table1at φ G = 0 . 80 and U sw = 18 m.s -1 .

	Case	Amplitude, Pa	Frequency, Hz
	Ref	1304	591
	PH1	25	641
	PH2	13	339
	PC1	1140	590
	PC2	520	586
	MH1	1112	596
	MH2	1024	597

Table 3

 3 CO and NOx emissions measured at the flame tube outlet for U sw = 18 m.s -1 and φ= 0.8.

	ppm	Ref	PH1	PH2	MH1	MH2	PC1	PC2
	NOx	12.4 ± 0.6	14.4 ± 0.7	15.6 ± 0.8	12.8 ± 0.6	12.8 ± 0.6	13.8 ± 0.7	14.1 ± 0.7
	CO	10.0 ± 1	10.0 ± 1	9.0 ± 1	10.0 ± 1	10.0 ± 1	10.0 ± 1	10.0 ± 1

  and Mejia et al. [6] . Their results https://doi.org/10.1016/j.proci.2018.06.047 1540-7489 © 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Table 1

 1 Properties taken from the laminar DNS solution for different rotation rates, α.

	α	T cyl (K) x root ,y -(mm)	x root ,y + (mm)	x tip ,y -(mm)	x tip ,y + (mm)	v y -(m/s)	v y + (m/s)
	0	758 . 6	1 . 9	1 . 9	60 . 1	60 . 1	1 . 05	1 . 05
	0.625	697 . 6	2 . 4	7 . 8	63 . 4	67 . 3	1 . 08	1 . 02
	1.25	757 . 7	2 . 4	12 . 1	65 . 2	68 . 2	1 . 12	0 . 97
	2.5	804 . 7	3 . 4	14 . 8	74 . 8	62 . 2	1 . 26	0 . 83
	3.75	791 . 2	4 . 3	8 . 3	90 . 1	44 . 5	1 . 46	0 . 64

Table 2

 2 Time delays of the two lame branches ( τ y + and τ y -for the upper and lower branch, respectively) and values of the irst two frequencies for destructive and constructive interference (cf. Eq. (6)) .

	ατ y + (ms) τ y -(ms)	τ (ms)	f d,1 (Hz) f d,2 (Hz) f c,1 (Hz) f c,2 (Hz)
	0.0	35.5	35.5	0	--	--	--	--
	0.625	40.9	37.1	-3 . 8	132	395	263	395
	1.25	42.5	37.9	-4 . 6	109	326	217	435
	2.5	38.6	41.6	3.0	167	500	333	667
	3.75	33.6	49.7	16.1	31	93	62	124

  Baum 1997; Mann et al. 2014; Jainski et al. 2017), lammability limits (Lakshmisha et al. 1991; Lamouroux et al. 2014; Xavier et al. 2017), lame stability (Guiberti et al. 2015; Mercier et al. 2016; Berger et al. 2016) or combustion instabilities (Tay-Wo-Chong 2013; Mejia et al. 2015; Kraus et al. 2017).

Table 1

 1 Emissivity of a polished stainless steel p and a phosphor coating c when varying temperature

	T (K)	p	c	0.8		NO Coating
	473	0.27	0.38			Coating: 1l ayer
	523 573	0.26 0.25	0.38 0.39	0.6		Coating: 2l ayers Coating: 3l ayers Coating: 4l ayers
			y/d		
				0.4	
				0.2	0.4	0.6	0.8
					z/d

Note that more sophisticated methods such as Perfectly Matched Layers[31- 33] can be used to make boundaries fully non-reflecting for multidimensional flows in other fields such as electromagnetism or aeroacoustics. These methods are used mainly in infinite domains while characteristic-based methods are usually preferred in inlet/outlet/ configurations.

Note that the present paper focuses on inlet boundary conditions: readers are referred to[2,34,35] which discuss similar methods for outlets.

One aspect of this problem which is not discussed here is the need to also incorporate transverse terms in the ingoing wave expressions[11,30,37] . At an inlet, these terms play a limited role and they will be omitted throughout the present paper.

