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Résumé

Ce travail porte sur la stabilisation, la structure et le comportement thermique d'oxy-flammes turbulentes opérées avec du méthane comme combustible. L'étude recouvre des flammes fonctionnant dans des conditions prémélangées et non prémélangées, avec et sans swirl, et avec un oxydant dont la concentration d'oxygène est variable. Ces flammes sont étudiées sous une large gamme de conditions de fonctionnement grâce à une chambre de combustion polyvalente, et à des diagnostics laser et des outils de calcul haute-fidélité. L'objectif de cette thèse est de répondre à la question suivante. Si un changement de composition du combustible ou de l'oxydant, de la puissance thermique ou une légère modification de l'injecteur est effectué, est-il possible d'ajuster le swirl conféré aux réactifs afin de retrouver la même structure de flamme et le même régime de stabilisation ? Plus de 3000 conditions de fonctionnement sont étudiées, d'abord en condition de prémélange, puis en non prémélangées. L'impact de l'angle d'ouverture d'un divergent placé en sortie d'injecteur sur l'écoulement est étudié sous un angle à la fois théorique et expérimental au moyen de diagnostics optiques. Un modèle est développé pour prédire la position de la zone de recirculation centrale lorsque cet angle varie. Les effets d'une modification de la composition de l'oxydant sur la structure de flamme sont ensuite étudiés lorsque la flamme passe d'une dilution en N 2 à une dilution en CO 2 . Il est démontré que le swirl a un impact considérable sur la structure de la flamme. Les effets d'une dilution en CO 2 se révèlent quant à eux limités. La température et la distribution du transfert thermique sont ensuite caractérisées expérimentalement le long des parois latérales de la chambre de combustion. Un modèle de premier ordre est développé pour expliquer les changements de transferts thermiques observés entre les flammes diluées en N 2 et en CO 2 . Le comportement thermique de la chambre de combustion Oxytec est ensuite étudié à l'aide de la simulation numérique aux grandes échelles couplée à un solveur de rayonnement Monte Carlo. La prise en compte détaillée du rayonnement thermique modifie faiblement la position de la flamme et la structure de l'écoulement, mais a un impact considérable sur la température des gaz brûlés et sur la distribution du flux thermique à l'intérieur de la chambre de combustion. Un modèle permettant de prédire la température moyenne du gaz et la distribution iv Résumé du transfert thermique des parois lors du passage d'une simulation non couplée à une simulation couplée est finalement proposé.

La suite de l'étude est consacrée à la caractérisation expérimentale des effets du swirl sur la structure et les modes de stabilisation des oxy-flammes en condition non prémélangées et opérées avec un injecteur coaxial dans lequel les deux jets peuvent être swirlés. Une analyse paramétrique est menée en couvrant une large gamme de rapports de flux de moments axiaux et de fractions massiques d'O 2 , et aboutit sur un modèle qui prédit la longueur d'oxy-flammes coaxiales avec et sans swirl. Il est ensuite montré qu'une augmentation du swirl interne peut détacher la flamme des lèvres de l'injecteur. L'origine des différentes structures de flamme et d'écoulement qui en résultent est étudiée plus en détail à l'aide de mesures couplées OH-PLIF / PIV. Il apparaît que le phénomène de détachement de la flamme hors de l'injecteur central est provoqué par un blocage partiel du jet de méthane central lorsque le swirl interne augmente. De plus, la température mesurée à la surface de l'injecteur lorsque la flamme est détachée est considérablement plus faible que lorsque la flamme est accrochée. Enfin, la structure des oxy-flammes coaxiales non prémélangées est étudiée lorsque les swirls centraux et annulaires sont injectés de manière co-et contra-rotatives. Il est prouvé qu'un swirl contra-rotatif diminue la recirculation du gaz tandis qu'un swirl co-rotatif l'améliore. Cette analyse aboutit à un modèle prédisant l'évolution de la position du pied d'une flamme lorsqu'elle est décrochée de l'injecteur. 

Introduction

I Experimental and numerical tools

Introduction

Combustion is facing a terrible paradox. In 2017, 91 % of the primary energy consumed relies on the oxidation, i.e. combustion, of fossil (81 %) and renewable fuels (10 %) (IEA 2019). Climate change and depletion of fossil resources raise challenges for humanity mainly associated with the importance of combustion in our society and life way. Power and heat generation, transport, and almost all industrial processes rely at some stage on combustion. This raises unprecedented challenges for combustion systems that need to be more flexible and rapidly adapted to new operating conditions to progressively decarbonize combustion.

The work conducted in this thesis aims at studying changes in the operating regime of industrial combustors powered by oxy-flames, i.e. flames where the oxidizer is enriched with oxygen. This includes flames operated in premixed and non-premixed conditions, with and without a swirling motion conferred to the flow. This work follows the thesis from [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF] in which the structure taken by swirled premixed flames when transiting from N 2 -to CO 2operations has already been scrutinized. In this manuscript, both premixed and non-premixed regimes are investigated. Flames operated in premixed-conditions are analyzed in Chapters 6 to 9. Non-premixed flames are investigated in Chapters 9 to 12. Separation has been made between these injection modes because they address different industrial needs which are developed in the following.

Impact of swirl constitutes a second dimension along which the overall thesis has been organized. Six chapters address the effects of swirl on the structure of the flows and flames produced by oxy-burners with the objective of answering the following question.

the swirl motion conferred to the reactants be adjusted to retrieve the same flame stabilization, structure and thermal load of the combustor.

It is shown in this thesis how to adapt the swirl level to control the flame length, its liftoff height and its stabilization mode. Other independent degrees of freedom controlling the flame stabilization and its structure are also identified.

This introduction aims at highlighting why combustion systems require to be more flexible and adaptable to be operative with new fuels, oxidizer and diluents. This is mainly related to the international context of fossil fuel depletion and climate changes which are rapidly introduced in the first section.

The technologies allowing decarbonization of the combustion processes are then briefly described among which oxy-combustion constitutes a technology at readiness level. The current use of oxy-combustion is presented, followed by the main characteristics of this particular combustion mode that may eventually be controlled by swirling the incoming flow. The main characteristics of swirling flows are then outlined. The last section details the organization of the manuscript.

International context

All forms of hydrocarbons emit carbon dioxide through combustion. A fraction of gaseous CO 2 released in the atmosphere turns back to fossil fuel through a process taking place on a geological time scale (photosynthesis, anaerobic decomposition of buried organisms and catagenesis). This characteristic time scale exceeds by far the one of the human activities. At a human scale, fossil fuels resources are thus limited, and doomed to disappear. It is estimated that the peak of conventional oil has been reached in 2006 [START_REF] Schindler | Crude oil-the supply outlook[END_REF] while the peak of total fossil resources is expected to be reached between 2020 and 2030. Some alternative energy resources are left to be found to replace the worldwide demand of fossil fuels of 11.4 Giga tonnes of oil equivalent (toe) [START_REF] Iea | World Energy Outlook 2019[END_REF]. But transition to non-fossil fuels is likely to rely on combustion as well. The finite nature of coal, oil and natural gas resources constitutes a first challenge for the worldwide community which must moderate its energy consumption and also find competitive alternatives to fossil fuels.

Paralleling to depletion of the fossil fuel resources, increase of greenhouse gases emissions constitutes another challenge for the 21 st century. Increase in the emission of carbon dioxide leads to drastic perturbations of the climatic balance through a pathway which is summarized in the following. Only 25% of the emitted CO 2 is captured by plant photosynthesis. Another 25% of the CO 2 budget is captured by the ocean through dissolution processes occurring at the surface [START_REF] Ipcc | Climate change 2014 : Synthesis report. contribution of working groups i, ii and iii to the fifth assessment report of the intergovernmental panel on climate change [core writing team[END_REF]. The acidity of the oceans consequently increases which leads to a reduction of the marine biodiversity and of the fishing resources.

The last 50% of the emitted carbon dioxide remains in the atmosphere. CO 2 concentration in the ambient air has increased from 280 ppm before the 18 th century up to 407 ppm when averaged over 2018 [START_REF] Blunden | State of the climate in 2018[END_REF]. The semi-transparent nature of carbon dioxide with respect to thermal radiation makes it the first responsible for enhancement of the greenhouse effect. Carbon dioxide is mainly transparent to solar thermal radiation at temperature T sun = 5778 K (0.25 < λ < 8 µm) but increase of the CO 2 concentration in the atmosphere increases absorption from earth radiation at T 288 K (5 < λ < 80 µm) in the infrared spectrum. Accumulation of CO 2 in the atmosphere therefore lowers the radiative flux emitted by the earth and transmitted through the atmosphere. The new energy budget leads to radiative forcing, which is an excess of incoming heat fluxes at the surface of the earth. 93 % of this excess of energy leads to a rise of the ocean temperature (IPCC 2014), then to melting of the glacier (3%) and of the sea ice (3%). Theses changes have different consequences on the increase of the sea level, on the melting of the permafrost or on the reduction of the earth's albedo. The remaining 1% of the radiative forcing finally leads to an elevation of the atmosphere temperature of about 1.2 • C when compared to the pre-industrial era. Climate change eventually results in a global depletion of the habitable lands and of the food resources, with large disparities at the surface of the Earth. All of this increases the risk of social and geopolitical conflicts. The negative impact of CO 2 emissions on the climate therefore constitutes a second motivation to reduce the worldwide consumption of fossil fuels. The In-Introduction tergovernmental Panel on Climate Change (IPCC) urges to decrease the worldwide demand of primary energy through energy efficiency and sobriety, and especially for fossil fuels.

As fossil fuels are very likely to remain a large part of our energy mix, the IPCC also asks for a decarbonization of certain combustion processes. As shown in Fig. 1, combustion of fossil fuels is mostly used in the electricity production (25%), in the industry (21%), in transportation (14%) and in agriculture (24 %) (IPCC 2014). It is particularly challenging to decarbonize the industry because most of industrial processes rely on combustion. This is the case for the energy intensive industrial operations, including the iron, steel, glass and cement industries.

Decarbonization of combustion processes

Different strategies are developed to decarbonize industrial combustion processes. One solution is to produce bio-fuels with organic wastes to replace fossil fuels in conventional combustion systems. The carbon dioxide released in the exhaust gases is compensated by the consumption of carbon dioxide during plant photosynthesis. Another possibility is to pursue the combustion of fossil fuels and to capture the carbon dioxide in the exhaust of the combustion system. These strategies are briefly described in the following among other alternatives.

Combustion of bio-gas

A first possibility to lower the carbon footprint of a combustion system is to replace the fossil fuel by an alternative fuel relying on the decomposition of plants. This alternative fuel can be bio-gas (CH 4 /CO 2 mixture) or bio-methane (CH 4 ). In this case, the plant can be operated with limited modifications on the system. The challenge is in turn to operate and stabilize a flame when the gaseous fuel has a variable composition [START_REF] Saediamiri | On the stability of a turbulent non-premixed biogas flame : Effect of low swirl strength[END_REF]. The use of bio-gas constitutes an appealing alternative to fossil fuels for certain industrial sectors. The finite nature of arable surfaces and of agricultural wastes however impedes bio-gas from being a single solution to decarbonize industry. in the conversion from electricity to H 2 or NH 3 . It is thus more efficient to inject renewable energies on the electrical grid when possible.

Carbon Capture Utilization and Storage

Another solution to decarbonize certain industrial sectors is to capture the emitted CO 2 in the burned gases. Several technologies are available to avoid releasing CO 2 from burned gases in the atmosphere.

A small part (2 %) of the captured CO 2 is delivered as raw materiel for certain industries such as steel-making, carbonated drinks, refrigerants for food, intert gas, fire extinguisher [START_REF] Aresta | Carbon dioxide recovery and utilization[END_REF]. The worldwide demand for CO 2 remains however very low compared to the carbon released into the atmosphere and the oceans. Furthermore, it is worth remembering that the recycled CO 2 is still released in the atmosphere at the end of its life cycle.

The most viable short-term option is to store the CO 2 beneath the earth [START_REF] Metz | Carbon dioxide capture and storage[END_REF]. These technologies already exist and are for example mature for enhanced oil recovery. To further extract oil from a reservoir rock, steam is injected at high pressure to move the oil. CO 2 is then injected in the ground to lower the oil viscosity and to enhance the oil extraction rate. Once the oil is collected, the CO 2 remains trapped beneath the ground. Enhanced oil recovery has been implemented in Texas since 1972. This region constitutes a natural laboratory to investigate the effects of injected CO 2 to groundwater [START_REF] Smyth | Assessing risk to fresh water resources from long term CO2 injection-laboratory and field studies[END_REF]. Oil technology recovery is nowadays widespread among the world.

Introduction

Figure 2 -CO 2 capture technologies. From [START_REF] Leung | An overview of current status of carbon dioxide capture and storage technologies[END_REF].

Carbon capture and storage (CCS) constitutes a viable opportunity to decarbonize certain combustion processes. It is worth mentioning that, contrary to the aforementioned strategies for decarbonization, CCS constitutes one solution for the climate change problem but not for the depletion of fossil fuel resources. The CO 2 exhausted in the burned gases is injected at high pressure into geological traps where fossil fuels used to reside before their extraction. Three main technologies are under investigations for CO 2 captures. They are sketched in Fig. 2, adapted from [START_REF] Leung | An overview of current status of carbon dioxide capture and storage technologies[END_REF].

Post-combustion consists in removing the CO 2 from the exhaust flue gases at the outlet of the combustion chamber [START_REF] Kanniche | Pre-combustion, post-combustion and oxycombustion in thermal power plant for CO2 capture[END_REF]. This solution avoids any retrofit of the combustor design. The concentration of carbon dioxide in the burned gases of a gas fired conventional combustion system operating with air is however small (X CO 2 < 10 %) due to the large fraction of N 2 in the exhaust gases. Post-combustion systems therefore need to separate and extract the CO 2 from the flue gases prior to storage. Post-combustion leads to a high energy penalty so as to reach the required CO 2 purity (X CO 2 > 95 %), and this constitutes a major drawback of this separation technique. It is estimated that post-combustion would increase the energy cost of about 32 % [START_REF] Kanniche | Pre-combustion, post-combustion and oxycombustion in thermal power plant for CO2 capture[END_REF].

Pre-combustion consists in the conversion of hydrocarbon fossil fuel (coal or gas) into hydrogen through a gazification or reforming process [START_REF] Kanniche | Pre-combustion, post-combustion and oxycombustion in thermal power plant for CO2 capture[END_REF]. In a reactor with a low level of oxygen, a CO/H 2 syngas mixture is formed with the steam reforming reaction Eq. 1. Carbon monoxide is in this case turned into CO 2 through the water-gas shift equation Eq. 2 to produce more hydrogen. The CO 2 concentration in the flue gas is high (>20 %) [START_REF] Leung | An overview of current status of carbon dioxide capture and storage technologies[END_REF]) which enables to efficiently separate the carbon dioxide for its capture. The hydrogen is then burned for the process through a combustion which mainly produces water vapor. Pre-combustion is a very appealing research topic because gasification can be implemented in a large range of thermodynamic-cycles. The Integrated Gasification Combined Cycles for instance offer promising ways to store the CO 2 with a moderate energy penalty yielding low carbon capture cost.

CH 4 + H 2 O Steam Ref • CO + 3 H 2 (∆H 0 = 206 kJ.mol -1 ) (1) CO + H 2 O Water Gas Shift H 2 + CO 2 (∆H 0 = +41 kJ.mol -1 ) (2) 
Oxy-combustion is the third option considered for CCS [START_REF] Kanniche | Pre-combustion, post-combustion and oxycombustion in thermal power plant for CO2 capture[END_REF]. Oxy-combustion consists in removing the nitrogen from the oxidizer stream upstream the combustion chamber. Contrary to air combustion (see Eq. 3), the burned gases are mainly composed of water vapor and carbon dioxide (see Eq. 4). Oxy-combustion therefore drastically facilitates extraction of the CO 2 . Operating the combustor at elevated pressure then facilitates CO 2 storage into the geological reservoir. Oxy-combustion offers other advantages, such as removing nitrogen oxides NOx when the oxygen concentration in the oxidizer stream is high (X O 2 > 95%). The high energy penalty cost required to separate the oxygen from the air stream constitutes the main drawback of oxy-combustion. The oxygen is generally provided by an air separation unit relying on the cryogenic separation of atmospheric air into N 2 , O 2 and Ar.

Introduction N 2 molecules do not participate to the combustion reaction (Eq. 3) but constitute the main species in the burned products. Except tiny concentrations of nitric oxides, nitrogen mostly behaves as a diluent that lowers the burned gas temperature. Oxy-combustion therefore leads to high adiabatic flame temperatures. Flue-gas recirculation and CO 2 may in turn be used to lower the adiabatic temperature of oxy-flames. The recycling rate of CO 2 can be adjusted to match the adiabatic flame temperature as in conventional air systems. As gasification and methane reforming, oxy-combustion can be integrated in advanced thermodynamic cycles. Ion-transport membranes is for example an alternative method to separate O 2 which is used in chemical looping combustion systems [START_REF] Habib | A review of recent developments in carbon capture utilizing oxy-fuel combustion in conventional and ion transport membrane systems[END_REF]. Oxy-combustion also refers to oxygen enrichment when the volumetric O 2 fraction in the oxidizer stream lies in the range 0.21

≤ X O 2 ≤ 1.
O 2 -enrichment is used in several industrial processes from the heavy industry in which high gas temperatures are required.

Advantages and limitations of these three carbon capture technologies have been investigated from technical and economical perspectives [START_REF] Kanniche | Pre-combustion, post-combustion and oxycombustion in thermal power plant for CO2 capture[END_REF][START_REF] Leung | An overview of current status of carbon dioxide capture and storage technologies[END_REF]). These options are today not financially competitive compared to conventional combustion systems operating with air. Lowering the carbon footprint of combustion systems operating with fossil fuels requires additional energy. This energy penalty raises extra costs. In 2019, the compensatory carbon taxes in Europe were lower than 30 euros per ton of carbon dioxide (lex ). This is not sufficient to financially support decarbonization of the industry. Besides, the three carbon capture technologies lie at different stages of industrial deployment. Their advantages and drawbacks are compared by [START_REF] Kanniche | Pre-combustion, post-combustion and oxycombustion in thermal power plant for CO2 capture[END_REF]. They report that the most attractive option depends on the nature of the fossil fuel resources and of the size of the process. It is therefore very likely that pre-combustion, post-combustion and oxy-combustion will all be tested and deployed in parallel to assess their efficiency.

industry, the glass melting point needs to be reached to convey the raw material to the furnace [START_REF] Abbassi | Numerical simulation and experimental analysis of an industrial glass melting furnace[END_REF]. For the iron and steel industry, high temperatures are also needed for many thermal processes [START_REF] Blasiak | Evaluation of new combustion technologies for CO2 and NOx reduction in steel industries[END_REF]). Large flow rates of pure oxygen are therefore needed to feed the burners. This has been one of the motivations to build air separation units close to the industrial plants.

Gasification for the chemical industry

Syngas production has already been presented as a viable opportunity for CCS.

In this technology, H 2 and CO are intermediary species between the fossil resource and heat generation. But H 2 and CO molecules are already a raw material for many industrial processes. Gasification and steam-methane reforming are already implemented in the oil and gas industries and in the chemistry field. This constitutes one important business activity for Air Liquide [START_REF] Pen | New catalytic routes for syngas and hydrogen production[END_REF][START_REF] Caudal | Simulation numérique du reformage autothermique du méthane[END_REF].

Hydrogen is used for desulfuration of petroleum during oil extraction [START_REF] Pen | New catalytic routes for syngas and hydrogen production[END_REF]. This constitutes the main use of the hydrogen produced in the world and is often made with Steam-Reforming Reactors (SMR) into a process involving Eqs. 1 and 2. Natural gas and water vapor are conveyed in long tubular channels with catalytic components. The endothermic reaction Eq. 1 requires an energy input which is achieved with conventional burners fed by air outside the tubes. More details on this process can be found in [START_REF] Dybkjaer | Tubular reforming and autothermal reforming of natural gas, an overview of available processes[END_REF]. The combustion process in a SMR plant is standard and is therefore not at stake in this thesis.

Partial oxidation (POX) is another solution to produce syngas. Methane and oxygen are injected in a combustion furnace and react following Eq. 5. The equivalence ratio Φ = 2X CH 4 /X O 2 , is above unity and takes typically large values for partial oxidation Φ > 1.5 [START_REF] Pen | New catalytic routes for syngas and hydrogen production[END_REF][START_REF] Caudal | Simulation numérique du reformage autothermique du méthane[END_REF]. POX plants can be used to produce hydrogen, and must be operated close to an air separation unit for the O 2 supply. POX units are therefore more expensive than SMR units for hydrogen production. Partial-oxidation can also be used for CO production, which is an elementary brick for many industrial processes [START_REF] Pen | New catalytic routes for syngas and hydrogen production[END_REF]. One main advantage of POX plant is that they can be operated at very high pressure, with reduced compression costs [START_REF] Pen | New catalytic routes for syngas and hydrogen production[END_REF].

CH 4 + 1 2 O 2
Introduction is more appropriate for CO production. A third solution consists in combining partial oxidation and steam-reforming in the same furnace. This process is named auto-thermal reactor (ATR). Natural gas, steam and a small amount of oxygen are injected and mixed in a reactor. A first reaction of partial oxidation Eq. 5 takes place downstream the injector. This reaction leads to CO formation and an increase of the gas temperature. The enthalpy of the burned gases feeds the endothermic water-gas shift reaction Eq. 2 which occurs further downstream. As the time scale of the water gas-shift is large compared to partial oxidation, catalysts are added at the end of the furnace to ensure that the chemical equilibrium is reached. This solution is viable for very large flow rates and provides mixtures with an adjustable H 2 / CO ratio by controlling the amount of steam injected in the reactants.

The combustion taking place in POX and ATR is made at high pressure.

The reactants are conveyed with separate channels, and injected with a nonpremixed injector. This constitutes very particular conditions for combustion, which have been less studied compared to air operations. A schematic of the main applications for the combustion of CH 4 is represented in Fig. 3. Conventional combustion of methane with air as the oxidizer is represented in gray. Oxy-combustion involving an oxygen supply is represented in blue. The solid lines used for boxes and arrows depict mature technologies.

The dashed lines represent the pathways where CCS can be implemented.

This introduction indicates that combustion systems need to evolve to integrate new reactants and also new regimes over a wider range of operating conditions. In this thesis methane flames stabilized on a versatile swirled coaxial injector are investigated for a large range of operating conditions, in lean premixed and non-premixed conditions. This constitutes a simplified configuration to investigate flame stabilization featuring the main characteristics of the industrial processes that are targeted on a very flexible laboratory combustor. The other technologies which are emerging or already deployed in some specific applications are not further investigated in the thesis.

Introduction operating conditions, for example :

1. Enhancing the oxygen content of the oxidizer stream on a coaxial nonpremixed injector is of interest to the glass and steel-making industries where flames are elongated. The difficulty is in this case to control the flame length and the mixing degree between the fuel and the oxidizer streams.

2. Replacing nitrogen by carbon dioxide as the diluent for a combustor equipped with partially premixed injectors is of importance for gasturbine manufacturers. The impact of CO 2 -dilution on turbulence, flame stabilization, nozzle thermal stress, pollutant emissions and on the radiative heat fluxes at the sidewalls of the combustor raises scientific challenges.

These two problems are considered in this manuscript. Choice is made to develop the literature reviews associated with each topic in the dedicated chapters.

Only the main elements of oxy-combustion are briefly introduced in the following.

Figure 4 -Adiabatic flame temperature of premixed methane flames when the oxidizer is switched from air to oxygen, reproduced from [START_REF] Oh | Laminar burning velocity of oxy-methane flames in atmospheric condition[END_REF]. T 0 = 300 K, p 0 = 1 atm.

The main feature of O 2 -enriched flames is to increase the adiabatic flame temperature of the burned gases. This is illustrated in Fig. 4, reproduced from [START_REF] Oh | Laminar burning velocity of oxy-methane flames in atmospheric condition[END_REF] when the reactants are taken at the temperature T 0 = 300 K and at atmospheric pressure p 0 = 101325 Pa. At stoichiometry Φ = 1, a methane-air flame features an adiabatic flame temperature T ad = 2300 K. When the oxidizer is pure O 2 , the adiabatic flame temperature increases up to T ad = 3000 K. The high temperature reached in the reaction layer and in the burned gas prevails in both premixed and non-premixed combustion. This feature explains why oxyflames constitute a good option for flame cutting or welding. On the contrary, when high temperatures must be avoided to limit thermal stress on the solid components of the injector and the chamber, carbon dioxide [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF][START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF] or water vapor [START_REF] Mazas | Effects of water vapor addition on the laminar burning velocity of oxygen-enriched methane flames[END_REF]) can be injected in the fresh reactants as a diluent to lower the adiabatic flame temperature. This solution is well adapted when retrofitting combustion systems from airto CO 2 -diluted operations [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF][START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF].

Figure 5 -Laminar burning velocity of premixed methane flames when the oxidizer is switched from air to oxygen, reproduced from [START_REF] Oh | Laminar burning velocity of oxy-methane flames in atmospheric condition[END_REF]. T 0 = 300 K, p 0 = 1 atm.

The second important modification of oxy-enriched flames concerns the laminar burning velocity. As nitrogen is a chemically neutral species, the combustion reaction is faster when the N 2 mass fraction decreases. Figure 5, reproduced from [START_REF] Oh | Laminar burning velocity of oxy-methane flames in atmospheric condition[END_REF] shows the laminar burning velocity when the reactants are taken at temperature T 0 = 300 K and at atmospheric pressure p 0 = 101325 Pa. At the stoichiometry Φ = 1, a methane-air flame features a laminar burning velocity S L = 0.37 m.s -1 . When the oxidizer is pure O 2 , the laminar burning velocity increases up to S L = 3 m.s -1 . Oxygen therefore leads to a tenfold acceleration of the combustion reactions. This can lead to hazardous flashbacks, and dramatic increase of the thermal stress due to flame anchoring on the injection system which can damage the equipment. The fast chemistry prevailing in oxy-flames explains why the fuel and pure O 2 -streams are generally not premixed in most industrial combustion systems for safety reasons (Cieutat et al. 2009a;[START_REF] Sautet | Flame lift-off height, velocity flow and mixing of hythane in oxy-combustion in a burner with two separated jets[END_REF]. But the fast chemistry of oxy-flames presents also many advantages. It enables to increase the power density of a combustor, as evidenced by the rocket engines which often use oxygen Introduction as oxidizer and fueled with methane [START_REF] Candel | Structure and dynamics of cryogenic flames at supercritical pressure[END_REF] or H 2 [START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF]. Besides, O 2 -enrichment also allows to improve the stabilization of flames with low calorific fuels [START_REF] Paubel | A flame stability diagram for piloted non-premixed oxycombustion of low calorific residual gases[END_REF].

A third important feature of oxy-flames is their resistance to aerodynamic strain. Figure 6 reproduced from [START_REF] Puri | Extinction of diffusion flames burning diluted methane and diluted propane in diluted air[END_REF] shows the resistance to strain rate of a counterflow diffusion flames where the fuel is either CH 4 or C 3 H 8 and the oxidizer is a N 2 /O 2 mixture. When the molar fraction of oxygen slightly increases from X O 2 = 0.15 to X O 2 = 0.20, the extinction strain rate rapidly increases from a = 15 to 100 s -1 for the methane diffusion flame. In this example, the maximum temperature reached by the diffusion flame increases with the O 2 mass fraction. [START_REF] Chen | Scalar dissipation rate at extinction and the effects of oxygen-enriched combustion[END_REF] repeated the same experiments by keeping the adiabatic flame temperature constant by controlling the dilution of N 2 between the fuel and oxidizer streams. They found that the extinction strain rate also increases when X O 2 increases or when X CH 4 decreases. This increase is due to an increase of the stoichiometric mixture fraction z st , defined as z st = (ν m Y CH 4 /Y O 2 + 1) -1 , with ν m = 4. At z st = 0.5, the production of intermediate radical species matches the region of maximum temperature. O 2 -enriched flames can therefore withstand very high strain rates. One practical consequence is that oxy-flames stabilized above a coaxial injector are often anchored to the injector nozzle when operated in non-premixed conditions [START_REF] Kim | Studies on combustion characteristics and flame length of turbulent oxy-fuel flames[END_REF]) which generally lead to a high thermal load on the nozzle [START_REF] De Persis | Effects of O2 enrichment and CO2 dilution on laminar methane flames[END_REF]. 

Generalities on swirling flows

A general requirement of almost all industrial combustion systems is to maximize the flame power density for a given volume or weight of the combustor.

Assuming that the combustion is complete, the heat release rate or thermal power from a given burner is proportional to the mass flow rate. For a given injector geometry and operating pressure, enhancement of the power density is achieved by increasing the gas velocity inside the injector. This however generally leads to :

-flame blow-off when the characteristic time of the flow becomes much smaller than the chemical time, the kinetic reactions of combustion are too slow to maintain the flame at a fixed position close to the injector outlet [START_REF] Cavaliere | A comparison of the blow-off behaviour of swirl-stabilized premixed, non-premixed and spray flames[END_REF]). -change in the flame topology. The flame size increases and occupies a large volume to consume all the fuel for a fixed level of turbulence u [START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF]. This can be detrimental to the equipment if the flame protrudes outside the combustor or impinges the combustion chamber walls. -a poor degree of mixing. It is challenging to mix the fuel and the oxidizer streams when they are injected at high velocities (Schumaker and Introduction Driscoll 2009). This can lead to elongated flames. Reproduced from [START_REF] Guyot | CH*/OH* chemiluminescence response of an atmospheric premixed flame under varying operating conditions[END_REF].

Conferring a swirling motion to the fresh reactants constitute a solution to all of these three issues. Swirl can be generated either with axial or tangential blades inserted in the burner or with tangential injection holes of the reactants (Syred et al. 1971;[START_REF] Reichel | Increasing flashback resistance in lean premixed swirl-stabilized hydrogen combustion by axial air injection[END_REF]. An example of industrial swirling injector is presented in Fig. 7. Swirl enables to increase the turbulent intensity in the injector by augmenting the shear of the jet flow exhausting the burner [START_REF] Syred | Combustion in Swirling Flows : A FReview[END_REF][START_REF] Ramos | Swirling flow in a research combustor[END_REF][START_REF] Oberleithner | On the impact of swirl on the growth of coherent structures[END_REF]. Under the flamelet regime in premixed conditions, enhancement of the turbulent intensity leads to wrinkling of the reaction layer [START_REF] Driscoll | Turbulent premixed combustion : Flamelet structure and its effect on turbulent burning velocities[END_REF]) and a significant increase of the flame surface density [START_REF] Veynante | Turbulent combustion modeling[END_REF]. In non-premixed conditions, increasing the turbulent intensity in the fresh reactants favors the mixing degree downstream a coaxial injector [START_REF] Villermaux | Mixing in coaxial jets[END_REF] leading to a reduced flame length [START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF].

Swirling flows are characterized by a swirl number S = G θ /(RG z ) as introduced by [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF]; [START_REF] Beér | Combustion aerodynamics[END_REF], where G θ is the axial rotational momentum in the axial direction, G z the axial momentum, and R the injector's radius. Above a certain threshold, typically S 0.6, the structure of the jet flow is disrupted by a Central Recirculation Zone (CRZ) that forms downstream the injector, leading to negative axial velocities (see Fig. 7). Flame stabilization is greatly favored in this region of small and negative velocities (Syred et al. 1971).

Due to their technological importance, swirling flows have been the topic of a very large number of studies and are still a very active field of research. One may refer to the recent review from [START_REF] Candel | Dynamics of swirling flames[END_REF] to see the dynamical issues with these flows. The swirl level characterized by the swirl number conferred to the reactants constitute one of the most important parameter to control the flame and flow pattern. Swirl therefore constitutes an additional degree of freedom highly effective for burner design. As already stated, combustion systems need to gain flexibility to meet new demands from the industry. Retro-fit must for example be performed to switch to oxy-combustion operation with carbon capture of existing air-combustors.

Other facilities connected to renewable sources of hydrogen may require to operate with different fuel contents depending on the nature of the fuel supply on the gas network. Adjustable swirl level is represented in Fig. 8 as a solution to provide more flexibility to the existing or upcoming combustion systems.

Previous contribution from EM2C to this problem

The scientific material presented in this manuscript builds upon previous work from Jourdaine (2017). In his experiments, many results were presented for a premixed flame at a thermal power P th = 13 kW corresponding to an equivalence ratio Φ = 0.95 and bulk velocity u 0 = 14.3 m.s -1 . This operating point is used as a reference case for the results obtained in premixed conditions that will be presented in Chapters 6, 8 and 9 in this manuscript.
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) to compare the results to those obtained by [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF].

For a given bulk velocity and equivalence ratio, however, there is a slight difference between the real thermal power P th and the definition retained by (Jourdaine 2017). The correct pressure and temperature reference conditions for the flow-meters are p = 1.01325 bar and T = 273 K. The flow rates, the velocity u 0 , and the thermal power P th are then underestimated by a factor of 9.2 % in the work of [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF]. The correct values are u 0 = 15.7 m.s -1 for the bulk velocity and P th = 14.6 kW for the thermal power. The equivalence ratio Φ and the swirl number S 0 are left unaltered because this error of temperature reference does not affect the ratio of flow rates.

The results presented in this manuscript use this last definition, which corresponds to the real heat release rate delivered by the combustion reaction in the combustor. There is thus a slight difference with the values presented in (Degenève et al. 2019a) and from those indicated in (Degenève et al. 2019b) and [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF], [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF], [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF] and [START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF]. These differences, however, do not change the conclusions obtained in these references.

trical analysis for which the flow operating conditions are varied over a broad range of conditions or a detailed investigation with many laser diagnostics on a reduced set of flow configuration.

Figure 9 -Thesis objectives and contents. For the flames operated in premixed conditions, the measurements made with the optical diagnostics highlighted in red have been performed by [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF].

Part I of this manuscript describes the experimental test bench in chapter 1, followed by the diagnostics in chapter 2 and the numerical tools in chapter 3.

Introduction

Part II is dedicated to the analysis of swirled flow. Some generic features of the swirl number are presented in chapter 4 and in particular how the geometrical swirl number is determined on the Oxytec combustor in both premixed and nonpremixed configurations. The geometrical swirl number is then compared to the one obtained by velocimetry measurements at the burner outlet. In chapter 5, impact of a diverging cup of a swirling injector on the flow pattern and stabilization of technically premixed flames is investigated both theoretically and experimentally with the help of optical diagnostics. A theoretical analysis is carried out to examine whether the position of the forward stagnation point could be explained by changes of the swirl level as the diffuser cup angle is varied. It is shown that pressure effects need in this case to be taken into account in the swirl number definition and expressions for changes of the swirl level through a diffuser are derived. A model is developed for the CRZ position as the quarl angle varies which shows very good agreement with experiments.

In part III of this manuscript, the effects of a change in the oxidizer composition when switching from N 2 -to CO 2 -dilution are thoroughly analyzed for premixed swirled flames. In this part, two reference flames are selected with the same adiabatic flame temperature, equivalence ratio and thermal power. This is achieved by adjusting the CO 2 molar fraction of the oxy-flame to match the flame temperature of a CH 4 /air flame at the same equivalence ratio. Impact of CO 2 -dilution is first analyzed on the flame surface density in chapter 6 and secondly on the temperature and heat flux distribution at the combustor sidewalls in chapter 7. The thermal load of the Oxytec combustor, when powered by oxy-flames, is then investigated with large-eddy simulations including effects of radiative heat transfers in chapter 8. The reference flames studied in this section are extensively characterized with optical diagnostics. OH * chemiluminescence, visible light emission, Particle Image Velocimetry and OH-Planar Laser-Induced Fluorescence measurements have been carried out by [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF]. These measurements are completed in this work by Laser-Induced Phosphorescence experiments to get the wall temperature distribution of the combustor.

In chapter 6, the structure of turbulent premixed swirling oxy-flames is investigated with the help of optical diagnostics. A procedure is developed relying on OH-PLIF images to deduce the mean progress progress variable, the three dimensional flame surface density and the flame wrinkling factor. Impact of swirl on the flame structure is examined with the flame surface density and the flame wrinkling obtained for different geometrical swirl numbers. The wrinkling process is studied for a moderately swirled flame featuring intermittency in the reaction layer position and for a highly swirled flame protruding inside the injector featuring a flame brush. Impact of CO 2 dilution is then investigated for swirling flames featuring the same flame and flow patterns.
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this work is to show how to control the flame liftoff height of oxy-flames by combining the swirl levels in the inner and outer streams and the momentum flux ratio. Reference flames are then selected to further analyze the structure of non-premixed oxy-flames stabilized above a dual swirl coaxial injector with optical diagnostics. The analysis made are based on OH * chemiluminescence and visible light emission for the parametrical analysis. Particle Image Velocimetry, OH-Planar Laser-Induced Fluorescence and Phosphor thermometry are also used to investigate the structure of the reference flames.

In chapter 9, an extensive experimental study is carried out to analyze scaling laws for the length of methane oxy-flames. It is shown that a relation initially derived for rocket engines with short flames can be extended to oxy-flames. Flame lengths are determined with OH* chemiluminescence measurements over more than 1000 combinations of momentum ratio, annular swirl level, and composition of the inner and outer streams of the coaxial injector. It is found that the lengths of all the flames investigated without swirl collapse on a single line. This relation is then extended to the case of swirling flames. The new scaling rule well reproduces the mixing degree of the two coaxial streams as long as the flow does not exhibit a vortex breakdown bubble.

In chapter 10, an experimental study is carried out to analyze the effects of swirl on the structure and stabilization of methane non-premixed oxygenenriched flames above a coaxial injector in which the two streams are eventually swirled. The mean position of the flame and the liftoff height above the injector lips are investigated with OH * chemiluminescence images. As the inner swirl level increases, the flame detaches from the nozzle rim and remains lifted at a finite distance above the injector. The liftoff distance can be finely tuned and depends on the inner and outer swirl levels, and the momentum flux ratio between the two coaxial streams. About 1000 configurations were investigated that could be classified into only four distinct stabilization modes, in which the flame structure was shown to follow a similar pathway when the momentum flux ratio between the two streams, the swirl level in the central and external streams and the quarl angle of the annular stream are varied. Changes in the oxygen concentration in the annular oxidizer stream are finally investigated.

The analysis proceeds with chapter 11 by analyzing the structure of nonpremixed swirling oxy-flames with the help of optical diagnostics. The mechanisms leading to different flame and flow patterns are investigated on a selection of reference flames. The thermal environment of the flame is investigated with thermocouple measurements for the burned gases and with Laser-Induced Phosphorescence for the combustor sidewalls and the inner rim of the injector nozzle. The impact of swirling the inner fuel stream is examined on the flame and flow pattern. These experiments enable to unveil the mechanisms at the origin of flame liftoff for the investigated operating conditions.

The analysis of the structure of non-premixed oxy-flames concludes with chapter 12. Variation of the inner swirl is investigated with optical diagnostics in both reacting and non-reacting conditions for co-and counter-rotating directions. It is found that counter-swirl cancels gas recirculation while co-swirl enhances it. These results obtained for high swirl levels in the annular flow are in contrast with past studies obtained for moderate swirl levels on gas turbine injectors and for which recirculation of the flow is mainly achieved in counterrotating direction. One outcome is to separate the local effects occurring at the outlet of the injector from the swirl dissipation happening further downstream after the jets have mixed. A model is finally derived for the latter mechanism, which is seen to correctly account for the evolution of the mass flow rate of recirculating gas measured in non-reacting conditions and for the evolution of the flame root position. This model is validated with experiments carried for 190 lifted flames.

Most of the studies included in this work have been presented during international conferences and published in peer-reviewed journals. The list of publications is summarized in the following :

- 

Première partie

Experimental and numerical tools

Chapitre 1

Experimental test bench

The Oxytec lab-scale combustor, located at EM2C laboratory and used for the experimental investigations in this thesis, is described. It was designed during the work of [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF] in the framework of the industrial chair Oxytec. The Oxytec setup is a flexible test-rig powered by methane and operating at atmospheric pressure with large optical access for laser diagnostics. Air, O 2 , N 2 , CO 2 and water vapor can be injected to study flame stabilization over a broad range of operating conditions. This versatility allows to reproduce different conditions of interest for Air Liquide. In the premixed mode, CO 2 -diluted oxyflames can be studied for carbon capture and storage. O 2 -enriched non-premixed flames are of interest for the heavy industry. It can also reproduce non-premixed oxy-flames met in syngas production under rich conditions mixed with steam. For all these combustion modes, variable degrees of swirl can be conferred to the reactants with the Oxytec setup. The Oxytec combustion rig is first described for operation under technically premixed, i.e. partially premixed conditions. The modifications made to adapt the combustor to non-premixed combustion with a dual swirl coaxial injector are then presented. This setup was used to stabilize more than 3000 flames for different operating conditions. The need for extensive parametric studies is outlined, followed by how automation of the measurement procedures has been implemented. The test rig equipped with the technically premixed injector is fully described in the work of [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF]. It has been used to investigate effects of swirl on the stabilization of technically premixed methane/air flames in a configuration where the injection nozzle is equipped with a diverging cup angle α = 10 • [START_REF] Jourdaine | Effect of quarl on N2-and CO2-diluted methane oxy-flames stabilized by an axial-plus-tangential swirler[END_REF]. It was also used to compare the stabilization of CO 2and N 2 -diluted oxy-methane flames and examine scaling rules when switching between air-to CO 2 -diluted oxy-combustion operation with the same injector [START_REF] Jourdaine | Effect of quarl on N2-and CO2-diluted methane oxy-flames stabilized by an axial-plus-tangential swirler[END_REF][START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF]). Part I -Experimental and numerical tools 29 Figure 1.1 shows a schematic of the Oxytec combustor. The combustion chamber has a square cross-section with dimensions 150 × 150 mm 2 and a 250 mm length. Four quartz windows provide large optical access to the combustion region. The burnt gases are exhausted to the atmosphere at ambient pressure through a nozzle with an area contraction ratio of 0.8. Two photographs of the Oxytec test rig are shown in Fig. 1.2. On the left in Fig. 1.2, the plenum is disassembled to show the injection system. On the right, the entire combustion chamber is shown with the plenum, the injector, the four quartz windows, and the converging outlet. The combustion chamber dump plane in contact with the burnt gases is cooled by water circulation. Water circulation is shown in blue on the left in Fig. 1.2. The temperature T p of the back plane is controlled with a thermocouple and kept constant and equal to T p = 450 K during all experiments. can be defined at the injector outlet [START_REF] Gupta | Swirl flows[END_REF] :

S 0 = π 2 Hr 0 N lL 1 1 + ṁz / ṁθ (1.1)
where H is the distance separating the tangential injection channels from the burner axis, r 0 the injector radius, and l and L the width and the height of the N tangential injection channels. More details on the swirl number are given in chapter 4. This device was designed to produce geometrical swirl numbers ranging from S 0 = 0 to 1.75 with N = 2 slits. Methane and the oxidizer are mixed inside the tangential channels of the swirler where the methane is injected as a jet in cross flow through small holes as illustrated in Fig. 1. 3(b).

The tangential methane/oxidizer stream ṁθ = ṁθ,fuel + ṁθ,ox. is then mixed with the axial oxidizer ṁz as shown in Fig. 1. 3(a). More details on the fuel injection system and on the mixing at the burner outlet are given in [START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF].

The methane/oxidizer mixture leaves the swirler through a r 0 = 10 mm cylindrical channel and flows into the combustion chamber through an end piece equipped with a diffuser with a variable cup angle α. The height of the diffuser cup is h = 10 mm. Partially premixed conditions are achieved at the injector outlet at z/r 0 = 0 with a good mixing degree [START_REF] Jourdaine | Effect of quarl on N2-and CO2-diluted methane oxy-flames stabilized by an axial-plus-tangential swirler[END_REF]. One flame has been numerically simulated in this work with a Large-Eddy Simulation. It will be shown in chapter 3 that the mean concentration of CH 4 is not uniform at the injection outlet z = 0, but that the combustion principally occurs at the desired equivalence ratio Φ = 0.95. This is why for simplicity the configuration explored in the following will be designated as premixed. One however has to keep in mind that the flames are technically premixed, i.e. partially premixed with a good degree of premixing.

Care was taken to wait for the thermal equilibrium of the chamber solid components before making measurements. All experiments presented in premixed conditions are conducted at the equivalence ratio Φ = 0.95 for a thermal power P th =14.6 kW corresponding to a Reynolds number Re = 18 000 based on the injection tube diameter 2r 0 = 20 mm and the bulk temperature T u = 293 K.

The geometrical swirl number is calculated with Eq. (1.1) and varied by modifying the mass flow rates ṁθ and ṁz . Note that the effects of the diverging cup are not taken into account in this definition of the swirl number.

The confinement ratio C r is defined as in [START_REF] Mongia | Engineering aspects of complex gas turbine combustion mixers part iii : 30 opr[END_REF][START_REF] Fanaca | Comparison of the flow field of a swirl stabilized premixed burner in an annular and a single burner combustion chamber[END_REF]) : C r = W 2 /(A 0 ), where W = 150 mm is the width of the combustion chamber and A 0 is the cross-section area at the injector outlet A 0 = πr 0 2 . The quarl angle varies in studies from α = 0 to 45 o leading to changes of the confinement ratio 18 ≤ C r ≤ 72. According to [START_REF] Fanaca | Comparison of the flow field of a swirl stabilized premixed burner in an annular and a single burner combustion chamber[END_REF], the Oxytec injector operates then in the free-jet regime for all quarl angles tested. This regime is typical of a swirling jet exhausting into an unconfined atmosphere and of confined systems with sidewalls aways from the injector nozzle (Guiberti et al. 2015).

Dual swirl coaxial injector used for non-premixed conditions

A dual swirl injector has been designed and manufactured during this thesis to stabilize oxy-flames in non-premixed conditions. A schematic of the test rig is shown in Fig. 1.4 in the non-premixed configuration. The injector is sketched in Fig. 1.5. The injector comprises a central tube of inner diameter d 1 = 6 mm which conveys the methane flow, and an annular channel of outer diameter d 2 = 20 mm filled with O 2 -enriched air. The thickness of the central tube is e = 1 mm. A photograph of elements of this new injector is provided in Fig. 1.6.

Tests have also been made with an injector of inner diameter d 1 = 10 mm, but are not reported in this work. In some experiments, the annular channel eventually ends with a quarl angle α. A diverging cup is inserted at the outlet of the injector, as shown in Fig. 1.7. In this configuration, rotational motions are provided to both the central and the annular streams. The inner stream is swirled with the help of four removable sets of axial twisted vanes with trailing edge angles θ 1 = 0, 30, 50 and 60 • . Assuming a solid-body rotation of the inner fuel stream, the geometrical swirl number S 1 is given by S 1 = 1/2 tan(θ 1 ) =0, 0.29, 0.60 and 0.87. In chapters 7, 10, 11 and 12, the inner and outer swirls are co-rotating. In chapter 12, the effect of the inner swirl is investigated in both co-and counter-rotating directions with respect to the outer swirl. In this case, seven removable sets of axial twisted vanes with trailing edge angles θ 1 = -60, -50, -30, 0, 30, 50 and 60 • are used. The central fuel and annular oxidizer streams are counter-rotating when θ 1 < 0 and co-rotating otherwise. A photograph of these swirlers is shown in Fig. 1.6.

Each swirler is composed of four blades which cover the whole cross section area of the central fuel lance with a slight overlap of the trailing edge of the twisted blade above the leading edge after one rotation, as illustrated in Fig. 1. 5(c). The inner swirler is set in the fuel lance with a recess of 2d 1 upstream of the injection plane. These swirlers are produced with 3D metallic printing using Inconel ® and shown in Fig. 1.6. The surface quality is poorly controlled with this technique. It is however considered that this has a small impact on the flow since the inner swirler is placed with a recess upstream the injection plan.

The same swirler has been produced by two different manufacturers leading to different surface roughness but it was checked that this does not affect the measurements.

The swirling motion in the annular oxidizer stream is generated with four tangential slits as shown in Fig. 1. 5(b). The generation of swirl is the same as for the premixed configuration, except that there is an inner tube conveying the fuel placed in the center of the oxidizer annular channel.

2H

l The distribution of the axial Q 2,z and tangential Q 2,θ volume flowrates provides an adjustable swirl level S 2 that can be varied during operation of the burner (Fig. 1. 5(a)). Considering again a solid-body rotation of the annular flow, the geometrical swirl number S 2 in the annular channel is given by :

d 1 d 2 Q 1 (fuel) Q 2,z L Q 2,
S 2 = π 4 Hd 2 N lL 1 -(d 1 /d 2 ) 4 1 + Q 2,z /Q 2,θ (1.2) 
where H = 9 mm is the distance separating the tangential injection channels from the burner axis, l = 3 mm the width and L = 10 mm the height of the N = 4 tangential injection channels regularly distributed around the circumference of the outer tube (see Fig. 1.5(b)). This system provides an outer swirl number S 2 ranging from 0 up to 1.23. The inner fuel stream and the annular oxidizer stream are mixed downstream the injector in the combustion chamber.

The main dimensions of the combustion chamber are given in Fig. 1.4. The injection plane of the coaxial injector is located 5 mm above the backplane of the combustor to ease imaging the flame root and flame liftoff height. This height defines the axial origin z = 0 for the diagnostics and analysis, and there is no recess between the central and the outer injection tube outlets (see Fig. 1.5(a)). 