A temptative explanation for this expression was actually proposed recently by Pirozzoli and Colonius[10] , leading to a similar expression.

In practice, for certain cases, Eq. (23) must be high-pass filtered to remove any continuous component.

This method can be derived with a point-wise arrangement: the distortion function, (t, ) , is determined with Eq. (6) to be (t, )=cos( it)H( i + ∕2t)∕ cos( i ) , where i is the position of excitation. However, this strategy reduces the signal on the PM as well as phosphorescence collection time, i.e., decreasing from ( ∕2 + + )r∕ u b to ( + --)r∕ u b if the excitation point is near - (see

Fig.2).
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where M is the mach number at the outlet and α = 1 has been implemented. The measured reflection coefficient and the corrected reflection coefficient is presented in 4.7. 

Combustion Chamber

In this section a brief analysis of the high swirl cases will be presented. When swirl is increased, the flames become shorter, therefore the delay of the flame response decreases as the disturbance has less axial distance to travel to traverse the flame. In this section the scope is fixed to forcing at 240 Hz and a level of 30%. This is where Figure 6.34: Amplitudes of the complex heat release signal with acoustic forcing, ũ0 /U sw = 0.30 at 240 Hz for U sw =18 m/s, φ 0 G =0.8, S=0.86.

Spectral Analysis of Flame Response

To conclude the effect of pilot injection on the flame dynamics, spectral analysis of phase locked flame images and forced LES calculations has been performed. As the disturbance at the flame root is convected along the flame, it bends and contorts the flame. When there is pilot injection, the response of the root of the flame changes.

To explore this effect, spectral analysis of the flame heat release response to acoustic pulsations along the combustion chamber has been performed. First of all, to show where the flame is most active during a forcing cycle, the root mean squares of line of sight integrated heat release fluctuations is investigated in Fig. 8.18. that the acoustic forcing response calculated using LES represents the physics quite well. Looking at the projection of the radially integrated heat release on the global heat release, it can be seen that the flames respond in unison with its entirety in LES calculations and experimental measurements, there is not much phase contribution from the base of the flame. The gains and phases obtained from experimental measurements and LES calculations are presented in Table 8.2. The method developed in [START_REF] Gaudron | Flame Describing Functions of a Confined Premixed Swirled Combustor With Upstream and Downstream Forcing[END_REF] is used to infer the FTF at the burner outlet in section 0 from measurements of the acoustic velocity ũ1 and pressure p1 with HW and M1 made in section 1 below the swirling vane, in a region where the velocity has a top hat profile. The velocity ũ0 differs from ũ1 because the distance l i = 87 mm between section 0 and 1 is quite large and the burner is not compact for the range of frequencies of interest 0 ≤ f ≤ 700 Hz. At f = 700 Hz, He= 2π f l i /c ∼ 1. The method is based on the low order model of the burner cavities presented in At low harmonic forcing frequencies, the acoustic field inside the combustor cavities can be assumed to be 1D and can be represented by the complex amplitudes A + and A -of upstream and downstream waves in each cavity. For an harmonic perturbation in the Fourier space at angular frequency ω, a ′ = Re ãe -iωt , one has along the burner z-axis:

where k j = ω/c j is the wave number, c j the speed of sound, ρ j the density of the medium and z j is the position in the jth section. As the sound speed and density do not change in the sections considered, the subscripts are removed. With these complex wave amplitudes, the acoustic pressure p j and acoustic velocity ũ j at any section S j of the combustor can be reconstructed.