Diverging cup

A diverging cup may eventually be added at the top of the injector. The angle of this diverging cup is an essential component of the injection device because it constitutes an independent freedom degree of the system. Impact of this diverging cup is investigated in chapter 5 in premixed conditions and in chapter 11 in non-premixed configurations. Furthermore, the reference flames scrutinized in premixed configurations in chapters 6, 8 and 9 all feature a quarl angle fixed to α = 10 • .

The diverging cup is a removable component that is fixed to the backplane of the combustor and shown in Fig. 1.7. In the non-premixed configurations, the outlet of the diverging cup is elevated 5 mm above the chamber backplane to ease visualization with optical diagnostics (see the images at the bottom in Fig. 1.7). In this work, the premixed configurations studied feature an injector with a straight quarl (α = 0 • ) shown at the top left in Fig. 1.7 without elevation above the chamber back plane. Effects of the quarl angle in the premixed mode were thoroughly investigated by [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF]. 

Test bench automation for parametric studies

One of the general objective of this work is to improve understanding of the stabilization mechanisms of oxy-flames. The investigations carried out tackle several industrial processes and operating conditions. As an example, one motivation is to develop scaling laws and low order models for the combustion processes used in heavy industry where oxy-combustion is of practical interest. The combustor geometry and the injection conditions are therefore not fixed, and the reactant mass flow rates and their composition can extensively be varied.

The non-premixed lab-scale combustor and the associated diagnostics have been designed to investigate a large number of operating conditions. The flexibility of the Oxytec test rig is illustrated in Fig. 1.8 :

1. The injector can be fed with methane (CH 4 ), air, and nitrogen (N 2 ) available on the gas grid. It can also be fed by oxygen (O 2 ), carbon dioxide (CO 2 ) and helium (He) with the help of gas bottles. The injector and burner were also designed to inject steam even though this possibility was not used in this work. Each species can be separately conveyed with the help of independent Bronkhorst ® mass flow-controllers.

2. Swirl is an independent parameter that has a significant impact on the flame and flow pattern. The axial-plus-tangential swirl enables to switch from non-swirling conditions to operations with a high swirl number in the annular oxidizer channel. Note that the outer swirl can be modified in real-time during the experiments. The swirl in the central tube is changed by removing the swirlers when the combustor is shut down (see Fig. 1.6).

3. The removable quarl placed at the top of the central fuel lance constitutes another degree of freedom (see Fig. 1.7).

4. Finally, the Oxytec test rig can be operated with or without the combustion chamber. The flames are operated without confinement in chapter 10. In chapter 11, it is shown that removing the combustion chamber does not affect the flame liftoff distance for the investigated conditions. Investigation of the stabilization mechanisms of non-premixed swirled methane oxy-flames is challenging because there are many degrees of freedom. This issue is illustrated in the following with a rough estimation of the number of possible configurations. The analysis starts with the description of the mixture. Let N CH 4 be the number of investigated concentrations of methane in the fuel stream. One also introduces N O 2 the number of investigated levels of O 2 -enrichment in the oxidizer stream. The velocity in the inner and outer streams are fixed by the thermal power P th and the equivalence ratio Φ. For a given injector geometry and swirl level in the central fuel lance and oxidizer stream, the injection conditions for a non-premixed flame are then described by four independent parameters, leading to

N CH 4 × N O 2 × N P th × N Φ distinct combinations.
One must now add the parameters which enable to control the flame pattern. The number of possible configurations for the inner swirl level, outer swirl level, and angle of the diverging cup are noted N S 1 , N S 2 , and N α , respectively. The number of possible configurations is therefore extremely high :

N CH 4 × N O 2 × N P th × N Φ × N S 1 × N S 2 × N α .
Scaling laws and intuition on the physical mechanisms controlling flame stabilization help to reduce the number of freedom degrees to study the system. This simple analysis also indicates that a clever parametrical approach is required. In this thesis, about 3000 flames have been stabilized and analyzed, at least with OH * chemiluminescence measurements. The method presented in the following has been implemented to conduct an extensive parametrical study with a low source of errors.

A Matlab ® routine turns the investigated combustion parameters into analog voltages input that control the mass-flow controllers. The mass-flow controllers are then manually set to the desired flow rates. This procedure enables to operate the combustor by hand safely. During the experimental measurements, the mass-flow controller analog outputs are recorded and their values averaged over the experiments duration. The original mass flow rates are automatically saved in a Matlab ® file with a unique identifier. A double-check is made by manually writing the flow-rates during operations of this system. The operating conditions and the combustion parameters reported in this work are based on the mass-flow controllers analog output. This double-check reduces the source of errors when a large number of points are collected. All the parametrical studies in this work have been conducted with this procedure.

Conclusion

The main components of the Oxytec test rig have been described. It can be operated in a technically premixed mode as described in the work of [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF]. The modifications made to operate the combustor in non-premixed configurations with a new dual swirl coaxial injector were then presented. The new version of this test rig enables to control the swirl level in premixed and non-premixed conditions with an axial-plus-tangential swirler and a set of axial swirlers. It has also been shown how to modify the injector with a diverging cup positioned at the outlet of the injector. The opening of the quarl angle constitutes another degree of freedom to control the flame and flow patterns. This new test rig allows to perform parametrical analyses for a broad range of injector geometries and operating conditions. An automated procedure has been designed to automatically record the experimental conditions which allowed to optimize time, spare oxygen and fuel, and to limit the risk of errors.

Chapitre 2

Diagnostics

The diagnostics used in this work are presented in this chapter. The flame topology is investigated with visible light observation and its chemiluminescence is analyzed. Its structure is examined with Laser-Induced Fluorescence (LIF) on the OH radical. The velocity flow-field is assessed with Particle Image Velocimetry (PIV) in reacting and non-reacting conditions. The temperature is measured with thermocouples for the gas phase and with Laser-Induced Phosphorescence (LIP) for temperatures at the surface of the solid components of the combustor.

The nature of the work provided is very different for each diagnostic. For OH * chemiluminescence or Laser-Induced Fluorescence, standard configurations were well adapted to acquire the data. New developments have been achieved to improve the Laser-Induced Phosphorescence setup which was initially developed at EM2C by [START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF]. This is also the case for the elaboration of double bead thermocouples used to measure the hot gas temperatures to mitigate the inaccuracy imparted by radiative heat losses. The level of details provided in this chapter for each diagnostic follows the degree of personal implication in the development of these techniques. The studies which are presented later in this manuscript either concentrate on selected operating points or investigate the structure of the flows and of the flames for large ranges of parameters. For the latter case, a large amount of data has been acquired so as to build stability diagrams and derive low-order models. The experimental campaigns and the acquisition chains have therefore been designed to conduct all of these parametrical studies in a fast, automated and robust manner. This is more specifically the case for OH * chemiluminescence measurement campaigns. The topology of 3000 flames was analyzed. 250 coaxial jets configurations were investigated with PIV in non-reacting conditions. For each diagnostic, a systematic sensitivity analysis is conducted prior to every measurement campaign. Further details can be found in Appendix A. 

Visible light observation

Observation of the light emitted by a flame in the visible spectrum constitutes the first and simplest way to investigate the flame topology. Methane-air flames feature two principal colors. The blue color results from chemiluminescence processes of combustion reactions in both premixed and non-premixed conditions. For configurations with an excess of fuel with respect to stoichiometry, the yellow-white signal originates from the black body-radiation emitted by solid particles downstream the flame front. Direct observation of the visible flame emission is convenient to study the flame macro-behavior to analyze its structure, blowoff and liftoff characteristics and to deduce stability diagrams [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF][START_REF] Wu | Prediction of the liftoff, blowout and blowoff stability limits of pure hydrogen and hydrogen/hydrocarbon mixture jet flames[END_REF]. This is also often used to compare labscale experiments with those conducted in an industrial furnace where optical access is limited and instrumentation is difficult. Acquisition of the flame intensity with a camera in the visible spectral range can also be used to study the visible flame-length [START_REF] Hawthorne | Mixing and combustion in turbulent gas jets[END_REF][START_REF] Kim | Emission characteristics of the 0.03 MW oxy-fuel combustor[END_REF][START_REF] Kim | Studies on combustion characteristics and flame length of turbulent oxy-fuel flames[END_REF] or the visible flame liftoff [START_REF] Cha | Effect of swirl on lifted flame characteristics in nonpremixed jets[END_REF][START_REF] Wu | Prediction of the liftoff, blowout and blowoff stability limits of pure hydrogen and hydrogen/hydrocarbon mixture jet flames[END_REF]). An example of flame images acquired in the visible range is given in Fig. 2.1 to illustrate the liftoff process of two oxy-flames. The snapshot on the left illustrates a flame that protrudes inside the injector, whereas the one on the right is detached from the injector central rim.

The collection of the flame light emission is integrated along the line of sight from the source to the detector. An instantaneous snapshot of a turbulent flame is highly asymmetrical which impedes to deduce the flame topology from tomographic reconstruction techniques based on the symmetry of the flow. For most practical injectors, the flame intensity becomes, however, invariant by rotation around the centerline axis of the burner when time-averaged. Only the mean flame intensity can, therefore, be used to infer the flame topology. This constitutes a major disadvantage of this diagnostic. 

OH * chemiluminescence images

Chemiluminescence defines the light emission which results from a chemical reaction [START_REF] Gaydon | Flames, their structure, radiation, and temperature[END_REF]. Given two reactants, an intermediate species, noted χ * , is created and lies in an excited state. An example of such chemical reaction is given for the hydroxyl radical OH * which is abundant in the hot reacting zone of a flame. To study this signal, the chemical kinetics scheme GRI-Mech 3.0 has been used [START_REF] Smith | Gri-mech 3.0[END_REF]) and completed with the chemistry of OH * [START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF] :

CH + O 2 -→ CO + OH * O + H -→ OH * OH * -→ OH + hν
Where h is the Planck constant and ν the frequency of the emitted photon.

For the hydroxyl radical, this corresponds to the frequency ν = c/λ where the wavelength λ = 306.4 nm lies in the ultraviolet OH band (Marchese et al. 1996) and c is the speed of light. OH * chemiluminescence has been extensively used to locate the flame front in both premixed [START_REF] Guiberti | Flame chemiluminescence from CO2-and N2-diluted laminar CH4/air premixed flames[END_REF]) and nonpremixed conditions [START_REF] Smooke | Computational and experimental study of OH and CH radicals in axisymmetric laminar diffusion flames[END_REF][START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF]. In premixedcombustion, [START_REF] Paschereit | Coherent structures in swirling flows and their role in acoustic combustion control[END_REF] used chemiluminescence in a closed-loop control system to reduce combustion instabilities and NOx emissions. OH * and CH * emission have also directly been studied for industrial premixed systems [START_REF] Yoshida | Chemiluminescence emission of C2, CH and OH radicals from opposed jet burner flames[END_REF][START_REF] Docquier | Combustion control and sensors : a review[END_REF][START_REF] Ding | Chemiluminescence based operating point control of domestic gas boilers with variable natural gas composition[END_REF]. The interest for OH * chemiluminescence has led to chemical kinetics schemes to predict its reaction rate [START_REF] Haber | A global reaction model for OH* chemiluminescence applied to a laminar flat-flame burner[END_REF][START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF][START_REF] Panoutsos | Numerical evaluation of equivalence ratio measurement using OH* and CH* chemiluminescence in premixed and non-premixed methane-air flames[END_REF].

For non-premixed systems, De [START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF] investigated OH * emission of methane/oxy-flames at atmospheric pressure. In their study, the authors used the GRI-Mech 3.0 kinetics scheme coupled with additional reactions to compare OH * concentrations. They evidenced that OH * and CH * profiles are sharper than the temperature profile and that the OH * and CH * concentration peaks lie at a very close distance δ ≤ 1.5 mm from the location of the maximum of temperature. These results, which were obtained for a large range of O 2 mass fractions and strain rates, are well in the scope of this thesis. OH * and CH * intermediate radicals can, therefore, also be used in non-premixed oxy-flames to track the position of the heat release. Instruments, UV-Nikkor 105 mm Lens) equipped with a narrow-band filter with a high transmissivity around λ = 310 ± 5 nm (Asahi Spectra XBPA310 bandpass). As with the visible light emission, OH * chemiluminescence images are integrated in the line of sight. The long exposure time of OH * images yields an axially symmetrical field of OH * emission. The number of samples N s used in this thesis to obtain the mean flame image ranges between N s = 30 for the flames lying in the jet-like regime to N s = 100 for the flames with a CRZ. The snapshot exposure time ∆t expo > 20 ms is much larger than the turbulent time scale ∆t turb 0.4 ms. The turbulent time scale ∆t turb d 1 /u 1 has been estimated based on d 1 = 6 mm the inner diameter and u 1 the bulk velocity at the outlet of the central injector. This intensity field can, in turn, be used to investigate the flame topology. One example is given at the top in Fig. 2.3 for three non-premixed swirling oxy-flames operated at an annular swirl S 2 = 0.85 with an O 2 mass fraction in the annular stream Y O 2 ,2 = 0.40. These operating points have been selected because they feature different flame topologies and their stabilization mechanisms are discussed in chapter 12. Flame a 1 is anchored in the wake of the injector rim. Flame a 2 is compact but detached from the central tube. Finally, flame a 3 is lifted further away from the injection plane. For these three flames, the signal along the centerline axis is large because the ray beams are integrated all along the reaction region. On the contrary, the signal originating from the outer region of the flame has a reduced intensity.

Abel deconvoluted images

An alternative to circumvent the accumulation of signal issuing from an axially symmetrical flame is to perform an Abel deconvolution of the OH * intensity field [START_REF] Moeck | Tomographic reconstruction of heat release rate perturbations induced by helical modes in turbulent swirl flames[END_REF]. Abel transform is a mathematical procedure to infer the axially symmetric emission field on a 2D transverse plane (the Abel transform) given a projection of the 3D emitted signal (the line integrated emission as collected with a camera for axisymmetric systems). This operation often gives well-defined images that clearly delineate the reaction layer. In other cases, it may also lead to blurry images giving no useful information on the flame topology. As an example, the Abel transform has been performed on the previous flames and is represented at the bottom in Fig. 2.3. When the flame is attached in the wake of the injector central rim (Flame a 1 ), the Abel deconvoluted image features a sharp reaction layer. Flame a 2 is not attached to the injector central rim but remains close to the injection plane. The Abel transform yields in this case also sharp information complementary to the line of sight integrated images situated above. The reaction layer starts directly at the outlet of the injector, on the centerline axis and features a V-shape which marks the delineation between the reactants and the recirculating burned gases. This is confirmed later in the manuscript with PIV experiments. One may, however, note that residual noise appears close to the centerline axis, which is a common bias imparted by the Abel deconvolution. The last flame a 3 is swirl-stabilized and lifted further downstream. The Abel deconvoluted image is, in this case, blurry and does not provide any useful information.

Performing an Abel deconvolution, therefore, gives information on the reaction layer position when the flame is attached to the central fuel rim or when the flame lies close to the injector outlet. This technique is used in this work to parametrically analyze the flame shape on a very large range of operating conditions.

Position of the OH * radical with respect to heat release

OH * chemiluminescence is a powerful diagnostic because the collection of spontaneous emission is relatively straightforward. Correspondence between the position of the OH * peak with respect to the heat release rate has been the topic of many studies [START_REF] Lauer | On the adequacy of chemiluminescence as a measure for heat release in turbulent flames with mixture gradients[END_REF][START_REF] Lauer | Determination of the heat release distribution in turbulent flames by a model based correction of OH* chemiluminescence[END_REF]. For turbulent swirl-stabilized flames in premixed conditions, [START_REF] Lauer | On the adequacy of chemiluminescence as a measure for heat release in turbulent flames with mixture gradients[END_REF] showed that OH * or CH * chemiluminescence signals do not always match with the heat release rate distribution. A correction method is proposed in [START_REF] Lauer | Determination of the heat release distribution in turbulent flames by a model based correction of OH* chemiluminescence[END_REF]. For non-premixed oxy-flames, OH * is considered as a good tracer of the heat release for the target flames of this work [START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF]). The posi-tion of the OH * peak is compared with the temperature profile, the heat release rate and the mixture fraction at stoichiometry z = z st . For this purpose, numerical simulations of steady one-dimensional counterflow methane/oxy-flames were carried out with the AGATH solver with the GRI-Mech 3.0 mechanism [START_REF] Smith | Gri-mech 3.0[END_REF]) and completed with OH * chemistry as in [START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF]). These authors evidenced that the OH * peak emission from diffusion oxy-flames lies very close to stoichiometry at z = z st for a large range of oxygen enrichments and strain rates. This property is verified for two operating points of interest, represented in Fig. 2.4. Fuel and oxidizer are both diluted with N 2 . In these spots, the fuel lies on the left side at X CH 4 =1 (top) / 0.54 (bottom). The oxygen is situated on the right side at X O 2 =0.80 (top) / 0.37 (bottom). The strain rate is set to a = 40 s -1 . The OH * molar fraction is represented in solid line and the temperature as dashed lines. In both cases, the peaks of OH * molar fraction lie close to the temperature peak δ < 0.5 mm. The location of these peaks is also very close to the location where the mixture fraction reaches stoichiometry z = z st . Numerical simulations have been performed for different strain rates, fuel and oxidizer compositions, and the same conclusions prevail. Regarding the dimension of the injector of inner diameter d 1 = 6 mm, the diffusion reaction layer is thin and the OH * peak lies where the reactants are mixed at stoichiometry. The hydroxyl radical OH * therefore constitutes a very good tracer of the reaction layer for the non-premixed oxy-flames investigated in this work.

Spatial calibration of flame images

Many diagnostics used in this work rely on images collected by a camera (visible light, OH * chemiluminescence, OH-Planar Laser Induced Fluorescence and Particle Image Velocimetry). A correct conversion between the pixels and the physical distance is paramount for extracting quantitative information as the position of the reaction zone from these optical diagnostics. Parallelism also needs to be verified. Two parallel lines in the measurement volume must remain parallel when collected with the camera. [START_REF] Guillaume | Démarche d'estimation des incertitudes en piv basée sur la méthode gum[END_REF] for example conducted an extensive sensitivity analysis on PIV measurements. The authors showed that calibration grid errors are the first source of uncertainties in their experimental setup. For these reasons, the conversion from pixel to the physical distance has therefore been handled with care for all the diagnostics involving a camera.

A routine has been developed in Matlab ® which converts raw images into calibrated images. The result of the calibration procedure is presented in Fig. 2.5. A calibration grid is placed at the outlet of the injector centered on the centerline axis of the combustor. Care was taken to set the plane of the calibration grid parallel with the camera sensor plane. Based on an image of a calibration rod, geometrical transformations are defined to set parallelism and scaling of the images. This set of geometrical transformations comprises rotations, translations and other transformations using the function fitgeotrans in Matlab ® . In the fitgeotrans function, control points are paired with each other between the physical image and an orthonormed grid. The transformation also enables to correct parallelism. The same operations are applied between the flame images and the image of the grid, as in Fig. 2.5. The same calibration procedure is used to get images of the flame in the visible band, OH * , chemiluminescence images and LIF images. Calibration of the images used for the PIV technique is directly carried out with the Dantec dynamics PIV software [START_REF] Jensen | Flow measurements[END_REF]). The results for the calibration procedure are shown in Fig. 2.5. On the left, the dimensions of the injector, the combustion chamber and the calibration grid are represented on scale and compared with the red grid. The injector outlet is elevated at a distance δ = 5 mm above the combustion chamber backplane. This defines the origin z = 0 when the combustor is equipped with the coaxial injector. This recess is not present when the flames are operated in premixed conditions. The combustion chamber sidewalls are situated at a radial distance r = ±75 mm on both sides of the centerline axis, which are also well represented in Fig. 2.5. A closer view of the calibration grid is shown on the right in Fig. 2.5 to verify that the numerical grid is well superimposed to the graph paper. It results that the two grids perfectly collapse. The gap δ ε is less than the size of three pixels δ ε < 3δ p = 0.45 mm. This property also prevails at a large height z = 100 mm away from the injector outlet. Longer flames were also studied without the combustion chamber and their typical flame length was L s = 300 mm. In this case, another calibration grid was used.

The special care taken for the calibration procedure enables to extract quantitative information from the OH * chemiluminescence measurements, such as the flame length or the liftoff height.

Image segmentation

Image segmentation was extensively used in this work. This was used to compare flames between them, but it also leads to an estimate of the flame length L s or the flame liftoff height z f . Several choices can be made to binarize an image. The most straightforward segmentation is to set an arbitrary threshold based on the normalized intensity of one image. A more elaborated technique is to find the location where the intensity gradient is maximum. The choice retained in this work relies on a more advanced segmentation procedure, the Otsu thresholding method [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]. Given the importance of this algorithm for the development of low-order models all along this thesis, the technique is briefly presented in the following.

Let us discretize an image into L intensity gray levels. For each gray level i, p i denotes the probability for a pixel to have the intensity i. Let consider a threshold level k where 1 ≤ k ≤ L. The pixels with intensity levels i below k are considered as the background (class C 0 ), whereas the pixels where k > i constitute the object (class C 1 ). The segmentation procedure aims at finding the best value for k which brings the object to the foreground. The probability of classes w 0 and w 1 are defined as follows :

             ω 0 = k i=1 p i ω 1 = L i=k+1 p i (2.1)
By definition, one has ω 0 + ω 1 = 1. The mean class levels µ 0 and µ 1 are defined as :

             µ 0 = k i=1 ip i /ω 0 µ 1 = L i=k+1 ip i /ω 1 (2.2)
Finally, the class variances σ 0 and σ 1 are defined as : And the within-class variance is :

             σ 2 0 = k i=1 (i -µ 0 ) 2 p i ω 0 σ 2 1 = L i=k+1 (i -µ 1 ) 2 p i ω 1 (2.3)
σ 2 w = ω 0 σ 2 0 + ω 1 σ 2 1 .
The Otsu algorithm states that the best segmentation level k is the one which minimizes the within-class variance σ 2 w [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]. A routine has been implemented in Matlab ® which computes the within-class variance for all the threshold levels k and select the minimum value.

Before applying this method to an OH * flame image, the Otsu method is first tested on "Guernica", the famous black and white painting from Picasso to illustrate the principle and validate the algorithm implementation with one convincing example. Results are shown in Fig. 2.6. At the top left corner, the probability p i of pixel intensity features a two peaks distribution. The withinclass variance σ 2 w is plotted below and features a global minimum between these two peaks when the segmentation level is k = 17. The pixels of intensity i > k, therefore, belong to the object and the others to the background. The result of the Otsu segmentation method is represented in the bottom right corner. The procedure is seen to successively bring the main elements of "Guernica" to the foreground.

The Otsu algorithm is now tested on a mean OH * image from an unconfined flame in the jet-like regime in Fig. 2.7. In this example, the normalized intensity I/I 0 continuously decreases from 1 to 0. It is, therefore, less straightforward to separate the object from the background than in the previous example. The Otsu algorithm states that the gray level k/32 = 9/32 = 0.28 is the best threshold to segment the images. This contour level is superimposed to the flame image with a thickened white line. This enables to unambiguously define the flame length L s and the flame liftoff height z f as the top and the bottom of the Otsu contour along the burner axis. In this case, L s = 43d 1 and there is no liftoff height z f = 0 because the flame is anchored to the injector central rim. The Otsu procedure was applied for all the 3000 flames investigated with OH * chemiluminescence so as to determine L s and z f over a very large range of operating conditions. This algorithm is also at the root of the scaling relations for the length and liftoff height of oxy-flames with and without swirl, which are presented later in the manuscript.

Experimental setup and sensitivity analysis

This diagnostic is relatively straightforward to implement and only two parameters can be tuned to control the intensity of the OH * signal : the lens aperture f and the exposure time τ . Influence of these two parameters is investigated in Fig. It results that all flames feature the same topology despite large changes of focal length and aperture time. The Otsu contour is roughly identical for all the investigated optical parameters. The sensitivity analysis is pushed further by comparing the flame length L s . The average flame length is here L s = 29.4d 1 .

The standard deviation among the N recorded flame length is defined as :

L s,rms = N i=1 (L s -L s ) 2 1/2 /(N -1) (2.4)
This yields L s,rms = 0.78d 1 . This leads to a very small relative deviation of L s,rms /L s = 2.6%. The same tests were repeated for a very compact flame with L s = 9d 1 featuring a high annular swirl, and this leads to the same conclusion.

The standard deviation of L s in this case is also very low : L s,rms /L s = 1.6%.

It results that changes of the optical acquisition parameters barely affect the flame length when estimated with the segmentation method from [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]. 

OH Planar Laser-Induced Fluorescence (PLIF)

The instantaneous position of the burned gases and of the flame front need to be determined to study the flame structure and the flame stabilization mode. Wrinkling of the reaction layer also constitutes a fundamental property that is often analyzed by performing longitudinal or transverse laser cuts of the flow. Laser-Induced Fluorescence of the OH radical [START_REF] Lee | Measurement and analysis of flame surface density for turbulent premixed combustion on a nozzletype burner[END_REF][START_REF] Kobayashi | Turbulent premixed flame characteristics of a CO/H2/O2 mixture highly diluted with CO2 in a high-pressure environment[END_REF][START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF], or the CH radical [START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF] are well suited for this purpose. Other techniques can be used, such as Rayleigh scattering from a laser sheet intersecting the flow [START_REF] Shepherd | Premixed flame front structure in intense turbulence[END_REF] or Mie scattering laser tomography when the flow is seeded with small particles [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF]). The Laser-Induced Fluorescence is a spectroscopy technique based on the spontaneous emission from atoms or molecules that have been excited by laser radiation. This diagnostic has been largely employed in the analysis of reacting-flows [START_REF] Cessou | Planar laser induced fluorescence measurement of OH in the stabilization stage of a spray jet flame[END_REF][START_REF] Daily | Laser induced fluorescence spectroscopy in flames[END_REF][START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF]. Standard choices have been made in this work regarding the spectral band to excite and collect the emission from the OH molecule. Only the main elements of the LIF-technique diagnostics are presented in the following.

The OH-PLIF measurements presented in this work have only been performed in non-premixed conditions. OH-PLIF measurements of partially premixed flames presented in this manuscript have been carried out by [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF] with a similar setup.

Selection of the laser excitation wavelength

The choice for the wavelength of excitation and collection are first presented and validated afterwards for a target counterflow diffusion oxy-flame. The LIF diagnostic enables to collect the emission of a molecule following a laser impulse.

The OH LIF signal results from the transition from an excited level to a fundamental one characterized by an electrical, a vibrational and a rotational state. The following transition is chosen to excite the OH species with a short laser impulse. From an electrical state A to the ground state X, the band A 2 Σ -X 2 Π(1, 0) is considered, where 1 and 0 respectively denote the vibrational states of the A and X electronic states. The rotational state is characterized by the Q 1 (6) transition, meaning that the OH is excited to its 6 th vibrational state, and Q indicates that the two states A and X lie at the same vibrational level. The laser impulse is set to λ = 282.93 nm to excite this band.

The fluorescence signal is sketched in Fig. 2.9, reproduced from [START_REF] Cessou | Planar laser induced fluorescence measurement of OH in the stabilization stage of a spray jet flame[END_REF]. The spectrum is collected in the following vibrational bands A 2 Σ-X 2 Π(0, 0) and A 2 Σ-X 2 Π(1, 1). The same choice are made as in [START_REF] Cessou | Planar laser induced fluorescence measurement of OH in the stabilization stage of a spray jet flame[END_REF][START_REF] Daily | Laser induced fluorescence spectroscopy in flames[END_REF][START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF]. With this setup, excitation and fluorescence do not happen at the same wavelength. Choices for excitation and fluorescence wavelengths are now validated in a target flame with spectroscopy numerical simulations.

Before choosing the appropriate wavelength for excitation and light collection, a characteristic gas temperature must be determined. A non-premixed flame can be characterized by at least two different temperatures. Under the framework of infinitely-fast chemistry, the reactants are consumed where the reactants meet at stoichiometry i.e. where z = z st . The flame temperature at this location T f depends on the strain rate a of the counterflow diffusion flame but does not depend on the global equivalence ratio Φ of the overall mixture. The strain rate (1996).

is fixed to a = 40 s -1 for the following numerical simulations. Another temperature is the burned gas temperature T bg at equilibrium. Assuming that the injected reactants are entirely consumed in an adiabatic and uniform reactor, the gas temperature T bg directly depends on the global equivalence ratio Φ.

The target flame retained here is a reference flame which is investigated later in the manuscript. An O 2 -enriched methane counter-flow diffusion flame is used for the analysis with Y O 2 = 0.4. When the equivalence ratio is close to unity Φ = 0.91, the adiabatic burned gas temperature T bg = 2615 K is close to the flame front temperature T f T bg . However, when Φ = 0.4, the burned gas temperature is much lower T bg = 1824 K. The two extreme temperatures T f = 2656 K and T bg = 1824 K are therefore used to select the wavelength of the OH-PLIF setup.

Given the two retained temperatures, numerical simulations are performed using LIFBASE [START_REF] Luque | Lifbase : Database and spectral simulation program (version 1.5)[END_REF] to obtain the spectroscopic properties of the OH radical at these temperatures. The spectra for the excitation and the LIF emission signal are represented in Fig. 2.10 for the two temperatures T f = 2656 K and T bg = 1824 K. The bandwidth of the bandpass filter used for the collection is represented in gray. Absorption of the OH radical lies between 280 nm and 290 nm and the LIF emission signal ranges from 305 nm to 320 nm. The difference between the spectra obtained for the two temperatures is very small. The peak is slightly wider for T f = 2656 K, which can yield a small loss of OH-PLIF signal close to the flame front for the wavelength λ > 315 nm out of the bandpass filter. A spectrum with a finer resolution spectral resolution δ = 0.01 nm is represented in Fig. 2.11. Many absorption bands can be excited in this spectral range. The band Q 1 (6) lying at λ = 282.93 nm features a high peak and is therefore retained. The laser must be tuned to excite the hydroxyl radical at this wavelength.

Experimental setup

The OH-PLIF experimental test bench is shown in Fig. 2.12. It comprises a Continuum ND6000 dye laser with Rho-damine 590 dye diluted in ethanol solvent and pumped by a Continuum Precision Nd :YAG laser cadenced at 10 Hz. The setup is tuned to deliver impulses at λ = 282.93 nm with power of 20 mJ/pulse corresponding to the Q 1 (6) transition. The laser sheet is created when passing a UV cylindrical lens (f = 30 mm) followed by a UV spherical lens (f = 1 m). The focal point of the setup is located just behind the combustion chamber, as represented in Fig. 2.12. This helps to have a laser sheet with a roughly constant thickness δ 0.5 mm. The laser sheet is 100 mm high. The thickness has been estimated with thermal paper positioned at different locations inside the combustion chamber. The fluorescence emission is recorded by a ICCD Camera (PI-MAX4) equipped with a bandpass filter at λ = 310 ± 5 nm. The combustor is placed on a three-axis movement system to precisely position the laser sheet above the coaxial injector.

The Q 1 (6) absorption band is very narrow δ 0.02 nm. The laser excitation wavelength must therefore be finely tuned. This is achieved with a waveme-ter placed at the outlet of the laser which controls the laser frequency. The optical behavior of the lenses inside the laser are very sensitive to room temperature, leading to changes in the excitation wavelength of the laser. This must be constantly corrected. The power of the beam is also subjected to changes in ambient room temperature, and is always adjusted with the help of a powermeter. Given the height of the laser sheet, the energy deposit of the excitation signal is moderate so that the OH-PLIF signal lies in the linear regime [START_REF] Daily | Laser induced fluorescence spectroscopy in flames[END_REF]. The collected OH-PLIF signal is, in this case, proportional to the intensity of the laser beam which fluctuates of about 10 % between pulses around the value e j = 18 mJ. This configuration enables to track the position of the burned gases and of the flame front where OH is abundant when the temperature is high.

Laser intensity @ 282.93 nm The laser and the camera must be synchronized to collect the LIF signal. As presented in Fig. 2.13, the different components are triggered with the help of a Digital Delay BNC box delivering a TTL signal. The delay between the flash lamp and the Q-switch of the laser has been set to δ l = 257 µs. This duration has been chosen to maximize the power of the laser with a power-meter. The delay between the camera and the Q-switch has been set to δ c = 240 ns so as to collect only the LIF signal. The aperture time of the camera is then set to τ = 50 ns, which is slightly longer in duration than the exponential decay of the fluorescence signal. When the central stream is swirled S 1 = 0.87, in the right image of Fig. 2.14, the flame is pushed upstream. The flame structure and topology are, in this case, more complex. The reaction layer in the wake of the injector rim has disappeared, and a new reaction layer is stabilized close to the injector dump plane on the centerline axis of the injector. In this case, OH-PLIF is also detected in the outer recirculation zone of the combustor. OH-PLIF is used in this case to locate the instantaneous flame front of non-premixed oxy-flames accurately. In order to decipher the stabilization mechanisms, information on the flow field and on the position of the central recirculation zone are also required.

Typical OH-PLIF images

Particle Image Velocimetry (PIV)

Particle Image Velocimetry (PIV) allows to capture the two-dimensional instantaneous velocity of particles in a laser sheet intersecting a seeded flow [START_REF] Raffel | Particle image velocimetry : a practical guide[END_REF]. It covers a large range of applications from laminar non-reacting flows to turbulent combustion and is also widely used in the industry. The basic principle of PIV is sketched in Fig. 2.15. The PIV technique relies on the displacement of solid or liquid particles seeded in a fluid stream. These particles are illuminated by two laser impulses. The Mie scattering signal from these particles is collected with two successive snapshots between which the particles have moved of a small number of pixels. The two images are then analyzed to infer the displacement map of the seeding particles.

PIV post-processing algorithms are elaborated [START_REF] Jensen | Flow measurements[END_REF], and commercial PIV softwares are today very competitive. For these reasons, a standard PIV software from Dantec ® has been used. The main elements are described in the following. Independently from the post-processing technique, the accuracy of PIV measurement foremost relies on the quality of the Mie scattering raw images that can be gathered. Particle seeding and optical parameters have constantly been verified and tuned in real-time during experiments to optimize the quality of the collected signal. Besides, certain features of the commercial software have been verified with homemade routines in Matlab ® . This is the case for the statistical operations made to determine the mean and the fluctuating velocities, or the inclusion of substituted vectors. These verification are discussed in Appendix A.

PIV has been extensively used during this thesis by performing longitudinal and transverse cuts of the flow, in both reacting and non-reacting conditions. The fundamentals of this technique are not treated, but a particular attention is made on the sensitivity analysis to discard most of the measurement biases. The PIV results presented in this manuscript for partially premixed flames have been obtained by [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF]) with a similar setup. Only PIV measurements in non-premixed conditions have been performed in this thesis.

Optical setup

The configuration displayed in Fig. 2.16 is a standard PIV setup. The solid or liquid particles are illuminated with two Nd :Yag (Continuum Precision II) lasers, at the wavelength λ =532 nm, and a frequency f =10 Hz. The energy of a single laser pulse is typically e p = 400 mJ. The laser beam is converted into a laser sheet by passing through a cylindrical lens (f = -30 mm) and a spherical lens (f = 1 m) with diameter 100 mm. In non-reacting conditions, PIV measurements have also been performed in the transverse direction with the help of a flat mirror. The configuration is sketched in Fig. 2.17, the mirror is positioned with a 45 • inclination above the combustor backplane. An air film is generated at the surface of the mirror to prevent droplet accumulations on the mirror surface. In order to generate a horizontal laser sheet, the UV cylindrical lens is turned by 90 • and the rest of the experimental setup is left unchanged.

Laser sheet Two laser impulses

Mie-scattering of seeding particles 16 x 16 pixels interrogation window

Frame 1

Frame 2

Image analysis and cross-correlation

Instantaneous displacement of the particles The thickness of the laser sheet δ is an important element when setting PIV. Because a turbulent flow has a three-dimensional structure, if δ is small δ < 0.5 mm, the particles may leave the measurement volume within a few pixel displacements and the correlation between two frames is very poor. This feature is particularly critical for swirling flows where tangential velocities are high.

On the contrary, if δ is large δ > 2 mm, the laser sheet intensity reduces. This leads to a decrease of the signal-to-noise ratio and of the accuracy of the measurement. Consequently, to keep a roughly constant thickness of the laser sheet δ = 1 mm, the focal length of the spherical lens is set to f = 1 m. The center of the measurement volume corresponding to the axis of the injector has been placed at a distance l 2 = 250 mm behind the hearth image of the spherical lens S1.

Figure 2.17 -Schematic of the PIV setup for measurements in the transverse direction.

Given the dimension of the Oxytec combustion chamber, the height H and L of the laser sheet must be large : H=100 mm and L=200 mm. The cylinder lens C1 has therefore been placed at a length l 1 = 70 mm behind the focal point of the large spherical lens S1 in order to create a slight divergence in the laser sheet. Superimposition, uniformity and thickness δ of the two laser sheets have been controlled with thermal paper before any change of the optical setup.

The Mie scattering signal emitted by the seeding particles is collected with a Dual shot CCD Camera (Dantec ® Dynamics, Flow Sense), with a 50 mm Lens 1 :1.4D. A bandpass filter at λ = 532 ± 10 nm is used to increase the signal-61 to-noise ratio and remove parasitic light. The resolution of the camera is 2048 × 2048 pixels. Combined with a zoom made in the near-field jet region, the spatial resolution of the overall experimental test bench is high. For the axial cut of the flow field, the resolution is 21.3 px/mm. For the transverse cuts, the resolution is 30 px/mm in the radial direction. The images in Fig. 2.19 are illustrations in the visible range for communication purposes. The laser sheet and the seeding have been tuned in these images with the photographer to magnify the artistic aspect of the turbulent stream. The seeding and light reflection in these figures are not desirable for measurements. The images were thus not later used. 

Seeding of the flow

The PIV technique does not directly measure the gas velocity but the velocity of solid or liquid particles which are convected by the flow and which can be illuminated and detected by Mie scattering. In order to be a good candidate as a tracer, the seeder relaxation time t p must be much smaller than the characteristic time of the flow t g . This criteria is set by Stk 1 where the Stokes number Stk is defined as :

Stk = t p t g = ρ p d 2 p 18µ g u g l g (2.5)
In this expression, ρ p is the particle density, d p its diameter, µ g , u g and l g are the dynamic viscosity, the particle velocity and a typical length scale of the gaseous flow. [START_REF] Melling | Tracer particles and seeding for particle image velocimetry[END_REF] showed that choosing a diameter particle smaller than d p = 3 µm leads to a frequency response of 1 kHz. A better frequency response f = 10 kHz is, for example, needed in the wake of the injector rim, in a region with strong velocity gradients where the gas velocity ranges from u g = 0 to 10 m.s -1 on both side of the injector lip of thickness δ = 1 mm. In this case [START_REF] Melling | Tracer particles and seeding for particle image velocimetry[END_REF] has estimated with several material (oil, TiO 2 , Al 2 O 3 ) that the particle diameter must not exceed d p = 1 mm. For these reasons, oil droplets of smaller diameter are chosen for all the experiments performed in non-reacting conditions. The seeding is made with an air nebulizer as in [START_REF] Durox | Flow seeding with an air nebulizer[END_REF] which generates oil droplets of typical diameter d p = 3 µm.

Oil droplets are however not suitable for combustion reactions due to vapo- When performing PIV measurements with a coaxial injector, both the inner and the outer streams must be seeded. The seeding must be manually controlled depending on the mass flow rates passing in the seeder. This was achieved by direct eye observation. It must therefore be verified that the variation in the quantity of seeding particles does not affect the results. Changes in the oil droplets density are investigated in the sensitivity analysis presented in Fig. 2.21. A coaxial swirling jet featuring a complex flow pattern has been seeded with different amounts of oil droplets in the central tube.

Droplet

d p [µm] ρ d [kg.m -3 ] µ g × 10 5 [kg.m -1 .s -1 ] t g [ms] Stk Oil 2.
The Mie scattering images are shown in Fig. 2.21, followed by the mean (middle row) and fluctuating velocities of the axial velocity component (bottom row).

The CRZ is represented in the middle row as a thickened white contour. Close to the injector outlet, the axial velocity is high in the inner stream u z > 25 m.s -1 , but small in the wake of the injector rim u z < 5 m.s -1 . The flow pattern also features a CRZ which develops further upstream at the height z sp = 5d 1 . The quantity of particles is left unaltered in the annular stream but is changed in the inner stream from a weak quantity of particles (left column) to a large quantity of particles (right column). In the middle column, the seeders are manually adjusted so that the two streams feature the same particle density, based on direct eye observation. This procedure was adopted for all the other PIV measurements conducted in this work.

The mean axial velocity components are exactly the same in Fig. 2.21 despite large changes in the seeding of the inner stream. This feature remains valid for the position of central recirculation zone, z SP , and also for the value of the rms velocities. It is therefore evidenced that changes in the density of tracer particles have no influence on the shape and the magnitude of the velocity field. With PIV technique, evaluation of the velocities does not depend on the number of particle inside the interrogation window, provided that enough particles are present to validate the cross-correlation algorithm.

Post-processing and sensitivity analysis

Considering the number of PIV measurements envisaged in this work, a sensitivity analysis has been performed to validate the experimental setup for a large range of operating conditions. This preliminary analysis is used to validate the choices made for all the PIV measurements. All details can be found in Appendix A. In the Dantec ® PIV software, a three passes window deformation technique from 64 × 64 to 16 × 16 pixels is applied to correlate the images. An overlap of 25 % is selected with a validation rate of τ = 1.8. This yields a validation rate comprised between 50 and 95 %. The number of pairs of PIV snapshots N avg is comprised between 500 ≤ N avg ≤ 1000. It was checked that both the mean and rms components of the flow field are converged. The following points are detailed in Appendix A :

-The vertical position of the laser sheet is chosen to be the closest possible to the injector outlet. -Both the inner and the annular streams are seeded with particles. It has been carefully verified that the difference of seeding between the two streams of different densities does not alter the measured velocities. -The influence of the duration between the two laser impulses is then investigated. -A feature allowed by the PIV commercial software is the possibility to control with a criterion whether an instantaneous velocity vector must be validated or not, and if a missing vector can be substituted by the surrounding vectors. Influence of this criterion is discussed in another paragraph. -A convergence analysis is finally carried out to ensure that the number of samples acquired is sufficient to get a statistical converged value for the mean and the rms velocities. The snapshot of the lifted flame represented in Fig. 2.22 has been taken in the visible spectral range for communication purposes. The turbulent stream is illuminated by the laser sheet generated with the PIV laser source. The flame chemiluminescence emerges in blue color. The yellow and red colors correspond to soot radiation. The choices which have been made to build separately the PIV and the OH-PLIF benches prevail and are therefore not described herein. Additional difficulties arise when these two diagnostics are coupled and this constitutes the focus of this section. For instance, particular care must be taken to separate the Mie scattering signal from droplets from the OH LIF signal, or to ensure a proper spatial and temporal calibration of the two diagnostics. 

PIV/OH-PLIF synchronized setup

The synchronized PIV/OH-PLIF test bench is presented in Fig. 2.23. The PIV and the OH-PLIF experimental apparatus shown in Fig. 2.12 and Fig. 2.16 were conceived to use the same optical axis and the same cylindrical and spherical lenses. A dichroic mirror is added to reflect the UV laser beam at λ = 282.93 nm and transmit the PIV laser beam at λ = 532 nm. A vertical diaphragm is placed between the cylindrical and the spherical lenses to set equal heights of the two laser sheets equal. The thickness of the UV laser sheet δ 1 = 0.5 mm is thinner than the one for the PIV measurements δ 2 = 1 mm. The position of the first laser sheet is thus adjusted to fall in the middle of the second one with the help of thermal paper. The combustor is then positioned with respect to the two laser sheets with the three axes displacement system.

Temporal and spatial synchronization

The PIV measurements performed in this work rely on the acquisition of two consecutive snapshots separated by the duration 5 µs < ∆t < 20 µs. The fluorescence signal of the OH species must, therefore, be collected between the two PIV images. The OH-PLIF laser source is tuned to deliver an impulse at instant ∆t/2 after the first PIV laser shot. The lasers and the cameras are triggered with the same Digital Delay BNC box which was used for the OH-PLIF measurements.

Synchronization between the two cameras and the two laser sources is verified as in [START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF] by recording the same snapshots of Mie scattering signal from solid particles with the two cameras. In this case the cameras are used without filters. Images are presented in Fig. 2.24. Since the two cameras are facing each other, all the snapshots taken with the PIV camera are flipped in the horizontal direction. As the particles are small in these images, three particles have been circled in red to help the comparison between their position in the two snapshots. The left and right images in Fig. 2.23 shows that the solid particles are located exactly at the same position between the two images. Their coordinates are reported in Fig. 2.24. It is recalled that the spatial calibration procedure from the PIV camera is made with Dantec ® software. Calibration of the OH-PLIF camera is made with the in-house calibration procedure described in Section 2.2.3. The biggest discrepancy in the particle position is δ ε = 0.6 mm. This yields a relative error of ε = 1.5% when compared to the distance from the origin of the coordinate axis. A cause of this error may be that calibration of the Dantec ® software only relies on affine geometrical transformations which are defined with 3 points on the calibration grid. Conversely, the in-house calibration routine described in Section 2.2.3 also includes polynomial transformations based on a large number of pairing points. Despite these minute differences, Fig. 2.24 validates the spatial calibration with the two cameras. This also provides a validation for the same calibration routine which was used for the chemiluminescence and the visible flames images. Regarding the temporal synchronization, the position of the solid particles shown in Fig. 2.24 is the same. This finally validates the timing sequence which was used to trigger the cameras. Beyond the scientific challenges, some day-to-day technical issues arise when performing PIV/OH-PLIF measurements. The overall test-bench relies on three laser sources, two cameras and a large number of optics. The default risk is high when all these equipements are gathered. Besides, all the optics must be perfectly clean and well aligned. As the ambient temperature increases in the laboratory room during the experiments, the optical setup must be constantly tuned. This is particularly the case for the OH-PLIF laser head which must be adjusted to excite the Q 1 (6) rotational band of the OH radical at the wavelength λ = 282.93 ± 0.01 nm. Another issue arises when the solid particles used for reacting PIV experiments impinge the combustor windows and progressively accumulate leading to solid deposit on the surface of the quartz windows. The signal-to-noise ratio is very low in this case, and apparition of new reflections of the laser beam can damage the cameras. The choice was therefore made to seed the reactant streams only during the measurement time τ = 10 s, and to clean the quartz windows afterwards. Finally, the entire procedure must be performed while integrating safety as the central priority. This includes the protection of the experimental apparatus and of the experimentalists with adequate masks and equipment.

Hot gas temperature measurements

The use of the thermocouples is a very common way to measure the temperature of a solid, liquid or gaseous phase. Thermocouples are cheap and easy to use. Two wires composed of different materials are welded at the tip of the thermocouple, as sketched in Fig. 2.26. Elevation of the bead temperature generates a voltage as a result of the thermoelectric Seebeck effect. This voltage is used to infer the bead temperature. It exists many types of thermocouples depending on the materials used for the wires, the shape and the size of the bead. They correspond to different ranges of temperature. K-type thermocouples are standard devices made of alloys of nickel, aluminium and chrome and allow measurement of temperature up to 1300 K. R-type thermocouples are made of alloys of noble metals with platine and rhodium and may be used to measure temperatures up to 1800 K. Both types have been used in this work.

In order to obtain a good estimate of the probed temperature, the bead of the thermocouple must be at thermal equilibrium with the measurement volume. This is easily achieved with a solid-solid thermal contact when the measurement volume is a solid component. This is not the case when the probe lies in a hot gaseous stream. Convective ϕ cv and radiative ϕ rad heat fluxes are transferred through the bead surface of the thermocouples as depicted in Fig. 2.26. The surrounding gas is assumed transparent. The radiative heat flux ϕ rad is in this case independent of the flow temperature. In a combustion chamber, the temperature T w of the sidewalls is generally lower than the burned gases temperature T g . Temperature at the bead of the thermocouple T b most often lies between the walls and the gas temperature T w ≤ T b ≤ T g . A thermocouple set in a hot flow is heated by convection from the hot gases around the weld ϕ cv > 0 and is cooled by radiative heat losses with the combustion chamber sidewalls ϕ rad < 0.

If the radiative heat transfer is not equal to zero ϕ rad = 0, the temperatures of the thermocouple bead T b and of the gas T g differ. The detected temperature therefore needs to be corrected to account for the radiative heat losses, and this constitutes a well-known bias when performing thermocouple measurements in hot flows. Influence of the bead diameter, of the flow velocity and of the wall temperatures have been discussed in many passed studies [START_REF] Heitor | Thermocouples and sample probes for combustion studies[END_REF][START_REF] Shaddix | Correcting thermocouple measurements for radiation loss : a critical review[END_REF][START_REF] Brohez | A two-thermocouples probe for radiation corrections of measured temperatures in compartment fires[END_REF][START_REF] Lemaire | Assessment of radiation correction methods for bare bead thermocouples in a combustion environment[END_REF]. Corrections can be applied to perform thermometry measurements with a single thermocouple [START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF]. It is shown in the following that this could lead to high uncertainties. An alternative method is then presented. It is based on previous studies on the use of two thermocouples with different diameters [START_REF] De | Measurement of flame temperature with a multi-element thermocouple[END_REF][START_REF] Brohez | A two-thermocouples probe for radiation corrections of measured temperatures in compartment fires[END_REF][START_REF] Lemaire | Assessment of radiation correction methods for bare bead thermocouples in a combustion environment[END_REF]. This approach has been chosen for all the temperature measurements performed in this work.