The wave amplitudes A + 1 and A - 1 in section 1 are determined from the microphone M1 and HW measurements:

where p1 and ũ1 are the Fourier components of the pressure and velocity signals evaluated at the forcing frequency f respectively. This linear system of equations is solved for A + 1 and A - 1 . Subsequently, using continuity of acoustic pressure and of acoustic volumetric flow rate, the jump conditions at abrupt section changes are given by [190]:

where l j the length and S j is the cross-sectional area of the j-th section. With these relations the transfer matrix relating the wave amplitudes of the subsequent sections can be constructed as:

where T j is defined as:

and Γ = S J /S j+1 . Using these relations a global matrix relating any two sections connected with multiple sections in between can be constructed. These relations are used to calculate the complex wave amplitudes in the main annular injection channel as:

where G is the global transfer matrix cast as:

where j = 1 stands for the HW duct and J -1 denotes the duct just before the injector annular channel. After the wave amplitudes at the main annular injection channel are determined, the acoustic velocity ũ0 at the burner outlet in section 0 corresponds to:

The Flame Transfer Function is deduced from the light intensity I from CH * radicals recorded by the PM and the velocity u 0 at the burner outlet:

Experimental Post Processing

The mean of the phase locked images are expressed as shown in Eq. A.2.1.

With the mean of phase locked images defined, the RMS of the pixel intensity fluctuations can be defined as in Eq. A.2.2.

Furthermore, using the pixel intensities of the phase locked images, it is possible to calculate the complex amplitudes Ĩ(r, z) of the fluctuations as presented in Eq.A.2.3. With these complex amplitudes, it is also possible to calculate the delays of each pixel during the forcing cycle.

where {I(r, z, ψ)} f is the Fourier component of the instantaneous pixel intensities evaluated at the forcing frequency f . Finally the delays wrt. the velocity fluctuations at the outlet of the burner can be represented as given in Eq. A.2.4.

Using this complex amplitude representation, the instantaneous pixel intensities can be expressed as given in Eq.A.2.5.

Here all the fluctuations around the mean that are not locked to the forcing frequency are lumped into the noise component.

The phase locked mean of the images can be represented as:

In the same way, the integrated time average in a pixel row can be calculated as in Eq. A.2.7.

The time units are given in phase as in the experiments images are triggered at a determined phase rather than time. Similarly, the same procedures can be applied to get the volume integrated phase averaged and time averaged CH* emissions in the chamber as presented in equations A.2.8 and A.2.9 respectively.

⌊I⌋(z, r, ψ)/N ψ (A.2.9)

Furthermore, the complex amplitude of the radially integrated and volume integrated heat release fluctuations are given in equations A.2.10 and A.2.11 respectively.

From the complex amplitudes, the delays can also be calculated as shown in equations A.2.12 and A.2.13. ψ I r (z) = ∠ Ĩr / ũ0 (A.2.12)

where ũ0 is the complex amplitude of the velocity fluctuations at the burner outlet. This definition leads to the instantaneous harmonic heat release fluctuations presented in Eq. A.2.14.

I r (z,t) = Re Ĩr (z)e -iωt + Īr (z) + Noise I rz (t) = Re Ĩrz e -iωt + Īrz + Noise (A.2.14) The projection of the radially integrated heat release response on the global response is given as:

Furthermore, profiles of RMS of radially integrated heat release field are calculated as presented in Eq.A.2.16.

The line of sight integration has been performed by the trapezoidal rule:

where N slice is the number of slices used to calculate the line of sight integrated heat release, q is the heat release and x\r signifies that after line of sight information, the x coordinate can be interpreted as radial coordinate assuming axial periodicity.

The normalized heat release rate is presented as:

The expressions used to obtain angle averaged heat release field is presented in Eq. A.3.3.

A similar normalization process has been applied as expressed in Eq. A.3.4 to compare experimental and LES results.

q Norm (r, z) = q (r, z) max q (r, z) ≡ IA I (r, z) max IA I(r, z) (A.3.4)

The phase averaged heat release rate field in LES calculations are presented as:

As the camera is looking at the transparent quartz chamber and it sees the light emitted by every point of the flame, a line of sight integration has been performed to represent flame images. This integration technique also enables the comparison of the photomultiplier measurements, as the photomultiplies looks at the integrated luminosity coming from all the flame.

x\r is used to represent the periodic characteristic of the setup.