Evaluation of the temperature difference between the gas and the thermocouple bead

An energy balance is performed at the surface of the bead of the thermocouple, sketched in Fig. 2.26. In a steady-state regime, this passive system complies with :

ϕ cv + ϕ rad = 0 (2.6)
where ϕ cv and ϕ rad are the convective and radiative heat fluxes at the thermocouple bead surface. They are counted as positive when the flux is received by the bead. Assuming that the wall temperature T w is uniform over the whole combustor and that the burned gasses are optically transparent [START_REF] Heitor | Thermocouples and sample probes for combustion studies[END_REF], the radiative heat transfer at the bead of the thermocouple can be estimated by :

ϕ rad = ε b σ(T 4 w -T 4 b ) (2.7)
where ε b and T b are the emissivity and the temperature of the bead surface and T w is the temperature of the combustion chamber walls. Estimation of the emissivity ε b has been the topic of many investigations and constitutes a first source of uncertainty. The value of the emissivity depends on the material, and different values can be found in the literature [START_REF] Heitor | Thermocouples and sample probes for combustion studies[END_REF][START_REF] Shaddix | Correcting thermocouple measurements for radiation loss : a critical review[END_REF]. Besides, the presence of soot can also alter this value [START_REF] Lemaire | Assessment of radiation correction methods for bare bead thermocouples in a combustion environment[END_REF]. The emissivity ε b = 0.19 is retained in this work.

The convective heat transfer at the bead surface is expressed as follows :

ϕ cv = h cv (T g -T b ) (2.8)
where T g is the gas temperature, and h cv the heat transfer coefficient. that is deduced from the Nusselt number : h cv = N uλ/d * . In this epxression, λ is the thermal conductivity of the surrounding gas, and d * the characteristic dimension of the thermocouple. Convective heat transfer occurs both at the surface of the bead and of the thermocouple wire. [START_REF] Shaddix | Correcting thermocouple measurements for radiation loss : a critical review[END_REF] stated that the convective coefficient h cv is dominant at the surface of the wire when the ratio between the bead diameter d b and the wire diameter

d w verifies d b /d w < 3.
The heat transfer coefficient h cv has therefore been estimated with the wire diameter d w . For a cylinder of diameter d w in a laminar flow at constant wall temperature T w , the Nusselt number N u dw is based on the correlation from [START_REF] Kramers | Heat transfer from spheres to flowing media[END_REF] :

N u dw = 0.42P r 0.2 + 0.57P r 1/3 Re 1/2 dw (2.9)

where P r = ν/α denotes the Prandt number and where the Reynolds number Re dw = ud w /ν is based on the wire diameter d w and flow velocity u away from the wire. The equations 2.6, 2.7 and 2.8 are solved which gives an estimate of the gas temperature T g based on the probed temperature T b . In this study, the thermodynamic properties of the burned gases have been obtained with the AGATH flow solver, at the film temperature (T g + T b )/2. The thermodynamic properties are injected in an iterative procedure until reaching the convergence of T g . The temperature differences T g -T b between the gas and the bead is investigated in Fig. 2.27 when the wall temperature T w is varied and in Fig. 2.28 when the gas velocity u is varied.

In Fig. 2.27, the temperature difference T g -T b increases with T g -T w and when the wire diameter d increases. In Fig. 2.28, T g -T b increases when the gas velocity u decreases and when the wire diameter d increases. In both cases, the convective heat flux coefficient h cv decreases. The temperature difference increases because the convective heat flux decreases while the radiative heat flux is left unaltered. Figure 2.27 and 2.28 indicate that the temperature difference of a 1 mm diameter thermocouple can reach T g -T b = 150 K when the gas velocity u is small and when the wall temperature T w is moderate. These conditions are typical of those found in the recirculating regions where the velocities are small.

The temperature difference T g -T b is therefore quite sensitive to changes in the value of the gas velocity u or the wall temperature T w . A first solution is to use a thermocouple with a very small wire diameter d w = 200 µm. This enables to decrease the error down to T g -T b 60 K. Furthermore, it is experimentally challenging to determine simultaneously the gas velocity u and the bead temperature T b . It is also difficult to estimate the wall temperature T w of the combustor because the temperature field is highly heterogeneous. This problem is investigated in chapter 7 where the sidewalls temperature are determined with Laser Induced Phosphorescence. It is therefore concluded that correction of the temperature difference T g -T b based on the estimation of the heat transfers h cv leads to significant uncertainties. An alternative method with two thermocouples is presented in the following. This technique enables to mitigate the temperature errors due to radiative heat losses.

Reduced radiation error (RRE) method

Principle

The Reduced Radiation Error method (RRE) has been introduced by [START_REF] Brohez | A two-thermocouples probe for radiation corrections of measured temperatures in compartment fires[END_REF]. This technique consists in probing the temperature with two thermocouples featuring different wire (or bead) diameters. The coefficient C RRE Figure 2.28 -Estimation of the temperature difference between the gas T g and the thermocouple bead T b for different gas velocities u. The gas temperature is set to T g = 1400 K and the wall temperature is set to T w = 800 K.

is defined as :

C RRE = T g -T b,d w,1 T b,d w,2 -T b,d w,1
(2.10) where d w,1 and d w,2 denote the large and the small diameters of the thermocouple d w,1 > d w,2 , respectively. It is shown in the following that the RRE method enables to circumvent the absence of knowledge of the gas velocity u and of the wall temperature T w . Determinations of the C RRE coefficient is presented in the following together with a sensitivity analysis. Equations 2.6, 2.7 and 2.8 are solved for two thermocouples, featuring different sizes leading to an estimation of C RRE [START_REF] Brohez | A two-thermocouples probe for radiation corrections of measured temperatures in compartment fires[END_REF]) : analysis conducted in the last section for the temperature difference is now made on the value of C RRE . The objective is to investigate how the wall temperature T w and the gas velocity u affect the value of the coefficient C RRE . Impact of the wall temperature T w is analyzed in Fig. 2.29. The coefficient C RRE slightly increases with the wall temperature T w from C RRE = 2.84 when T w = 300 K up to 2.93 when T w = 1400 K. Large changes of the wall temperature T w therefore barely affect the value of C RRE . Change in the gas velocity u are similarly examined in Fig. 2.30. The coefficient C RRE features small variations when the gas velocity is changed. These conclusions well agrees with results from [START_REF] Lemaire | Assessment of radiation correction methods for bare bead thermocouples in a combustion environment[END_REF]. The value of C RRE = 2.85 is retained for the thermocouple measurements presented in this work. By knowing the probed temperatures T b,d w,1 and T b,d w,2 , the gas temperature is deduced from Eq. (2.10). Since C RRE is relatively insensitive to the flow parameters, the gas temperature T g is measured with an increased accuracy. The introduction of the reduced radiation error coefficient therefore largely attenuates the uncertainties due to radiative heat losses on hot gas temperatures.

C RRE = ε b σ(T 2 b,d w,1 + T 2 b,d w,2 )(T b,d w,1 + T b,d w,2 ) h cv 2 -h cv 1 + h cv 2 h cv 2 -h cv 1 (2.
Another advantage of the RRE technique is that it also provides an estimation of the measurement uncertainty. Equation 2.10 indicates that the coefficient T g,max -T g,min is related to the probed temperature T b,d w,2 -T b,d w,1 :

T g,max -T g,min = (C RRE,max -C RRE,min )(T b,d w,2 -T b,d w,1 ) (2.12)
When the temperatures recorded by the two probes differ by T b,d w,2 -T b,d w,1 = 100 K, an estimation of the error made on the gas temperature T g is T g,max -T g,min = 25 K. Conversely, when the two thermocouple temperature are close T b,d w,2 T b,d w,1 , Eq. (2.12) also indicates that the error made on the gas temperature is small.

Spatial resolution of the temperature measurement

The RRE technique enables to greatly increase the accuracy of the temperature measurements by using two thermocouples. Adding a second thermocouple probe however largely increases the measurement volume. This constitutes a major drawback of this technique which is discussed in the following. The size of the thermocouple bead is represented in Fig. The one-dimensional diffusion flame represented in Fig. 2.31 yields high temperature gradients up to |δT /δx| 1000 K.mm -1 . If the probes are positioned where the temperature gradient is high, the two beads which are separated by the distance e can feature a difference of temperature ∆T = T b,d w,2 (x 2 ) -T b,d w,1 (x 1 ) = 1000 K. In a turbulent case, such temperature have not been recorded because rapid fluctuations of the flame position smooth out the temperature gradients. The two probes however do not measure the temperature at the same location leading to a difference of temperature between them which is not due to thermal radiation. The double bead thermocouple must therefore not be used in the region of high temperature gradients.

A criterion is defined in the following to discard this bias. The positions x 1 and x 2 denote the abscissa of the largest and of the smallest beads of the two thermocouples. The difference of temperature T b,d w,2 (x 2 ) -T b,d w,1 (x 1 ) is decomposed as follows :

(T b,d w,2 (x 2 ) -T b,d w,1 (x 1 )) T probed T b,d w,2 (x 2 ) -T b,d w,1 (x 2 ) T wanted + e ∂T g ∂x x=x 2 error (2.13)
The left hand side term is the real temperature difference between the two thermocouples which probe the flow at two different positions. The right hand side term is the temperature difference between them if they were collected at the same location. This contribution is only imparted by radiative losses and needs to be injected in Eq. (2.10). In order to use the RRE technique to measure the gas temperature T g , it must be verified whether the error term due to the temperature gradient is much smaller than the temperature difference associated to radiative heat losses. The following coefficient is introduced : If β 1, the difference of temperature between the two thermocouple beads is mainly due to radiative heat losses. The impact of the temperature gradient can in this case be neglected. If β 1, the temperature gradient is too high between the two devices to perform reliable measurement with the RRE technique. The criteria β < 0.1 has been retained in this work to validate a posteriori the gas temperature profiles that were determined with the two bead thermocouples.

β = | ∂T ∂x e|/|T b,d w,2 (x 2 ) -T b,d w,1 (x 1 )| (2.14)

Laser-Induced Phosphorescence (LIP)

Principle

Measuring the temperature distribution along the walls of the combustion chamber is a major challenge. It is well known that the thermal environment modifies the combustion state. Another objective is to provide reliable thermal boundary conditions for numerical simulations. Accurate measurements are possible thanks to the development of optical laser diagnostics using thermographic phosphors. These materials illuminated with a monochromatic light beam either in the visible or in the UV spectral range emit in turn a luminescence signal from which temperature is inferred. This technique is called Laser Induced Phosphorescence (LIP). This technique was introduced at EM2C laboratory by [START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF] and several improvements have been achieved during this work.

The improvements made in the calibration, acquisition chain and post-processing procedure enable to increase the temperature range and the accuracy of the measuring system. The electronic collection device has been adapted to high frequencies. By tuning the sampling signal, decay times varying over more than Part I -Experimental and numerical tools 79 5 decades have been determined with accuracy in the experiments presented in this work. These improvements allowed to extend the range over which the wall temperature could be recorded. The algorithm which interpolates the luminescence signal (see [START_REF] Brübach | An algorithm for the characterisation of multi-exponential decay curves[END_REF][START_REF] Brübach | On surface temperature measurements with thermographic phosphors : a review[END_REF])) has also been optimized with a sensitivity analysis. Coupling of these methods yields a very low standard deviation of the temperatures that were measured over the whole range of investigated for temperatures varying from T = 300 to 1050 K.

Development of thermographic phosphors have made possible the characterization of wall temperatures thanks to optical laser diagnostics [START_REF] Allison | Remote thermometry with thermographic phosphors : Instrumentation and applications[END_REF][START_REF] Brübach | On surface temperature measurements with thermographic phosphors : a review[END_REF]. The fluorescence spectral properties of a material depend on its temperature. When a thermographic phosphor, mainly composed of rare-earth elements, is excited in the UV spectral range, a phosphorescence signal is emitted in return. The principle of LIP is to infer the temperature of the material from this phosphorescence signal. A thin phosphor deposit is made on a surface, a laser excitation of the material followed by the collection of the phosphorescence decay enables to characterize the temperature of the material assuming that the phosphor deposit is at thermal equilibrium with its surface. Further information on the physics of LIP phenomenon can be found in the review from [START_REF] Allison | Remote thermometry with thermographic phosphors : Instrumentation and applications[END_REF].

Temperature measurements with phosphorescent painting offer many advantages compared to the other surface temperature measurement techniques. Measurements with thermocouples are punctual and intrusive. Furthermore, access to the measurement volume can be very challenging if placement of the thermocouple has not been initially designed. Temperature measurements by optical pyrometers rely on on thermal radiation at the surface of a solid part. The accuracy of these measurements relies on accuracy to which the radiative properties of the material which are often not well known. Eventually, the use of thermochromic painting allows to map the temperature at the wall surface [START_REF] Lempereur | Surface temperature measurement on engine components by means of irreversible thermal coatings[END_REF]. But the irreversible nature of this diagnostic only gives an information on the maximum temperature which has been reached. Thermographic phosphors enable to infer a large range of temperatures with a very good accuracy [START_REF] Allison | Remote thermometry with thermographic phosphors : Instrumentation and applications[END_REF][START_REF] Brübach | On surface temperature measurements with thermographic phosphors : a review[END_REF]Degenève et al. 2019a). When performed at high frequency, LIP also gives access to temperature fluctuations [START_REF] Yin | Responses of combustor surface temperature to flame shape transitions in a turbulent bi-stable swirl flame[END_REF].

The LIP test bench built by [START_REF] Guiberti | La phosphorescence induite par laser pour la mesure de température des surfaces d'une chambre de combustion. 14eme Conférence Francophone de Techniques Laser[END_REF] can be used to determine the temperature of the walls of a combustor up to 800 K in configurations where the combustion reactions take place relatively far away from the quartz windows. In a combustion chamber, the wall temperature often exceeds 800 K and the development of an apparatus dedicated to elevated temperatures constitutes the main motivation of this study. The improvements made in this context enabled to fully characterize the thermal behavior of a combustion chamber operated with two CH 4 /O 2 /N 2 and CH 4 /O 2 /CO 2 mixtures at a thermal power P th = 14.6 kW and with the same adiabatic flame temperature T ad = 2200 K (Degenève et al. 2019a). This study focuses on the calibration procedure which allowed to increase the performance and the accuracy of the diagnostic. The experimental apparatus used to measure temperature with thermographic phosphors is presented first. Due to the high wall temperatures imparted by the combustion reactions, it is then shown that the acquisition chain of the phosphorescence signal must be adapted to high frequencies and two solutions are provided to fulfill that need. A sensitivity analysis is finally carried out to show how the measurement accuracy can significantly be increased with an adapted post-processing procedure.

Experimental setup

A thermographic phosphor experimental test bench is used to determine the temperature at the sidewalls of a combustion chamber. Among the different strategies to measure surface temperatures relying on thermographic phosphors, the lifetime technique is chosen in this study (Guiberti et al. 2015b;[START_REF] Brübach | On surface temperature measurements with thermographic phosphors : a review[END_REF]. This method offers a better accuracy and is less sensitive to optical setting adjustments than the method using the ratio of phosphorescence signal gathered over two different spectral bands [START_REF] Brübach | On surface temperature measurements with thermographic phosphors : a review[END_REF]. The thermographic phosphor Mg 3.5 FGeO 5 :Mn (Phosphor-Technology, EQD25/N-U1) is mixed with an industrial binder (ZYP Coatings, HPC Binder) resistant to high temperature up to 1773 K. The same procedure is used as in [START_REF] Knappe | Thickness dependent variations in surface phosphor thermometry during transient combustion in an hcci engine[END_REF]. This mixture is coated with successive layers and dried at each deposit layer with the help of an electrical heater. [START_REF] Knappe | Thickness dependent variations in surface phosphor thermometry during transient combustion in an hcci engine[END_REF] showed that a deposit with a large thickness δ d > 20 µm leads to a delayed response when characterizing unsteady phenomena. The thickness of the phosphor deposit has not been measured in this study where only the mean temperature is investigated in a steady state regime. A sensitivity analaysis is carried out later in this section to shed light on this issue. In a recent study, [START_REF] Xavier | Phosphor thermometry on a rotating flame holder for combustion applications[END_REF] showed that the properties of thermographic phosphors are not altered when submitted to high temperatures. They also found that the presence of a phosphor deposit barely affects the position of a rod-stabilized flame when the phosphor is coated at the surface of the rod. Consequently, it is assumed that heat transfers are not affected by the coating.

The experimental apparatus for LIP measurements is presented in Fig. 2.33. The thermographic phosphor is excited with a Nd :YAG laser at the third harmonic λ = 355 nm and cadenced at 3 Hz (Continuum, Minilite ML II). The phosphor material Mg3 :5FGeO5 :Mn generates a luminescence signal with a peak emission centered around λ = 660 nm. The temporal response of this signal is recorded with a photomultiplier (PM) featuring a rise time of about =355 nm 5 ns (Hamamatsu, R9880U-20). The electrical signal is amplified with a noninductive resistance (Arcol, AP-821), and with a current amplifier with a rise time of 10 ns (HCA-40M-100K-C). The signal is recorded with an oscilloscope 350 MHz (Lecroy WaveSurfer 434). Choice of these electronical components has largely contributed to enhancing the accuracy and the dynamic range of this temperature measuring system. These choices are further justified in section 2.7.3.

The phosphorescence signal which follows a laser impulse is modeled by an exponential decay of the light intensity I(t) = I 0 exp(-t/τ ). The decay time τ , or lifetime, is a function of the temperature T of the thermographic phosphor. An example of this signal at ambient temperature T = 300 K is presented in Fig. 2.34. Determination of the lifetime τ based on the signal I(t) is a difficult task because the phosphorescent signal does not always feature an exponential decay of the form exp(-t/τ ) and is also polluted by noise. Since the decay time τ is only a measurement intermediate, the exponential model remains of practical interest provided that the same interpolation algorithm is applied between the calibration procedure and the temperatures measured inside the combustor. [START_REF] Brübach | An algorithm for the characterisation of multi-exponential decay curves[END_REF] developed a fitting window algorithm which allows to unambiguously deduce the lifetime τ from the intensity I(t) recorded by the photomultiplier. Let t 0 denote the impulsion time of the laser, the signal is truncated between the two instants t 1 = t 0 + c 1 τ and t 2 = t 0 + c 2 τ , where c 1 and c 2 are two positive constants. Only this part of the signal is used for the interpolation as an exponentially decreasing function. The procedure is iterative because the two times t 1 and t 2 both depend on the determination of the lifetime τ .

Another approach proposed by [START_REF] Guiberti | La phosphorescence induite par laser pour la mesure de température des surfaces d'une chambre de combustion. 14eme Conférence Francophone de Techniques Laser[END_REF] is to use a fitting window based on the voltage of the collected signal. This methods does not require any iterative algorithm, and is therefore faster than the temporal fitting window as described in [START_REF] Brübach | An algorithm for the characterisation of multi-exponential decay curves[END_REF]. In this study, the voltage fitting window from [START_REF] Guiberti | La phosphorescence induite par laser pour la mesure de température des surfaces d'une chambre de combustion. 14eme Conférence Francophone de Techniques Laser[END_REF] is used for real time measurements of surface temperature whereas the iterative procedure from [START_REF] Brübach | An algorithm for the characterisation of multi-exponential decay curves[END_REF] is a posteriori applied during the post-processing time. The motivation for these choices are given in section 2.7.3. In Fig. 2.34, the shaded zone corresponds to the photomultiplier voltage signal which has been selected for the interpolation between the instants t 1 and t 2 . In section 2.7.5, a sensitivity analysis is carried out on the threshold values c 1 and c 2 that allow to greatly increase the accuracy of the optical diagnostic.

Temperature measurements with thermographic phosphor must finally be calibrated so as to interpolate each lifetime τ of the phosphor material with its temperature. Following the method developed by [START_REF] Guiberti | La phosphorescence induite par laser pour la mesure de température des surfaces d'une chambre de combustion. 14eme Conférence Francophone de Techniques Laser[END_REF], the phosphor deposit is coated on the surface of a thermocouple. Excited by the laser, this setup gives simultaneously the phosphor temperature and its lifetime. The whole apparatus is set to a temperature between T = 300 K and 1050 K with the help of an electrical heater (LEISTER, CH-6056, 2850W) represented in Fig. 2.35(a). In order to reach more elevated temperatures, a temperature regulated tube furnace with an optical access would constitute the best option for calibration [START_REF] Kissel | Phosphor thermometry : On the synthesis and characterisation of Y3Al5O12 :Eu YAG :Eu and YAlO3 :Eu YAP[END_REF][START_REF] Yin | Responses of combustor surface temperature to flame shape transitions in a turbulent bi-stable swirl flame[END_REF], but this material is not available at EM2C laboratory. An alternative proposed in this study is to use a premixed methane-air flame stabilized on a Bunsen burner as represented in Fig. 2.35(b). A thermocouple is first inserted in the fresh gas region, which provides a very stable reference temperature. By changing the position of the thermocouple closer to the flame front, temperature from T min = 800 K to T max = 1400 K have thus been determined in a continuous manner and with a temperature fluctuation smaller than T rms = 3 K. Different measurement errors come along with this technique. First, temperature measurements are made at the weld of the thermocouple and its position is not precise when the thermocouple is insulated. Secondly, high temperature gradients prevail in the reaction layer of flames. It is therefore very likely that the temperature at the surface of the illuminated phosphor and at the bead of the thermocouple is not the same.

However, very short decay times could be measured on the quartz windows of the Oxytec Combustion chamber, corresponding to temperatures higher thanT > 1050 K. Calibration with a flame has therefore been performed between 1050 K and 1200 K to provide an estimate of the highest temperatures reached at the combustor sidewalls. The other calibration measurements have been made with the electrical heater which provides a very uniform temperature field.

Optimization of the acquisition system for combustion

Temperature at the walls of a combustor can feature a large range of values. When operating the Oxytec combustion chamber with a methane-air flame of thermal power P = 14.6 kW, the inner side of the quartz window can reach T max = 1050 K. In these conditions, the decay time of the phosphorescent signal is τ = 100 ns for the material Mg 3.5 FeO 5 :Mn with the current experimental setup. Conversely, the combustor dump plane which is directly in contact with the cooling system features a temperature of about T min = 450 K, which corresponds to a lifetime of τ = 3 ms. As the decay time of the phosphorescent signal depends on the temperature in an exponential way, the detection and acquisition chains must feature a dynamic range of more than 5 decades. This high sensitivity is a great asset for the accuracy of the temperature measurement, but also makes acquisition of the useful signal much more challenging. Performance of the experimental apparatus is thus largely determined by its ability to record very short delays.

In order to design the detection and acquisition chains, one needs to focus on the shorter decay time which corresponds to the maximum desired temperature. The method is standard and well applies for other phosphors. The thermographic phosphor Mg 3.5 FGeO 5 :Mn is retained because it enables to determine a large range of temperatures and also because it is frequently used in combustion. The lifetime of this thermographic phosphor at T max = 1050 K is τ (T max ) = 100 ns. This duration corresponds to the lowest decay time that the system must detect. In order to fit with accuracy the lifetime τ from the phosphorescence signal, one must collect at least N 1 = 25 samples from the photomultiplier signal during the duration τ . The maximum sampling frequency f Tmax that is required corresponds to f Tmax = 250 MHz. All these estimates are summarized in Tab. 2.2. For the detection of short decay times, it is necessary to optimize both the analogical components of the acquisition chain and to use elaborated sampling techniques. These two aspects are discussed below.

Optimization of the electronic acquisition chain

All the electronic components of the temperature measuring system with thermographic phosphor must be optimized to detect the low and the high frequencies. This is particularly the case for the optical sensor, the amplification chain and the analog-to-digital converter. In order to sample the signals at frequency f Tmax = 250 MHz, standard acquisition cards are generally not adapted. An oscilloscope (LeCroy WaveSurfer 434, 350 MHz) has therefore been retained in this study. Regarding the optical sensor, the previous estimates show that many cameras are not fast enough so as to detect these decay times. In a study The amplification chain of the phosphorescence signal must also been adapted.

It is shown in this study that the amplification chain can also be a limiting factor to accurately measure the time response. As described by [START_REF] Brübach | On surface temperature measurements with thermographic phosphors : a review[END_REF], the capacitive and inductive effects of the electronic circuit must be considered in the design of the experimental setup. An electrical assembly to amplify the signal from the photomultiplier is shown in Fig. 2.33. It is made of a load resistor R and of an operational amplifier which magnifies the signal. Change of the outlet impedance of the optical sensor is illustrated by [START_REF] Clarke | Luminescence sensing of temperatures in thermal barrier coatings[END_REF] and [START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF]. Increasing the resistance R increases the signal-to-noise ratio and lowers signal dispersion. However, an excessive value of R drastically reduces the bandwidth of the circuit which behaves as a low-pass filter. It is therefore necessary to find a balance between the signal to noise ratio and the system cutoff frequency so as to detect the shortest decay times. [START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF] analyzed this effect on the rise time t m of the signal, defined as the time necessary to record an intensity increase from 10% to 90% of its maximum value. In this work, a load resistor R = 35 kΩ induces a rise time of about t m = 140 µs, which impedes from measuring the short lifetimes. [START_REF] Clarke | Luminescence sensing of temperatures in thermal barrier coatings[END_REF] evidenced that the sensor impedance also alters the calibration curve τ = f (T ) by inducing a plateau below which the decay time does not further decrease with the temperature. This measurement bias demonstrates that the impedance is not adapted to the detection chain and is characteristic of a too high resistor load R. The solution retained in this work was to reduce the value of the resistor load and record the signal with a lower signal to noise ratio.

Inductive effects of the resistor load can also be mitigated by choosing non inductive resistors (Arcol, AP-821) which are better suited for high frequency acquisition chains. Effects of a change in the resistor load are illustrated in Fig. 2.36. The same thermographic phosphor Mg 3.5 FGe 5 :Mn is heated and its decay time is determined with the same procedure for three different resistors. In Fig. 2.36, each lifetime deduced from a laser impulse is represented by a point. The first resistance is a resistive coil of resistance R = 120 kΩ. The two others are non inductive resistances R = 13.6 kΩ and 500 Ω. For moderate temperatures T < 800 K, the three calibration curves collapse on a single one in Fig. 2.36. The measured lifetime τ in this case is not altered by a change of the resistance R. For higher wall temperatures T > 800 K, the calibration curve with the resistive coil R = 120 kΩ reaches a plateau at τ = 7 µs. The resistive coil has also been used at a lower value of the resistance R = 13.6kΩ but leads to a deterioration of the signal to noise ratio, and the corresponding calibration curve is therefore not displayed in Fig. 2.36. The use of a non inductive resistance R = 13.6kΩ which is adapted to high frequencies enables to extend the slope and to measure much lower lifetimes. A change in slope is observed with the resistance R = 13.6kΩ at the temperature T = 920 K. In order to detect shorter lifetimes, it is then necessary to further decrease the value of the resistor load down to R = 500 Ω. In this case, no change in slope has been measured for the temperature up to T = 1050 K.

Figure . 2.36 also indicates that dispersion of the calibration curve is much higher when the resistance R decreases. This is particularly the case for results obtained with the resistance R = 500 Ω and for the temperatures higher than T > 1000 K.

The strategy which is adopted to determine the temperature at the walls of the combustion chamber is the following. During a first set of experiments, the signal is recorded by scanning the wall surface with the lowest value of the resistance R = 500 Ω. This enables to ensure that the collected signal well corresponds to the phosphorescence signal without bias from the electronic components. A first estimate of wall temperature is thus carried out. During a second set of measurements, the acquisition is performed by adapting the value of the resistance to the temperature recorded at the surface during the first set of experiments. This second step allows to greatly increase the accuracy of the measured temperatures.

Temperature on the sidewalls of the Oxytec combustion chamber have been assessed with the resistance R = 500 Ω on the quartz windows close to the combustion zone, while the resistance R = 13.6 kΩ has enabled to obtain a better accuracy for the components in contact with the cooling system (Degenève et al. 2019a). Determination of the decay time from the phosphorescence signal can be drastically improved by optimizing the post-processing procedure. For a given recorded signal, the decay time depends on the algorithm and of the time window chosen to fit the signal [START_REF] Brübach | An algorithm for the characterisation of multi-exponential decay curves[END_REF][START_REF] Brübach | On surface temperature measurements with thermographic phosphors : a review[END_REF]). The algorithm developed by [START_REF] Brübach | An algorithm for the characterisation of multi-exponential decay curves[END_REF] which is based on a temporal fitting window between the time t 1 = t 0 + c 1 τ and t 2 = t 0 + c 2 τ is chosen for its accuracy. A sensitivity analysis is carried out too choose the constants c 1 and c 2 so as to minimize dispersion of the measurements from the calibration curve.

Optimization of the signal post processing

For a given temperature T , N s = 100 LIP measurements are recorded. The constants c 1 and c 2 of the algorithm are varied between the ranges 0.1 < c 1 < 1 and 4 < c 2 < 8. For each combination (c 1 , c 2 ), all of the N s phosphorescence signals are used to deduce the corresponding lifetimes. Results for the sensitivity analysis performed at the temperature T = 700 K are presented in Fig. 2.37. The average value τ (left plot) and the normalized standard deviation τ rms /τ (right plot) are deduced from the N s samples post-processed with different pairs (c 1 ,c 2 ). Both the mean value τ and the fluctuation τ rms /τ largely depend on the values taken for the constants c 1 and c 2 of the time window. Dispersion of the lifetime deduced from the phosphorescence signal can therefore be significantly lowered by selecting a combination (c 1 , c 2 ) which minimizes the ratio τ rms /τ . Since the decay time τ is only an intermediate quantity to link the calibration curve with the measurement, the mean value τ bears itself no particular importance provided that the same constants and fitting window are retained for the calibration and the measurements. [START_REF] Brübach | An algorithm for the characterisation of multi-exponential decay curves[END_REF] recommended the following values for the constants c 1 = 1 et c 2 = 4. This choice yields relative fluctuations of the lifetime limited to τ rms /τ = 6%, according to Fig. 2.37(b). For the experimental apparatus used in this study, the combination c 1 = 0.4 et c 2 = 8 has been retained and enables to decrease the lifetime relative fluctuations down to τ rms /τ = 1.6% for the temperature T = 700 K.

Using the calibration curve from Fig. 2.36, the slope coefficient α = ∂log(τ )/∂T allows to deduce the rms value of the temperature fluctuation T rms associated to the measured lifetime dispersion. This yields T rms = (α log(10)) -1 (τ rms /τ ) = 0.63 K. Table . 2.3 summarizes the results obtained with the sensitivity analysis carried out for two temperatures T = 300 K and T = 700 K. The very low temperature dispersion obtained from the measurements at T = 700 K is not only due to a weak fluctuations of the lifetime τ rms of the phosphorescence signal, but also to the the high slope coefficient α from the calibration curve shown in Fig. 2.36. At T = 300 K, the lower value of α leads to an increase in the dispersion of data T rms = 4.8 K. The increase of accuracy when increasing the resistor load up to R = 13.6 kΩ for the lowest temperature (section 2.7.3) is also reported in table. 2.3. These results confirm the very weak dispersion of the measured temperature T rms < 1 K thanks to the increase of the signal to noise ratio.

Sensitivity analysis on painting thickness

It is verified in the following that the thickness of the phosphor deposit does not alter the decay time τ of the thermographic phosphor. This has been thoroughly investigated by [START_REF] Knappe | Thickness dependent variations in surface phosphor thermometry during transient combustion in an hcci engine[END_REF] who measured the thickness of the phosphor deposit with a microscope and reported a significant impact on the temperature for transient combustion in an internal combustion engine. As the thickness of the deposit could not directly be measured in this work, a sensitivity analysis is performed to evaluate whether the decay time depends on the thickness of this layer. This is particularly important since because the airbrush technique chosen in this work for the deposit depends on the hand of the painter. Four thermocouples, represented in Fig. 2.38, have been coated with the same airbrush technique but with a different number of phosphor layers N l .

For the three first thermocouples the deposit is made of N l = 3, 7 and 10 layers.

The tip of the fourth thermocouple has been immersed in an Erlenmeyer flask containing the phosphorescent painting. The fourth thermocouple features a thick coating made of a large number of phosphor layers N l 1.

Results of the sensitivity analysis are shown in Fig. 2.39 with the four calibration curves colored by the number of phosphor layers used for the deposit. Each dot represents a laser impulse. The four calibration curves perfectly collapse on a single line for the whole range of investigated temperatures. The mean value of the decay time for a given temperature is therefore not affected by the number of phosphor layers used for the deposit for these experiments conducted at steady state regime. This enables to discard two measurement biases. First, the phosphorescent decay time of the phosphorescent material used in this work is not modified by the coating thickness. Secondly, as the thermal thickness increases with the thickness of the coating, the deposit also becomes a thermal resistance with temperature gradients. This leads to a difference of thick coating temperature ∆T on both sides of the phosphor deposit, as measured by [START_REF] Knappe | Thickness dependent variations in surface phosphor thermometry during transient combustion in an hcci engine[END_REF]. It is recalled that the temperature T in this section denotes the temperature at the bead of the thermocouple deduced from the Seebeck thermoelectric effect, whereas the lifetime of the LIP signal originates from the last layers the phosphor interacting with the laser impulse. The calibration curves all match on the same curves in Fig. 2.39, indicating that the entire phosphor deposit is at thermal equilibrium with the thermcouple bead where the temperature is probed. These results were obtained with the uniform temperature field imparted by the electrical heater.

The only difference between the calibration curve lies in the dispersion of the collected points. When the number of phosphor layers is small N l = 3 or 7, a slight dispersion of the measured decay times is observed for elevated temperatures T > 900 K in Fig. 2.39. The phosphorescence signal features in this case a low signal to noise ratio, as observed by [START_REF] Knappe | Thickness dependent variations in surface phosphor thermometry during transient combustion in an hcci engine[END_REF]. The fitting procedure to an exponential decay law therefore features a reduced accuracy.

Results obtained with the thermocouple coated with a thick layer yield a very small dispersion for the phosphor lifetimes. The photomultiplier can in this case be used with a very low input voltage which gives a very good signal to noise ratio and enables to fit the phosphorescence decay signal with accuracy to an exponential decay. It has therefore been shown that the thickness of the phosphor deposit does not alter the correlation between the phosphor decay time and the temperature at the bead of the thermocouple for the steady-state measurements. For these reasons, it has been chosen to use N l = 10 phosphor layers for all the LIP measurements presented in this work.

Conclusion

The diagnostics used in this work have been described. This includes :

-Visible light emission images -OH * chemiluminescence images -Planar Laser-Induced Fluorescence (PLIF) images -Particle Image Velocimetry (PIV) images in different planes -Synchronized PIV and PLIF measurements for some selected configurations -Hot gas temperature measurements with a dedicated double bead thermocouple -Laser-Induced Phosphorescence (LIP) to deduce the temperature of the combustor solid surfaces

These diagnostics are used in the next chapters to scrutinize the flow and the flames. The tests and sensitivity analysis performed in chis chapter allow to assess the accuracy and the deviation of the measurements. During this work, a large database of 3000 OH * flame images has been generated. More than 200 PIV velocity fields on the coaxial swirling jets have also been gathered. These data are not all shown in this manuscript. A set of premixed and non premixed reference flames have been thoroughly investigated with LIP, PIV and OH-PLIF, and thermocouples measurements.

Chapitre 3

Numerical tools

Different numerical tools have been used to complete the analysis associated with the experimental studies. Hence, canonical flame computations, along with large-eddy simulations of turbulent reactive and non-reactive flows, have been carried out. This chapter briefly describes the corresponding solvers. Large Eddy Simulations (LES) have been considered to investigate heat transfer for the premixed configuration of the burner. Thermal radiation is taken into account in these simulations. This requires to couple LES with a dedicated radiation solver.

The numerical setup of this multiphysics simulation is described. The corresponding results and analysis are presented in chapter 8.

The one-dimensional solver AGATH used to determine the properties of laminar reacting flows, i.e. flamelets, is presented in Sec. [START_REF] Kee | Chemically reacting flow : theory and practice[END_REF]. A non-exhaustive list of available solvers includes homogeneous reactors, detonation, steady and unsteady counterflow flames in spatial or mixture fraction space, premixed flames, and spherical flames.

A summary of the chemical kinetic mechanisms used in this work is presented in Table 3.1. Besides, the GRI-Mech 3.0 mechanism has been completed with elementary reactions involving the OH * radical as in [START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF]. This mechanism is here used to validate some assumptions with the OH * chemiluminescence signal.

The AGATH solver is also used in this thesis to determine the thermophysical properties of the flow, such as the density ρ, the kinematic viscosity ν, the thermal conductivity λ and α the thermal diffusivity. These quantities allow for computing the Prandtl number P r = ν α, and the Reynolds number Re L = U L/ν, where L and U are a characteristic length and velocity scale.

The AGATH library is also used to compute the adiabatic flame temperature at thermodynamic at equilibrium T ad , and to determine the laminar burning velocity S L associated with one-dimensional premixed flames. The solver can eventually be coupled to a one-dimensional radiation solver, as later described in section 3.3. This enables to compute the laminar burning velocity when detailed radiative properties are considered. The reader can refer to the thesis from Palluotto (2019) for further details. Finally, the structure of counterflow (2007). Results are shown in Fig. 3.1 for a fixed strain rate a = 40 s -1 , an oxygen molar fraction X O 2 = 0.8 on the oxidizer side, and a pure methane stream on the left. This study has also taken the opportunity to clarify the formulation of AGATH in axisymmetric and two-dimensional counterflow configurations. In the axisymmetric case, AGATH results perfectly overlap over the ones from De Leo et al. (2007). The implemented chemical mechanism was used to assess the correlation between the location of the peaks of temperature and OH * emission (see Fig. 2.4 from chapter 2). One example of a parametrical analysis conducted with the AGATH solver is shown in the following. The effects of pressure p 0 , preheating temperature T 0 of the gas reactants, and oxygen-enrichment in the oxidizer Y O 2 are briefly discussed. One introduces a chemical time scale τ , defined as τ = δ c /S L where δ c and S L are the flame thickness and the laminar burning velocity of a laminar 1D premixed flame at stoichiometry. Laminar adiabatic CH 4 /air premixed flames are solved for a set of operating conditions at stoichiometry with the GRI-Mech 3.0 mechanism. Figure 3.2 shows the evolution of the chemical time scale τ with respect to pressure and preheat temperature of the reactants. Conditions have been varied from ambient to high pressure p 0 = 30 bar and high preheating temperature T 0 = 900 K. The latter conditions are typical of gas turbine operations. At ambient conditions, p 0 = 1 bar and with reactants injected at 300 K, the characteristic chemical time scale is τ 1 ms. When increasing the pressure or the preheating temperature of the reactants, the chemical time scale τ drastically decreases. The smaller value for the chemical timescale τ = 1.5 µs is obtained at maximum pressure p 0 = 30 bar and fresh gas temperature T 0 = 900 K. This study constitutes one example of the parametrical analyses made with AGATH solver on a large number of operating conditions. It also indicates that the chemical time scale τ 0.18 ms obtained with an oxygen fraction Y O 2 = 0.40 is closer to the conditions of a high-pressure gas-turbine operating with air than in a setup operated at ambient pressure with air as the oxidizer. It is not easy to vary the pressure or the fresh gas temperature on a test rig to investigate the corresponding effects of the change in Damköhler number. Alternatively, varying the oxygen-enrichment is another parameter which affects kinetics by reducing the chemical time scale τ . It is less challenging to design a lab-scale combustor where the O 2 -enrichment can be varied than conceiving a pressurized combustor.

Large-Eddy simulation of a premixed oxy-flame : Numerical setup

The retained configuration is a CH 4 /O 2 /CO 2 oxy-flame operated with the premixed injector of the Oxytec combustor with a fixed CO 2 concentration in the oxidizer X CO 2 = 0.32 and an equivalence ratio Φ = 0.95. This configuration is investigated experimentally and numerically in part III of the manuscript. This section focuses on the numerical setup retained for the modelling choices and computational mesh grid. The methodology follows the one developed by [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF] to simulate the methane-air variant of the studied flame. The coupling strategy with the radiation solver is explained in the subsequent sections.

AVBP : Numerical flow solver for Large-Eddy Simulations

Simulations of the reacting flows are carried out with the AVBP solver (Schonfeld and Rudgyard 1999). The three-dimensional Navier-Stokes equations are solved for reactive and compressible flows with unstructured meshes. The AVBP solver is developed by Cerfacs and is based on the Large-Eddy Simulation formalism. The Sigma subgrid model [START_REF] Nicoud | Using singular values to build a subgrid-scale model for large eddy simulations[END_REF]) is adopted for the subgrid stress tensor. The numerical scheme is a two-step Taylor-Galerkin scheme [START_REF] Rudgyard | Development of high-order taylorgalerkin schemes for les[END_REF], featuring a third-order discretization in time and space. The Navier-Stokes Characteristic Boundary Conditions (NSBC) formalism is retained for the boundary conditions [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF]. The combustion model used to perform the LES is the thickened flame model (TFLES) [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF] Numerical scheme two-step Taylor-Galerkin weighted residual central distribution scheme (TTGC) [START_REF] Rudgyard | Development of high-order taylorgalerkin schemes for les[END_REF] Subgrid scale turbulence model Sigma [START_REF] Nicoud | Using singular values to build a subgrid-scale model for large eddy simulations[END_REF] developed by [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF]. The laminar burning velocity S L is tabulated with respect to the equivalence ratio Φ. A summary of the models and numerical schemes used in the numerical simulation is presented in Table . 3.2.

Chemical kinetic mechanism for the CO 2 -diluted oxyflame

The two-step chemical kinetic scheme 2S-CM2-JB2 developed by Bibrzycki and Poinsot (2010b) for CO 2 -diluted oxy-flame was chosen to simulate the CO 2diluted oxy-flame (see Tab. 3.1). The JB2 reduced kinetic scheme is validated in the following with the AGATH solver. Simulations of one-dimensional laminar flames have been performed for an equivalence ratio ranging from Φ = 0.5 to 1.4 and with three chemical kinetic schemes. The GRI-Mech 3.0 chemical kinetic mechanism [START_REF] Smith | Gri-mech 3.0[END_REF]) is compared with a two-step mechanism designed for air-flames (CM2, Bibrzycki and Poinsot (2010a)), and the one considered for CO 2 -diluted oxy-flames (JB2, Bibrzycki and Poinsot (2010b)). The detailed mechanism Aramco that comprises 253 species and 1542 reactions is also used as a reference for CO 2 -diluted oxy-flame [START_REF] Almansour | Ignition and flame propagation in oxy-methane mixtures diluted with CO2[END_REF].

Results are shown for the adiabatic flame temperature T ad at the top in Fig. The laminar burning velocity S L is plotted with respect to the equivalence ratio at the bottom in Fig 3 .3. The two-step mechanism CM2 predicts a burning velocity two times higher than the one found for the GRI-Mech 3.0 and Aramco reference mechanisms. Conversely, the two-step mechanisms tailored for oxyflames, JB2, is in satisfying agreement with the Aramco mechanism for lean conditions (Φ ≤ 1). For rich conditions (Φ > 1), JB2 does not predict the decrease in S L for an increasing equivalence ratio.

These simulations show that the JB2 chemical kinetic scheme is in good agree- One objective of the numerical setup is to feature a low computational cost to be coupled with the radiative solver. The number of tetrahedral cells and the volume of the smallest cell component constitute the two main characteristics that affect the computational cost. As shown in chapter 2 and sketched in Fig. 3.4, the swirl is generated with two rectangular tangential injection slits featuring a small width e = 3 mm. The geometry of the injector has been simplified for the numerical simulation. This modification reduces the number of cells and removes the cells that feature the smallest volumes. It is verified in the following that this modification does not alter the velocity profiles and the fuel mass fraction at the injection backplane of the combustor.

The modifications made to the injector geometry are presented in Fig. 3.4. The initial configuration is shown on the left and the simplified one on the right. The fuel is conveyed through jet-in cross-flow injection pipes to improve the mixing between the fuel and the tangential stream. The jet-in cross flow injections have been removed and replaced by a tangential stream in which the methane and the tangential oxidizer are perfectly mixed.

The two configurations have been simulated during a time ∆t = 60 ms to validate the simplified geometry. The results are shown in Fig. 3.5 for the mean axial velocity u z on the top, and for the mean methane mass fraction Y CH 4 at the bottom. The comparison is made inside the plenum and downstream of the cross-section outlet of the injector. It results that the mean axial velocity u z is the same between the original and the simplified geometries. The modifications made to the injector have, therefore, no impact on the axial velocity field. The same analysis is made with the methane mass fraction shown at the bottom in Fig. 3.5. In the real geometry, the methane stream is mixed with the tangential oxidizer streams, and then with the axial oxidizer stream. In the simplified configuration, the methane lies in the tangential stream at a concentration Y CH 4 = 0.115 and mixes with the axial oxidizer stream. The CH 4 mass fraction differs between the two cases where the tangential and the axial streams

Part I -Experimental and numerical tools 103 meet -2.7 < z/d 0 < -1.5. On the real configuration, the simulation reveals that the fuel is not perfectly mixed within the tangential streams. This leads to three pockets of CH 4 on both sides of the combustor centerline axis. Further downstream, between top of the tangential injection slits at z = -1.5 d 0 and the outlet of the injector at z = 0, differences in the distribution of methane mass fraction between the real geometry and the simplified configuration disappear nonetheless. This feature is due to the very high degree of mixing imparted by the swirling flow, and validates the retained simplification to study the reactive flow within the combustor.

The methane mass fraction is however not homogeneous at the injector outlet for both configurations. This feature is not due to the simplified configuration chosen for the numerical setup, but to the difficulty to well mix the fuel and oxidizer streams in technically premixed systems. Therefore, the technically premixed configuration does not yield a perfectly premixed flame. It is, however, not possible to conclude on the combustion regime with the time-averaged CH 4 mass fractions shown in Fig. 3.5. The combustion model and the chemical kinetic scheme have been selected assuming a premixed mode of combustion. The instantaneous heat release rate is shown at the top in Fig. 3.6. The CRZ is delineated by the white thick line in the center of the flow. The premixed nature of the combustion is a posteriori assessed by plotting the equivalence ratio Φ with respect to the heat release rate for one instantaneous solution of the numerical flow simulation. Results are shown at the bottom in Fig. 3.6. The number of cells featuring an equivalence ratio Φ associated to a certain level of heat release rate is shown in color with a logarithmic scale. The global equivalence ratio Φ = 0.95 is represented as a white dashed line. It would correspond to the real equivalence ratio if the axial and tangential streams were perfectly premixed. The simulation shows that the distribution of equivalence ratio features a peak located close to the theoretical value Φ = 0.95. The distribution of equivalence ratio narrows when the heat release rate (HRR) increases. For large values HRR > 10 8 W.kg -1 , the equivalence ratio is comprised between Φ = 0.9 and 1.06. This indicates that the combustion mode is not perfectly premixed, but that the combustion reaction principally occurs in a quite narrow range of equivalence ratio 0.9 ≤ Φ ≤ 1.06. This points to a partially premixed combustion mode with a small stratification that is described correctly by the simplified configuration at the injector exit plane. The choice of the Thickened Flame model with a laminar burning velocity tabulated with respect to the equivalence ratio is then appropriate. In this range of equivalence ratio, the adiabatic flame temperature T ad is well predicted by the JB2 two-step kinetic scheme (see the top of Fig. 3.3). The laminar burning velocity S L is also in good agreement with the GRI-Mech 3.0 mechanism for Φ < 1.05 (see bottom of Fig. 3.3). For the equivalence ratio Φ = 1.06 encountered in Fig. 3.6, the JB2 slightly overpredicts the laminar burning velocity of about 12.5% compared to the reference mechanism. This slight difference is considered acceptable for the numerical simulations conducted in this work.

Computational mesh grid

The number of tetrahedral cells targeted in the numerical simulation is 18 million. An automated refinement mesh procedure is used to optimize the density of small cell components. The refined mesh is obtained by an automatic method of mesh refinement, as proposed by [START_REF] Daviller | A mesh adaptation strategy to predict pressure losses in les of swirled flows[END_REF]. This method relies on a sensor based on the mean dissipation of kinetic energy. The simulation is first performed with a coarse mesh. The mean velocity data are then used to define the critical regions for mesh refinement with the same refinement parameters as in [START_REF] Daviller | A mesh adaptation strategy to predict pressure losses in les of swirled flows[END_REF]. A closer view of the resulting computational domain is represented in Fig. 3.7. 

Boundary conditions

The boundary conditions for all the LES simulations are reported in Table 3.3. They rely on the Navier-Stokes characteristic boundary conditions formalism [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF]. The mass flow-rates and mixture composition are based on the experimental data provided by [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF]. A wall no-slip condition is prescribed for all the boundary of the combustor. This includes the injector, the diverging cup, the quartz windows and the convergent at the outlet of the combustor. The no-slip condition is justified by a sensitivity analysis of Palluotto ( 2019) made on the dimensionless distance from the wall y + = y √ τ w /( √ ρν), where y is the distance to the wall, τ w the wall shear stress and ν the kinematic viscosity. For a similar setup, Palluotto (2019) showed that the dimensionless distance from the wall features a low value y + < 5 at the combustor sidewalls. The mesh is therefore suitable for a no-slip condition. 