To compare experimental measurements and LES calculations, a normalization procedure is applied:
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The angle-averaged-phase-averaged fields are obtained as averages of 360 slices separated by 1 • as presented in Eq. A.3.8.

To compare experimental and numerical fields, a similar maximum normalization procedure has been applied as shown in Eq. A.3.9.

here IA is the inverse abel transformation of the field.

The line of sight average of an instantaneous solution is defined in Eq. A.3.10.

q(x\r, y n slice -1 , z,t\(ψ, T)) + q(x\r, y n slice , z,t\(ψ, T)) 2 ∆y (A.3.10) where qLS y (x\r, z,t\(ψ, T)) represents the instantaneous integrated heat release for a given time. x\r is there to show that this integrated field can be represented in cylindrical or cartesian coordinates and t\(ψ, T) signifies that the time-stamps can be also described as a given period and phase. Then the mean of the line of sight integrated heat release is presented in Eq. A. 

where qLS y is the mean of all the timesteps in the forcing cycle.

To perform the spectral analysis, first of all the complex amplitude of the heat release fluctuations in space are defined in Eq. A.3.14.

qLS y (r, z) = qLS y (r, z,t)

where qLS y (r, z,t)

is the fourier component of the instantaneous line of sight integrated heat release field evaluated at the forcing frequency f . Similarly, the complex heat release field from the experiments can be obtained from CH* emission images as presented in Eq. A.2.3.

To permit the comparison of experimental and numerical values, a normalization step on the amplitude of heat release fluctuations is applied as defined in Eq A.3.15. .3.15) This definition also leads to the definition of the phase field in space, which is in Eq. A.3.16, where ũ0 is the complex amplitude of axial velocity at the burner outlet.

The expression of the volume integrated heat release in the thin slice is presented in Eq. A.3.17.

here V i cell signifies the volume of any of all the cells i cell that falls inside the slice of interest and t\(ψ, T) is to convey the idea that these timesteps can be expressed as a function of time t or a phase ψ and period T. The time average can be represented as shown in Eq. A.3.18.

where N t signifies the number of all the time-steps recorded including 12 steps per period and 10 periods. The dependence on the number of periods have been checked to ensure statistically converged flame response calculations. Furthermore, the phase averaged integrated heat release can be represented as shown in Eq. A.3.19.

where N T signifies the number of the periods recorded. The complex amplitude of the integrated fluctuating heat release in the thin slice can be expressed as presented in Eq. A.3.20.

From the complex amplitude the phase of heat release fluctuations wrt.to the velocity fluctuations at the burner outlet can be calculated, this is shown in Eq. A.3.21.

Furthermore, the definition of RMS of radially integrated heat release fluctuations are presented in Eq.A.3.22.

Qrms

Similar variables are calculated for the whole chamber for normalization and projection purposes. The mean heat release in all the chamber can be obtained as shown in Eq. A.3.24.Firstly, the volume integrated instantaneous heat release field is defined in Eq.A.3.23.

Qrz (t\(ψ, T)) =

Similarly the mean, the phase average, the complex amplitude and the phase of the of the chamber volume integrated heat release fluctuations are defined in equations A. 

Qrz (t\(ψ, T))/N T (A.3.25)

With these definitions, it is possible once again to calculate the projection of the the radially integrated heat release on the global heat release as presented in Eq. A.3.28.

28)

Appendix A. Methodology for FTF reconstruction

The method developed in [29] is used to infer the FTF at the burner outlet in section (0) from measurements of the acoustic velocity ˜ u 1 and pressure ˜ p 1 with HW and M1 in section (1) below the swirling vane. In section (1), the flow is laminar with a top hat velocity profile. The velocity ˜ u 0 at the burner outlet differs from ˜ u 1 because the distance l i = 87 mm between sections (0) and ( 1) is quite large and the burner is not compact for the range of frequencies of interest 0 ≤ f ≤ 700 Hz. At f = 700 Hz, He = 2 π fl i /c ∼ 1 .

The method is based on the low order model of the burner cavities presented in Fig. 15 .