Boundary condition Physical variables

Relax coef- ficients Axial inlet ṁ = 2.91 × 10 -3 kg.s -1 T = 300 K 20 000 s -1 Y O 2 = 0.24 Y CO 2 = 0.76 Tangential inlet ṁ = 2.19 × 10 -3 kg.s -1 T = 300 K 20 000 s -1 Y CH 4 = 0.133 Y O 2 = 0.239 Y CO 2 = 0.628 Cylinder atmopshere ṁ = 1 kg.s -1 T = 300 K 20 000 s -1 Y O 2 = 0.233 Y O 2 = 0.767 Outlet p = 101325 pa 500 s -1 Walls
No-slip condition The temperature field imposed on the combustor walls is based on the measurements performed during this thesis and presented in chapter 7. The prescribed thermal boundary conditions are represented in Fig. 3.8. Since the temperature were collected along one-dimensional profiles, an extrapolation has been performed to estimate the temperature over all the wall surfaces. This extrapolation is briefly discussed in section 3.3.3.

Radiative heat transfer in flames : Numerical setup

Simulations with thermal radiation are considered in chapter 8 to analyze the role of radiative heat transfer for premixed oxy-flames when the fresh gases are diluted with CO 2 . The present section describes the models and configuration used for the radiative solver.

Radiative transfer equation and quantities of interest

Radiative heat transfer is described by the evolution of the spectral radiative intensity I ν for a beam traveling at wavenumber ν along a path of length s in the direction « » in a semi-transparent medium. The radiative transfer equation (RTE) which governs I ν is considered by neglecting scattering and with a unity refractive index (n = 1) :

dI ν ds = -κ ν I ν + κ ν I • ν (3.1)
where κ ν is the absorption coefficient and I • ν the spectral radiative intensity given by Planck's blackbody radiation law at wavenumber ν. The radiative intensity I ν is then used to determine the quantities of interest such as the radiative power P rad appearing in the fluid energy balance equation :

P rad = ∞ ν=0 4π κ ν I ν dΩdν -4π ∞ ν=0 κ ν I • ν dν (3.2)
The radiative wall heat flux at the sidewall of the combustor ϕ rad is determined as follows :

ϕ rad = ∞ ν=0 4π I ν (u, s)u • ndΩdν (3.3)
where u denotes the unity vector in the « » direction and n the normal vector at the surface of the sidewalls.

Gas radiative properties and the Rainier Monte Carlo solver

The retained methodology relies on the high-fidelity framework developed at EM2C laboratory for simulations coupled with thermal radiation [START_REF] Koren | Modélisation des transferts de chaleur couplés pour la simulation multi-physique des chambres de combustion[END_REF][START_REF] Rodrigues | Modélisation multiphysique de flammes turbulentes suitées avec la prise en compte des transferts radiatifs et des transferts de chaleur pariétaux[END_REF][START_REF] Armengol | Numerical investigation of the effects of coupled radiative heat transfer on free turbulent jets of water vapor[END_REF][START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF]. The spectral absorption coefficient κ ν that accounts for gas radiative properties is described with a ck method from [START_REF] Goody | The correlated-k method for radiation calculations in nonhomogeneous atmospheres[END_REF], and the quantities of interest (P rad and ϕ rad ) are determined with a Monte Carlo solver. This combination provides a state-of-the-art estimation of the radiative field. Despite its high computational cost, such simulations have recently become affordable, and given the previous successful applications at EM2C, the methodology has been retained here. The considered participating species are CO 2 and H 2 O, which are the main contributors to radiative heat transfer. Soot radiation is neglected and could not be detected in the experiments carried out on the investigated flame.

In the ck approach, the spectral bands ∆ν are considered sufficiently small to assume the Planck function constant of this spectral width. In a narrow band of size ∆ν b , the average intensity I ν b (s) is expressed with the help of quadrature points g j of weights ω j . When two radiative species are considered as in the present case, this leads to :

I ν b (s) = N i=1 N j=1 ω i ω j I g i ,g j (s) (3.4)
where N is the quadrature order. The idea of the ck model is to compute the RTE Eq. (3.3.1) by integrating over the values taken by the radiative absorption coefficient κ ν instead of integrating over the wavenumber ν :

dI g i ,g j (s) ds = (k 1 (g i , s) + k 2 (g j , s)) I • ν b -I ν b (s) (3.5)
where k 1 and k 2 are reciprocal function representing the absorption coefficient κ ν ordered by increasing values. The cumulative k-distributions are computed based on a high-resolution line-by-line database for CO 2 and H 2 O absorption properties. The ck model parameters have been estimated based on data from [START_REF] Rivière | Updated band model parameters for H2O, CO2, CH4 and CO radiation at high temperature[END_REF]. 44 spectral bands are considered for H 2 O with a width comprised between 50 and 400 cm -1 and covering wave numbers from 150 and 9200 cm -1 . For the CO 2 , absorption radiation lies at wave numbers lying inside 17 of these bands.

Once the gas radiative properties are known, the in-house RAINIER code determines the radiative power and flux fields at each vertex of the computational domain. The RTE Eq. (3.5) is solved with a reciprocal backward Monte Carlo approach [START_REF] Zhang | Optimized emission-based reciprocity monte carlo method to speed up computation in complex systems[END_REF][START_REF] Zhang | Physical study of radiation effects on the boundary layer structure in a turbulent channel flow[END_REF][START_REF] Koren | Multiphysics simulation combining large-eddy simulation, wall heat conduction and radiative energy transfer to predict wall temperature induced by a confined premixed swirling flame[END_REF][START_REF] Palluotto | Assessment of randomized quasi-monte carlo method efficiency in radiative heat transfer simulations[END_REF]). The Emission-based Reciprocity Method (ERM) Monte Carlo developed by [START_REF] Tessé | Radiative transfer in real gases using reciprocal and forward monte carlo methods and a correlated-k approach[END_REF] that is implemented in the RAINIER solver enables to control the local accuracy of the computed radiative fields without computing all the ray beams from the computational domain. Unlike the classical forward Monte Carlo methods, a large number of ray beams are randomly generated depending on their direction u and wave number ν only at the vertex where results are desired. Finally, the convergence of the Monte Carlo algorithm is significantly enhanced by the use of a quasi Monte Carlo method [START_REF] Lemieux | Monte carlo and quasi-monte carlo sampling[END_REF] for random numbers generation as shown in [START_REF] Palluotto | Assessment of randomized quasi-monte carlo method efficiency in radiative heat transfer simulations[END_REF].

Setup of the radiative solver : boundary conditions

The temperature field imposed at the combustor walls is used as thermal boundary conditions for both the AVBP and RAINIER solvers. The wall temperatures have been determined along the lines shown on the left in Fig. 3.9.

Measurements include profiles along the quartz windows, the combustor back plane, and the exhaust nozzle. The extrapolation procedure to all surface is described in the following.

At the height z = 0, the temperature at the surface of the combustor back plane is assumed invariant by rotation around the combustor centerline axis : T (θ, r) = T (r). The extrapolation is in this case straightforward. Similarly, it is assumed that the temperature along the exhaust nozzle at the outlet of the combustion chamber only depends on the coordinate z. This is considered acceptable because the wall temperature in the convergent feature small variation around its mean value is T 800 K. It is more challenging to extrapolate the temperature measured on the quartz windows. It is considered that the four quartz windows feature the same temperature field. On the right in Fig. 3.9, the black lines delineate the temperature profiles where data are available. In the middle of the quartz at x = 0, the wall temperature is known for all the heights 0 < z < 20 mm. For the heights z = z 1 , z 2 , and z 3 , the temperatures have been measured for -7.5 < x < 7.5 mm. Let θ(x, z) be the quantity defined as follows :

θ(x, z) = T (x, z) -T (0, z) (3.6)
where T (0, z) is the temperature in the middle of the quartz window. The variable θ is only known at specific locations over the quartz surface : at z = z 1 , z 2 and z 3 and at x = 0 : θ(0, z) = 0. If the point to interpolate lies at a height z 2 < z < z 3 , the extrapolation is made with the following equation :

θ(x, z) z 3 -z z 3 -z 2 θ(x, z 2 ) + z -z 2 z 3 -z 2 θ(x, z 3 ) (3.7)
One can verify that Eq. The transmissivity τ λ of a slab of thickness e = 10 mm is provided by the manufacturer in Fig. 3.10. The absorption index k λ is deduced as follows :

τ λ = exp(-4πk λ e/λ) (3.8)
The absorptive index is used to calculate the transmissitivity τ λ of a slab of thickness e = 8 mm. It is also used to determine the reflectivity ρ λ of the material with Fresnel's relation :

ρ λ = (1 -n λ ) 2 + k 2 λ (1 + n λ ) 2 + k 2 λ (3.9)
where the refractive index of the material n λ = 1.469 is given by the manufacturer. With the transmissivity τ λ and the reflectivity ρ λ , the slab absorbance A slab λ , transmittance T slab λ , and reflectance R slab λ can be defined as [START_REF] Modest | Radiative heat transfer[END_REF] :

A slab λ = (1 -ρ λ )(1 -τ λ ) 1 -ρ λ τ λ T slab λ = (1 -ρ λ ) 2 τ λ 1 -ρ 2 λ τ 2 λ R slab λ = ρ λ 1 + (1 -ρ λ ) 2 τ 2 λ 1 -ρ 2 λ τ 2 λ
The radiative properties for a slab of thickness e = 8 mm are represented in Fig. 3.11 for light wavelengths comprised between 200 and 5000 nm. This figure shows that the quartz window is mainly transparent in the visible range and up to a wavelength λ = 2.6 µm. The absorbance of the quartz window is used in chapter 7 to compare with the emissivity spectrum from CO 2 .

In the methodology developed by [START_REF] Rodrigues | Modélisation multiphysique de flammes turbulentes suitées avec la prise en compte des transferts radiatifs et des transferts de chaleur pariétaux[END_REF], the radiative properties are simulated by a band model where the bands are either opaque or transparent. When a band is opaque, the transmittance is set to T model,slab λ = 0 and the absorbance is equal to the spectral hemispherical emittance A model,slab λ = ε slab,hem λ [START_REF] Howell | Thermal radiation heat transfer[END_REF]. When a band is transparent, the slab absorbance is set to A model,slab λ = 0 and the transmittance to T model,slab λ = (1 -ρ λ )/(1 + ρ λ ). A criterion is determined on the quartz transmittance T slab λ above which the quartz window is considered as transparent. [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF] showed with the same material that the slab can be considered as transparant when T slab λ > 0.64, and opaque in the rest of the spectrum. The modeled radiative properties are superimposed in Fig. 3.11 as dashed lines. These data are used as boundary conditions for the RAINIER solver.

Setup of the radiative solver : control of the convergence

The Monte Carlo solver provides statistical estimates of radiative fields. Ray beams keep issuing from a given vertex until an accuracy threshold is met. The convergence of the Monte Carlo solver is then controlled on each node with a relative and absolute errors of the standard deviation of the radiative power.

The relative error ε rel is defined as the absolute value of the ratio of the rootmean-square of the radiative power P rad,rms divided by the radiative power P rad . The relative error in this work is fixed to ε rel = 15 %. This is larger than criteria retained in previous work with RAINIER. The observed increase in computational cost for the present case is attributed to the enhanced optical thickness due to CO 2 -dilution in the studied flame. The present work then takes advantage of the possibility to adapt the accuracy to the amount of computational resources available for the numerical study. Note that the 15 % relative error is for the computation of the radiative field on each instantaneous snapshot of the turbulent flow field. A large part of the statistical error is canceled when looking at the time-averaged fields from the coupled simulation. Another criterion is defined not to waste computational time in zones of low radiative power. The Monte Carlo solver is additionally considered as converged if the root-mean square of the radiative power P rad,rms falls below ε abs = 1.13 × 10 5 W.m -3 . This value corresponds to 3 % of the maximum radiative power in the combustion chamber. Finally, the minimum number of ray beams is fixed to N min = 100 to avoid erratic detection of convergence in the first iterations of the algorithm. The maximum number of ray beams is fixed to N max = 2000.

To summarize, the Monte Carlo solver is considered as converged because either the relative error ε rel or the absolute error P rad,rms fall below a certain threshold. This sets the number of ray beams generated N , which must also be comprised between N min and N max . The results of the Monte Carlo solver with this setup is shown in Fig. 3.12. The relative error ε rel is shown on the left. The iso-line P rad = 0 corresponds to the thick white contour. In the main part of the combustion chamber, the criteria ε rel < 15 % is satisfied (see point A). However, when the radiative power is very low, the relative error features high values ε rel > 100 % (see point B close to the white line). In this region, the Monte Carlo solver is converged with the absolute criteria P rad,rms .

Figure 3.12 -Convergence criteria of the Monte Carlo solver for a fixed threshold of the relative ε rel and absolute error P rad,rms . Left : relative error ε rel = |P rad,rms /P radad |. Right : absolute error P rad,rms . The iso-line P rad = 0 corresponds to the thick white contour.

Sensitivity to the computational grid size

The temperature heterogeneity alone in burnt gases does not require a mesh as fine as the LES mesh to be correctly captured. It is then common to consider a coarser mesh in the computation of radiative energy transfer when coupled to LES. Besides, the computational cost of the simulation of the radiative heat transfer is high for the studied oxy-flame. Retaining a different computational grid is then even more interesting, and a sensitivity analysis to the chosen grid size is presented here. Three computational grids are compared : Mesh 1, 2, and 3, respectively, featuring 25.7, 9.0, and 2.5 million cells. For each mesh size, the radiative fields (P rad and ϕ rad ) are computed with the RAINIER solver on 1440 processors in parallel from an interpolated AVBP solution. The equivalent Central Processing Unit (CPU) time ∆t CP U,RAIN IER on one processor is reported in Table 3.4. It turns out, even on the coarsest grid, the CPU time is very high ∆t CP U,RAIN IER ≤ 30.8 h.proc -1 . As a comparison, the CPU time of the AVBP flow solver to carry out one flow iteration is much lower : ∆t CP U,AV BP = 0.06 h.proc -1 for a computational grid of 20 million cells. During the coupling of both solvers, one field computation in the RAINIER solver is between 500 and 5000 times more expensive than in the AVBP solver.

The error made on the determination of the radiative power P rad is now investigated. The finest Mesh 1 is considered as the reference solution. Results for the coarser Meshes 2 and 3 are compared with this reference mesh. The relative error α P rad obtained with the coarser meshes 2 and 3 is defined as follows :

α 2 P rad (i) = V |P rad i -P rad 1 | 2 dV V |P rad 1 | 2 dV (3.10)
where the radiative power P rad i obtained with the coarser mesh is compared with the radiative power P rad 1 from the reference mesh. The relative error α P rad for the three mesh grids is represented with respect to the number of cells N cell in Fig. 3.13. As expected, α P rad increases when the number of cells decreases. For Mesh 2, the relative error is α P rad = 8 %, and increases to 12.5% for Mesh 3. This result is later used to choose the final numerical setup. 3.4 Settings for the coupled radiation / large-eddy simulation

Parallel coupling

The numerical solver AVBP and the radiation solver RAINIER are coupled with the help of the Open-palm library [START_REF] Buis | Palm : a computational framework for assembling high-performance computing applications[END_REF]. As shown in Fig. 3.14, the radiative power field is calculated with the RAINIER solver and sent to the AVBP solver. Conversely, the temperature, the molar fraction of the semitransparent species X CO 2 and X H 2 O are calculated in the AVBP solver and sent to the RAINIER solver.

In order to optimize the cost efficiency, the coupling between both solvers is not done sequentially but in parallel. While RAINIER computes the radiative fields, AVBP computes N ite temporal iterations of the reactive flows. The coupling period that corresponds to the update of each solver information through parallel communications is then ∆t cpl = N ite ∆t f , where ∆t f is the flow solver time step. The synchronization of communications requires a proper balance of the number of processors for each solver to avoid any useless waiting periods. Performing a coupled simulation with a detailed description of radiative heat transfer is computationally expensive. The accuracy of the numerical simulation can be lowered to make this calculation affordable. Several parameters can be adjusted to control the accuracy targeted in the simulation [START_REF] Rodrigues | Modélisation multiphysique de flammes turbulentes suitées avec la prise en compte des transferts radiatifs et des transferts de chaleur pariétaux[END_REF][START_REF] Palluotto | Assessment of randomized quasi-monte carlo method efficiency in radiative heat transfer simulations[END_REF]. A study has been performed to optimize the parameters of the Monte Carlo solver and the coupling frequency between the flow and the radiative solvers.

Influence of the coupling frequency

The impact of the coupling frequency on the accuracy of the simulation is investigated with a sensitivity analysis to the coupling parameter N ite . The same calculation is carried out while varying the number of iterations N ite performed by the AVBP flow solver during one iteration of the RAINIER radiation solver.

The evolution of the simulation between the N ite iterations of the AVBP solver is characterized by the following metrics β T for the temperature [START_REF] Rodrigues | Modélisation multiphysique de flammes turbulentes suitées avec la prise en compte des transferts radiatifs et des transferts de chaleur pariétaux[END_REF][START_REF] Palluotto | Assessment of randomized quasi-monte carlo method efficiency in radiative heat transfer simulations[END_REF] :

β 2 T (N ite ) = V |T N ite -T 0 | 2 dV V |T 0 | 2 dV (3.11)
where T 0 is the initial temperature field and T N ite the temperature field after N ite AVBP iterations. The same metric is determined for the radiative power β P rad :

β 2 P rad (N ite ) = V |P rad N ite -P rad 0 | 2 dV V |P rad 0 | 2 dV (3.12)
where P rad 0 is the initial radiative power and P rad N ite the radiative power after N ite AVBP iterations.

Table 3.5 -CPU time necessary to complete the coupled simulation during a time ∆T = 330 ms, expressed in millions of CPU hours. The relative and absolute errors of the Monte Carlo solver are fixed to ε rel = 1 % and P rad,rms = 5.10 4 W.m -3 .

N ite

Mesh Results are presented in Fig. 3.15 for the metrics β T in blue dashed line and β P rad in red solid line. The relative error made on the radiative power is always much higher than the one made on the temperature. When the number of AVBP iterations between two RAINIER iterations increases, β P rad increases. This sensitivity analysis is used in the next session to define the coupling frequency below which the error is considered acceptable.

Retained configuration

The choice for the final numerical setup is a trade-off between accuracy and computational cost. The CPU time required to achieve a simulation time of ∆t = 330 ms has been estimated for different computational grids and coupling frequency N ite . The relative and absolute errors of the Monte Carlo solver are fixed to ε rel = 0.01 % and P rad,rms = 5.10 4 W.m -3 . Results are reported in table 3.5. Increasing the coupling frequency N ite roughly linearly decreases the computational cost of the simulation. The computational cost then linearly increases with the number of cells in the computational domain. The second computational domain featuring N cell = 9.0 millions of cells is retained for the simulation. According to Fig. 3.13, this leads to an error of α P rad = 8 %. The number of iterations of the AVBP solver between two communications with the RAINIER solver is set to N ite = 500. The sensitivity analysis presented in Fig. 3.15 indicates that the error made with this choice of coupling frequency is β P rad = 10 %. To be consistent with the error level α P rad and β P rad , the relative and absolute errors of the Monte Carlo solver are therefore increased to ε rel = 15 % and P rad,rms = 1.13.10 5 W.m -3 . Hence, the error made on the radiative power is consistently about the same regarding the computational domain, the coupling frequency, or the accuracy error set for Monte Carlo solver.

Finally, the distribution over parallel processors must be tuned so that the N ite iterations with the AVBP solver take the same cpu time as one computation in Rainier. This balance is set by setting N proc,AV BP = 720 cores for the AVBP solver, and N proc,RAIN IER = 1200 cores for the RAINIER solver.

The retained configuration is finally presented in table 3.6 together with the computational cost. The CPU time are presented for a simulation time ∆t = 330 ms corresponding to one residence time in the Oxytec combustor. The CPU time required for the AVBP solver is 0.15 million hours and 0.25 million hours for the RAINIER solver. This is consistent with the processors distribution used for the coupling.

Conclusion

The different numerical tools used during this thesis were briefly described. They include :

-Simulations of laminar flame in canonical configurations -Large-eddy simulations of turbulent reactive and non-reactive flows -Simulation of the thermal radiation field with a Monte-Carlo solver The numerical setups for the LES and the radiation solvers were also presented. Sensitivity analyses were carried out to assess the accuracy and the computational cost of the radiation solver. This led to the definition of a final configuration to simulate a confined swirling oxy-flame at affordable computational resources.

The results and the physical analysis of these flames are presented in chapter 8.

The one-dimensional solver AGATH used to determine the properties of laminar reacting flows has been presented with two applications. During this thesis, some improvements have been made to the AGATH solver, which are not described in this manuscript. They include :

-An implementation of a mesh refinement method based on the REGATH code from Darabiha (1992) -A parallelization of the solver for the simulation of one-dimensional premixed and counterflow diffusion flames (in Open-MP) -The development of a new program to automatically solve a large number of one-dimensional flamelets. The user can define a given set of parameters (equivalence ratio, strain rate, pressure, reactant temperature and mixture composition ...). The program solves all the flamelets with a reduced computational time. This program can be used to build flamelet tables or to gather data for a broad parametrical analysis. The data from Fig. 

Deuxième partie

Confined swirling flows

Chapitre 4

Swirl number

Conferring a swirling motion to the fresh reactants enables to increase the turbulent intensity, the flame surface density and favors the mixing degree downstream a coaxial injector. Swirling flows are characterized by a swirl number, which depicts the rotational motion given to the stream. In this chapter, the expression of the swirl number is derived from Navier-Stokes equation. The theoretical swirl number is difficult to model and to measure. Hypotheses are made on the flow pattern to obtain a first swirl number that can be measured, and another one that can be determined from geometrical considerations. PIV measurements of the three-dimensional velocity fields are finally carried out to compare the geometrical swirl number with the one determined from the experiments. Introduced by [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF], the swirl number is the dimensionless number describing the rotational motion conferred to a flow which may lead to the formation of a Central Recirculation Zone (CRZ). Swirling flows are widely used to ease flame stabilization in high power combustion systems. The structure of a swirling flame is known to depend largely on the structure of the rotating jet exhausting the injector [START_REF] Beér | Combustion aerodynamics[END_REF][START_REF] Gupta | Swirl flows[END_REF]Cheng et al. 2000a;[START_REF] Chterev | Precession effects on the relationship between time-averaged and instantaneous swirl flow and flame characteristics[END_REF]. Despite extensive studies, see for example the pioneering work from [START_REF] Rawe | Eighteenth symposium (international) on combustion stability limits of natural gas diffusion flames with swirl[END_REF], the stabilization mechanisms of swirled flames are still the topic of many recent investigations due to their complex structure and dynamics [START_REF] Syred | A review of oscillation mechanisms and the role of the precessing vortex core (pvc) in swirl combustion systems[END_REF][START_REF] Oberleithner | Three-dimensional coherent structures in a swirling jet undergoing vortex breakdown : stability analysis and empirical mode construction[END_REF][START_REF] Candel | Dynamics of swirling flames[END_REF]). Effects of swirl on the flame and flow patterns of premixed and non-premixed flames are investigated in the next chapter for a broad range of operating conditions.

Contents

In this chapter, a theoretical analysis is carried out to derive expressions for the swirl number that characterizes the rotational motion of the flow. The estimation of the swirl number requires to integrate the mean and fluctuating components of the velocity profiles. Besides, the pressure field is also needed. Therefore, its determination based on velocimetry measurements is often replaced by estimates based on a geometrical swirl number which only depends on the injected flow rates and injector geometry [START_REF] Durox | Flame dynamics of a variable swirl number system and instability control[END_REF][START_REF] Reichel | Increasing flashback resistance in lean premixed swirl-stabilized hydrogen combustion by axial air injection[END_REF][START_REF] Vignat | An experimental study into the effect of injector pressure loss on self-sustained combustion instabilities in a swirled spray burner[END_REF]. In a second part, hypotheses are made to find an expression of the geometrical swirl number for the Oxytec injector. This expression is the one that is used in the remaining part of the manuscript. Velocity measurements at the outlet of the injector are finally carried out to compare the theoretical and the geometrical swirl numbers.

Theoretical analysis

A 1 The swirl number S is defined as :

e z A 2 p 1 U z1 , U ¡1 U z2 , U 2 p 2 = p ∞ Σ Σ
S = G θ RG z (4.1)
Where G θ is the rotational momentum along the axial direction e z , G z the axial momentum and R the radius at the injector's outlet. A standard demonstration to find the expression for the swirl number is to start from the Navier-Stokes equations [START_REF] Gupta | Swirl flows[END_REF]. Another demonstration is presented in the following starting from the integrated form of the Navier-Stokes equation.