At low harmonic forcing frequencies, the acoustic field inside the combustor cavities can be assumed to be 1D and can be represented by the complex amplitudes A + and A -of upstream and downstream waves in each cavity. For an harmonic perturbation in the Fourier space at angular frequency ω, a ′ = Re ˜ a e -iωt , one has along the burner z -axis: ˜ p j = A + j e ik j z + A - j e -ik j z (A.1) and ρ j c j ˜ u j = A + j e ik j z -A - j e -ik j z (A.2)

where k j = ω/c j is the wave number, c j the speed of sound, ρ j the density of the medium and z j is the position in the j th section. As the sound speed and density do not change in the sections considered, the subscripts are removed. With these complex wave amplitudes, the acoustic pressure ˜ p j and acoustic velocity ˜ u j at any section S j of the combustor can be reconstructed. The wave amplitudes A + 1 and A - 1 in section (1) are determined from the microphone M1 and HW measurements:

where ˜ p 1 and ˜ u 1 are the Fourier components of the pressure and velocity signals evaluated at the forcing frequency f respectively. This linear system of equations is solved for A + 1 and A - 1 . Subsequently, using continuity of acoustic pressure and of acoustic volumetric flow rate, the jump conditions at abrupt section changes are given by [32] : ˜ p j z j+1 = ˜ p j+1 z j+1 (A.5)

where l j is the length and S j is the cross-sectional area of the j th section. With these relations the transfer matrix relating the wave amplitudes of the subsequent sections can be constructed as:

where T j is defined as:

and Ŵ = S j /S j+1 . A global matrix relating any two sections connected with multiple sections in between can be constructed. These relations are used to calculate the complex wave amplitudes in the main annular injection channel as:

where M is the global transfer matrix cast as:

This paper describes a new boundary condition for subsonic inlets in compressible flow solvers. The method uses characteristic analysis based on wave decomposition and the paper discusses how to specify the amplitude of incoming waves to inject simultaneously three-dimensional turbulence and one-dimensional acoustic waves while still being non-reflecting for outgoing acoustic waves. The nonreflecting property is ensured by using developments proposed by Polifke et al. [1,2]. They are combined with a novel formulation to inject turbulence and acoustic waves simultaneously at an inlet. The paper discusses the compromise which must be sought by the boundary condition formulation between conflicting objectives: respecting target unsteady inlet velocities (for turbulence and acoustics), avoiding a drift of the mean inlet velocities and ensuring non-reflecting performances for waves reaching the inlet from the computational domain. This well-known limit of classical formulations is improved by the new approach which ensures that the mean inlet velocities do not drift, that the unsteady components of velocity (turbulence and acoustics) are correctly introduced into the domain and that the inlet remains non-reflecting. These properties are crucial for forced unsteady flows but the same formulation is also useful for unforced cases where it allows to reach convergence faster. The method is presented by focusing on the expression of the ingoing waves and comparing it with the classical NSCBC approach [3]. Four tests are then described: (1) the injection of acoustic waves through a non reflecting inlet, (2) the compressible flow establishment in a nozzle, (3) the simultaneous injection of turbulence and ingoing acoustic waves into a duct terminated by a reflecting outlet and (4) a turbulent, acoustically forced Bunsen-type premixed flame.

©2 0 1 9 Elsevier Ltd. All rights reserved.

Introduction

Specifying boundary conditions for compressible flow simulations is still a major issue in many fields such as astrophysics [4,5] , aerodynamics and aeroacoustics [6][7][8][9][10][11] or combustion instabilities and noise [2,[12][13][14][15][16] . The present paper focuses on a limited part of this problem: the specification of inlet boundary conditions in subsonic compressible flows. Its objective is to construct a boundary condition which should satisfy three properties:

• P1 -Provide a well-posed formulation for the Navier-Stokes equations as well as perfectly non-reflecting inlet properties

• P2 -Allow to inject plane acoustic waves • P3 -Allow to inject three-dimensional turbulence