An axisymmetric duct is considered without any constraint on the geometry, as shown Fig. 4.1. Its inlet and outlet are respectively called A 1 and A 2 , and its walls Σ. A = A 1 ∪ A 2 ∪ Σ is the total surface of the control volume V . The fundamental principle of dynamics applied to the material control volume leads for the translational and rotational motion to :

       d dt V ρ v dV = F ext d dt V ρ (r × v) dV = M ext (4.2)
where F ext and M ext are the external force and torque applied to the fluid of density ρ and velocity v. Using the transport theorem for a fixed control volume, Eq. (4.2) may be written as :

       V ∂ ∂t dV + A ρ v (v • n) dA = F ext V ∂ ∂t dV + A ρ (r × v)(v • n) dA = M ext (4.3)
Assuming that steady-state has been reached in the duct, and that the viscous forces and buoyancy are neglected, (this is a reasonable assumption for flow with not to low Reynolds number), the external forces only correspond to the gas pressure on the volume control boundary.

One is left with :

       A ρ v (v . n) dA = - A p n dA A ρ (r × v)(v • n) dA = - A r × p n dA (4.4)
The projection of these expressions along the axial direction e z leads to :

       A ρ (v • e z )(v • n) dA = - A p n • e z dA A ρ (r × v) • e z (v • n) dA = - A (r × p n) • e z dA (4.5)
The position vector is decomposed as follows r = r e r + z e z . This yields :

(r × n) • e z = (e z × (r e r + z e z )) • n = r e θ • n
Besides, the system being axisymmetric, the azimuthal vector e θ is tangent to the surface A : e θ • n = 0. One is left with :

(r × v) .e z = (e z × (r e r + z e z )) • v = r e θ • v = r u θ As v • e z = u z , it reduces to :        A ρ u z (v • n) dA = - A p n dA • e z A ρ r u θ (v • n) • e z dA = 0 (4.6)
Integrals over the surface A = A 1 ∪ A 2 ∪ Σ are now decomposed over the inlet A 1 , the outlet A 2 , and the sidewalls Σ :

       A 2 (ρ u 2 z + p) dA 2 - A 1 (ρ u 2 z + p) dA 1 = - Σ p n .e z dΣ A 2 ρ ru θ u z dA 2 - A 1 ρ ru θ u z dA 1 = 0 (4.7)
Let introduce p ∞ a constant pressure, such as the pressure in the outer environment. The surface A being a closed surface, the quantity p ∞ A n .e z dA = 0 is introduced in the previous expression for the axial momentum balance. One may thus alternatively write the previous system as :

       A 2 (ρ u 2 z + (p -p ∞ )) dA 2 - A 1 (ρ u 2 z + (p -p ∞ )) dA 1 = - Σ (p -p ∞ ) n .e z dΣ A 2 ρ ru θ u z dA 2 - A 1 ρ ru θ u z dA 1 = 0 (4.8)
The axial momentum G z,i = A i ρ u 2 z + (p -p ∞ ) dA i and the rotational momentum along the axial direction G θ,i = A i ρ ru θ u z dA i at the control volume inlet (i = 1) and outlet (i = 2) are introduced. The quantity

F z = -Σ (p -p ∞ ) n dΣ is also introduced, leading to : G z2 -G z1 = F z = -Σ (p -p ∞ ) n • e z dA G θ2 -G θ1 = 0 (4.9)
For a gravityless and viscousless flow, expressions show that the rotational momentum in the axial direction G θ remains constant in a duct, independently from the external forces. The axial momentum G z changes depending on the sign of pressure difference p -p ∞ . Consequences of Eq. (4.9) are further examined in chapter 5 when the injection system is equipped with a diverging cup. In this chapter, it is considered that the diameter of the duct is constant (A 1 = A 2 ), in which case n • e z = 0 on Σ, so that F z is equal to zero. In this situation, the velocity and pressure fields can locally evolve in the axial direction, but Eq. (4.9) states that the integrated quantities G z and G ∞ remain constant, meaning that the swirl number defined by Eq. (4.1) remains constant for an injector of radius R.

For an injector of constant radius r 0 , the theoretical swirl number is therefore :

S 0 = r 0 0 ρu θ u z r 2 dr r 0 r 0 0 (ρu 2 z + (p -p ∞ ))r dr (4.10)
This definition well applies to an injector without central bluff-body as the one used for the premixed conditions investigated in this work. In non-premixed conditions, the coaxial injector may feature two swirl numbers. Let r 1 be the internal radius of the central tube and e the thickness of the lips. The oxidizer is therefore conveyed in an annular channel of inner radius r 1 + e and outer radius r 2 . The inner S 1 and outer swirl number S 2 are then defined as follows :

S 1 = r 1 0 ρu θ u z r 2 dr r 1 r 1 0 (ρu 2 z + (p -p ∞ ))r dr (4.11)
and

S 2 = r 2 r 1 +e ρu θ u z r 2 dr r 2 r 2 r 1 +e (ρu 2 z + (p -p ∞ ))r dr (4.12)
Expression Eq. (4.12) for the annular oxidizer channel is retained for calculations in the rest of this chapter. The swirl number S 0 in Eq. ( 4.10) can be retrieved by setting the inner diameter d 1 and the lip thickness e to zero :

d 1 = e = 0 in Eq. (4.11).
When the flow lies in the turbulent regime, it is common to decompose the instantaneous velocity vector u into a mean component u and a fluctuating component u . The mean swirl number S 2 associated to the turbulent flow in the annular channel becomes in this case :

S 2 = r 2 r 1 +e ρ(u θ u z + u θ u z )r 2 dr r 2 r 2 r 1 +e (ρ(u 2 z + u z 2 ) + (p -p ∞ ))r dr (4.13)
This expression is difficult to use in practice because it is challenging to measure the profile of mean pressure p and the fluctuating components u z u z and u θ u z . These terms are therefore often discarded, leading to the simplified expression :

S 2 = r 2 r 1 +e ρu θ u z r 2 dr r 2 r 2 r 1 +e ρu 2 z r dr (4.14)
In this later expression, only mean velocities are retained. To simplify notations, S 2 is noted S 2 in the following.

Geometrical swirl number

It is often necessary to have a priori estimates of the swirl number when designing a set of swirlers. When the injector is equipped with an axial-plustangential swirler, the swirl level can be adjusted in real time during the experiments by changing the distribution of axial and tangential flowrates. An approximation of the swirl number is derived in the following based on some assumption on the flow structure and geometrical considerations. Starting from the simplified expression of the swirl number in Eq. (4.14), the first assumption is that the density in a low Mach flow remains constant ρ(r) = ρ, leading to :

S 2 = r 2 r 1 +e ūz ūθ r 2 dr r 2 r 2 r 1 +e u 2 z r dr (4.15)
It is also often assumed that the rotating flow features a solid body-rotation around the centerline axis [START_REF] Gupta | Swirl flows[END_REF][START_REF] Durox | Flame dynamics of a variable swirl number system and instability control[END_REF]) with a uniform axial velocity : u z (r) = u z and u θ (r) = u θ (r 2 )r/r 2 . One is thus left with :

S 2 = u θ (r 2 ) u z 1 + α 2 2 (4.16)
where α = (r 1 + e)/r 2 . The link between the tangential velocity u θ (r 2 ) and the axial velocity u z depends on the swirler geometry. Expressions are derived in the following for the two types of swirlers used in this work : starting with the axial swirler and then considering the axial-plus-tangential swirler.

Axial swirler

As indicated in chapter 1, the axial swirler lies in the inner fuel lance of diameter d 1 = 2r 1 for the dual coaxial swirler used to investigate non-premixed configurations. In this case, one can use Eq. (4.16) by setting α = 0. The inner swirl S 1 is in this case given by :

S 1 = 1 2 u θ (r 1 ) u z (4.17)
The velocity vector at the outlet of the inner pipe is sketched in Fig. 4.2. The tangential and axial velocities are related by : u θ (r 1 ) = tan(θ 1 )u z , where θ 1 is the trailing edge of the swirler blade. The geometrical swirl number S 1 obtained with an axial swirler in the central tube is therefore given by :

S 1 = 1 2 tan(θ 1 ) (4.18)
The axial swirlers used in this work feature a trailing edge angle θ 1 =-60, -50, -30, 0, 30, 50 and 60 • corresponding to a swirl number S 1 = -0.87, -0.60, -0.29, 0, 0.29, 0.60, 0.87. A negative value for the inner swirl number indicates that the inner and annular swirls are counter-rotating. 

Tangential swirler

For the axial-plus-tangential swirler in the annular channel, the velocity u θ (r 2 ) is deduced from the injected axial ṁ2,z = ρ z Q 2,z and tangential mass flow rates ṁ2,θ . Due to mass conservation, the total injected mass flow rates ṁz at the injector outlet is equal to ṁz = ṁ2,z + ṁ2,θ . The axial, tangential and total mass flow rates are characterized by their respective density ρ z , ρ θ and ρ, and bulk velocity u 2,z , u 2,θ , and u z .

H u 2, m 2, r 2 u (r 2 )
. As sketched in Fig. 4.3, the tangential velocity u 2,θ is imparted to the flow at the radial position r = H. In the vicinity of the wall for H ≤ r ≤ r 2 , [START_REF] Durox | Flame dynamics of a variable swirl number system and instability control[END_REF] state that the kinetic momentum is conserved and the flow obeys to u 2,θ H = u θ (r 2 )r 2 . The ratio u z /u θ (r 2 ) can thus be expressed as :

u z u θ (r 2 ) = r 2 H u z u 2,θ = r 2 H ρ 2,θ ρ Q 2,z Q 2,θ = r 2 H ρ 2,θ ρ 1 + Q 2,z Q 2,θ (4.19)
where Q 2,z and Q 2,θ are the volume flow rates in the axial and tangential streams. Injecting the velocity ratio in Eq. (4.16) yields :

S 2 = 1 + α 2 2 A A θ H r 2 1 1 + Q 2,z /Q 2,θ (4.20)
The tangential streams are conveyed through N rectangular injection slits of dimensions l and L : A θ = lN L. The outlet of the injector features a cross section area A = π(r 2 2 -(r 1 +e) 2 ). Hence, the final expression for the geometrical swirl number S 2 is :

S 2 = π 2 Hr 2 N lL 1 -α 4 1 + Q 2,z /Q 2,θ (4.21)
In absence of tangential streams Q 2,θ = 0, there is no swirl and : S 2 = 0.

When the fluid is totally injected through the tangential slits, the swirl number reaches its maximum value :

S 2 = π 2 Hr 2 N lL (1 -α 4 ).
It is worth noting that the value of the inner diameter d 1 has a small impact on the swirl number in the annular channel S 2 , when r 2 > 2r 1 , α 4 < 0.07.

In absence of central tube, Eq. ( 4.21) is also valid by setting α = 0. However, another formula is considered to be consistent with the definition of the geometrical swirl number used in [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF] for the premixed configuration :

S 0 = π 2 Hr 2 N lL 1 1 + ṁax / ṁ2,θ (4.22)

Swirl number measurement

The geometrical swirl number estimate S 2 in Eq. (4.21) is now compared with the swirl number deduced from Eq. (4.15) and velocimetry measurements.

Single annular swirler

Comparisons between the measured and geometrical values of the swirl number have already been performed by [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF] with injector equipped with the single annular swirler to study premixed oxy-combustion. Only the main conclusions are recalled in table 4.1.

The geometrical and measured swirl numbers are in relatively good agreement. Differences between the two values however arise. They are attributed to measurements uncertainties and to the rough approximation of a solid-body rotating flow.

Dual coaxial swirling injector

The swirl number is now deduced from measurements carried out on the dual coaxial swirling injector used to investigate non-premixed oxy-combustion. PIV measurements are carried out in non-reacting conditions to determine the three components of the velocity field at the injector outlet. These experiments are performed by removing the combustion chamber. A laser in the axial plane of symmetry of the burner is used to determine the axial structure of the flow and in a tangential plane to characterize the tangential velocity component. The elevation of the injection outlet above the combustor back plane (see Figs. 1.4 and 1.5) allows velocity measurements at z = 1.5 mm above the injector outlet.

The flowfield downstream of a coaxial injector generally features a complex pattern sensitive to the momentum flux ratio J [START_REF] Truelove | Flow, mixing and combustion within the quarl of a swirled, pulverised-coal burner[END_REF][START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF]. In order to characterize the swirl motion generated by the dual swirl injector, velocity measurements are thus first conducted separately for the central and the annular streams by respectively setting the flowrates of the annular and central streams to zero. The annular channel is filled with air and the bulk velocity is fixed to u 2 = 15 m.s -1 in these experiments. The tangential velocity profiles are averaged over the azimuthal coordinate θ = 0 -360 • so as to mitigate assymetries induced by the wakes from the tangential slits in the annular channel and by the axial blades of the swirler in the central tube.

Results are first analyzed for the annular channel, which provides the major part of the mass flowrate to the combustion chamber. Results for the tangential u θ and axial u z mean velocities are displayed in Fig. 4.4. The tangential profiles reveal the behavior of the axial-plus-tangential swirler. The maximum peak of tangential velocity u θ,max smoothly increases with the geometrical swirl number S 2 , from u θ,max = 1 m.s -1 when S 2 = 0.2 up to 22.5 m.s -1 when S 2 = 1.1. But the radial position of u θ,max remains the same at r = 3r 1 = 0.9r 2 . For S 2 ≤ 0.8, the azimuthal velocity profiles are close to a Rankine profile. The azimuthal velocity u θ linearly increases with the radial coordinate r and the axial velocity u z is null above the central tube r/r 1 < 1 and flat for r/r 1 > 1. A negative local peak is observed at the radial distance r/r 1 = 1. This is attributed to the wake generated by the tangential slits. These singularities are confirmed by examining the transverse PIV fields (not shown here). Setting the swirl level at high values S 2 > 0.9 disrupts the velocity profiles. The velocity components u z and u θ are deflected externally in the radial direction. In this case, the rotation is very strong, the wake generated by the tangential slits is dissipated before reaching the injection plane. The apparition of negative axial velocities close to the axis is observed for S 2 > 0.8 but is not further discussed, since the central pipe behaves as a bluff-body when the velocity in the central tube is set to zero.

The swirl number is now evaluated based on the recorded velocity profiles. For each inner S 1 and outer S 2 geometrical swirl numbers, the axial and tangential mean velocities are integrated to estimate S 1 and S 2 with Eq. (4.15). All the recorded velocities accurately tend to zero when r/r 2 > 1. A sensitivity analysis was performed by varying the upper integration limit r max . Fluctuations lower than 0.5% are reported for the values of S 2 , and fluctuations are slightly larger reaching 5% for S 1 . Integrated values for the swirl numbers S are reported in Fig. 4.5 for both flows in the central tube and the annular channel. The swirl number S 2 determined from the velocity profile with Eq. (4.14) is always smaller than the geometrical value S 2 in the annular channel. Conversely, the geometrical swirl number S 1 in the central pipe always underestimates the measured value S 1 . Regarding the assumptions made on the velocity profiles, the geometrical values well reproduce the trend in Fig. 4.5. The differences are the highest for low swirl numbers in the annular channel S 2 < 0.5. This deviation is attributed to dissipation of the tangential momentum between the tangential slits in the annular channel and to its dissipation over the distance to the injection plane separated by a distance h = 40 mm. The geometrical swirl numbers S 1 and S 2 therefore yield good estimates of the level of swirl conferred to the flow. The comparison between the geometrical and measured swirl number is finally performed for three coaxial jets featuring a momentum ratio

J = ρ 2 u 2 z,2 /ρ 1 u 2 z,1 = 4.
The central tube is filled with methane and the annular channel with air. The annular geometrical swirl number is set to S 2 = 0.85 and the geometrical swirl number in the inner stream is varied S 1 = 0, 0.29, and 0.87.

A new swirl number S 1+2 is defined as the swirl number which includes the contribution of both the inner and the outer streams. This new swirl number S 1+2 is determined with the axial and tangential profiles plotted in Fig. 4.6, for the three inner swirl numbers S 1 = 0, 0.29 and 0.87. It is recalled that the outer geometrical swirl number is fixed to S 2 = 0.85.

The three jets with different values for S 1 yield a very similar value for the global swirl number S 1+2 0.79. This value is reported in Fig. 4.5 and falls on the curve of the measured annular swirl numbers. Experiments indicate that an increase of the inner swirl number S 1 leaves the global swirl number S 1+2 unaltered for the investigated axial momentum ratio J = 4. Effects of the swirl number S 1+2 are investigated in further details in chapter 12. 

Conclusion

A theoretical analysis was carried out to determine the swirl number that characterizes the rotational motion given to the flow. When the pressure and turbulent fluctuations terms are discarded, the swirl number can be deduced from velocimetry measurements of the mean flow profiles. Further simplifications are made on the flow pattern to obtain a geometrical swirl number that only depends on geometrical parameters and the mass flowrates injected in the system. Expressions are derived for an axial swirler and secondly for an axial-plustangential swirler in which the swirl level can be varied with the flow rates. PIV measurements are finally performed to compare the measured and geometrical swirl numbers. It was found that the geometrical swirl number increases monotonically with the measured swirl number and constitutes a good estimate. Except specifically stated, the geometrical swirl number is used in the rest of the manuscript because it does not require systematic measurement of the velocity profiles at the injector's outlet.

It is shown in chapter 5 that there are many other ways to define the swirl numbers. Care is taken in each chapter of the manuscript to explain how the swirl number is calculated and to which geometry it applies.

Notations used for the different swirl numbers are summarized in the following list :

-The geometrical number for the stream i is noted S i and is calculated with Eq. (4.18), (4.21) or 4.22. This notation is used in all the chapters of this manuscript. -The swirl number deduced from velocimetry measurements and Eq. (4.15) is noted S i . This quantity is also used to analyze the results in chapter5. -The swirl number is noted S 0 for the injector equipped with the single axial-plus-tangential swirler used to investigate premixed oxy-combustion. This notation is used in chapters 6, 7, and 8. -A dual coaxial swirling injector features two swirl numbers, S 1 in the central tube and S 2 in the annular channel. These notations are used in chapters 5, 9, 10, 11, and 12. -The swirl number S 1+2 includes the contribution of both the inner and the outer streams from the coaxial injector and is used to analyze results for the dual coaxial swirling injector in chapter 12. -In chapter 5 dealing with the influence of a diverging cup, different swirl numbers are defined at the inlet and outlet of the diverging nozzle because the pressure terms need to be considered in this problem.

Chapitre 5

Effects of diverging cup on swirled flames

Impact of the diverging cup angle of a swirling injector on the flow pattern and stabilization of technically premixed flames is investigated both theoretically and experimentally with the help of OH* chemiluminescence, OH laser induced fluorescence and particle image velocimetry measurements. Recirculation enhancement with a lower position of the internal recirculation zone and a flame leading edge protruding further upstream in the swirled flow are observed as the injector nozzle cup angle is increased. A theoretical analysis is carried out to examine whether this could be explained by changes of the swirl level as the diffuser cup angle is varied. It is shown that pressure effects need in this case to be taken into account in the swirl number definition and expressions for changes of the swirl level through a diffuser are derived. It is demonstrated that changes of the swirl level including or not the pressure contribution to the axial momentum flux are not at the origin of the changes observed of the flow and flame patterns in the experiments. The swirl number without the pressure term, designated as pressure-less swirl, is then determined experimentally with Laser Doppler velocimetry measurements at the injector outlet for a set of diffusers with increasing quarl angles under non-reacting conditions and the values found corroborate the predictions. It is finally shown that the decline of axial velocity and the rise of adverse axial pressure gradient, both due to the cross section area change through the diffuser cup, are the dominant effects that control the leading edge position of the internal recirculation zone of the swirled flow. This observation in turn is used to develop a model for the change of this position as the quarl angle varies that shows very good agreement with experiments. 

Introduction

Providing a rotational motion to the flow leading to the formation of an Internal Recirculation Zone (IRZ) is widely used to ease flame stabilization in high power combustion systems. Despite extensive studies, see for example the pioneering work in [START_REF] Rawe | Eighteenth symposium (international) on combustion stability limits of natural gas diffusion flames with swirl[END_REF], the stabilization mechanisms of these flames are still the topic of many recent investigations due to their complex structure and dynamics [START_REF] Syred | A review of oscillation mechanisms and the role of the precessing vortex core (pvc) in swirl combustion systems[END_REF].

The structure of a swirling flame is known to depend largely on the structure of the irrotational jet exhausting the injector [START_REF] Beér | Combustion aerodynamics[END_REF][START_REF] Gupta | Swirl flows[END_REF]Cheng et al. 2000b;[START_REF] Chterev | Precession effects on the relationship between time-averaged and instantaneous swirl flow and flame characteristics[END_REF]. The swirl number [START_REF] Beér | Combustion aerodynamics[END_REF][START_REF] Gupta | Swirl flows[END_REF], the inlet geometry of the injector [START_REF] Burmberger | Designing a radial swirler vortex breakdown burner[END_REF][START_REF] Toh | Axial plus tangential entry swirling jet[END_REF]) and the flow confinement [START_REF] Fanaca | Comparison of the flow field of a swirl stabilized premixed burner in an annular and a single burner combustion chamber[END_REF][START_REF] Mongia | Engineering aspects of complex gas turbine combustion mixers part iii : 30 opr[END_REF]) are the main parameters affecting the flame topology. Heat losses to the chamber walls are also known to alter the structure of the reacting flow [START_REF] Chong | Influence of strain and heat loss on flame stabilization in a non-adiabatic combustor[END_REF]Guiberti et al. 2015a). A central bluff-body [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF][START_REF] Syred | A review of oscillation mechanisms and the role of the precessing vortex core (pvc) in swirl combustion systems[END_REF][START_REF] Terhaar | Impact of steam-dilution on the flame shape and coherent structures in swirlstabilized combustors[END_REF]) and a diffuser [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF][START_REF] Gupta | Swirl flows[END_REF][START_REF] Vanoverberghe | Confined annular swirling jet combustion[END_REF][START_REF] Syred | A review of oscillation mechanisms and the role of the precessing vortex core (pvc) in swirl combustion systems[END_REF][START_REF] Therkelsen | Effect of combustor inlet geometry on acoustic signature and flow field behavior of the low swirl injector[END_REF][START_REF] Jourdaine | Effect of quarl on N2-and CO2-diluted methane oxy-flames stabilized by an axial-plus-tangential swirler[END_REF]) constitute other widely used elements to enhance the stabilization of swirling flames. In high power systems, it is however more suitable to operate without any central insert to reduce the thermal stress on the solid components of the injector.

The diverging cup of the injector nozzle, also designated by quarl or diffuser, drastically changes the topology of the flow so as to favor flame stabilization inside the IRZ. [START_REF] Gupta | Swirl flows[END_REF] and [START_REF] Vanoverberghe | Confined annular swirling jet combustion[END_REF] investigated the combination of swirl, quarl and bluff-body to identify and classify the different flow patterns observed under non reacting flow conditions. Increasing the quarl angle enhances the recirculation of mass flow in the IRZ [START_REF] Weber | Combustion accelerated swirling flows in high confinements[END_REF][START_REF] Vanoverberghe | Confined annular swirling jet combustion[END_REF], increases its size and lowers its position along the burner axis [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF][START_REF] Gupta | Swirl flows[END_REF]) improving flame stabilization. Adding a quarl is often used to improve the operability of a burner over a wider range of flow operating conditions. However, as already noticed in [START_REF] Vanoverberghe | Confined annular swirling jet combustion[END_REF], there is still yet a limited number of studies on effects of the quarl for aerodynamically swirl-stabilized flames in setups without bluff-body.

Both quarl and swirl separately provide interesting features to the resulting flow, yet adding a quarl to a swirling injector may alter the value of the swirl level due to changes of the velocity profiles in the diffuser. [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF] introduced the swirl number S = G θ /(RG z ) to characterize the level of swirl of the flow, where

G θ = A ρru θ u z dA is the axial flux of tangential momentum, G z = A ρu 2 z + (p -p ∞ )
dA the axial momentum flux and R a characteristic dimension of the injector. Gupta and Lilley (p. 18 in (Gupta A. K. 1984)) have theorized the impact of a change of section on the value of the swirl number. As in the majority of the works [START_REF] Syred | Combustion in Swirling Flows : A FReview[END_REF], they assume the pressure term in G z to be negligible. This approximation leads to the definition of a pressure-less swirl number S calculated with G z = A ρu2 z dA. Assuming simplified velocity profiles, they model the impact of a quarl on the swirl number as :

S 2 S 1 = R 2 R 1 (5.1)
where R 1 and R 2 are the radius of the diffuser cup inlet and outlet sections. Experiments presented in this work show that Eq. ( 5.1) cannot be a substitute for the complex velocity profiles issuing from a swirling injector. This has motivated further investigation. Change of the swirl level through a change of the cross section area of the flow passage is here revisited both theoretically an experimentally.

Measuring the swirl number S raises experimental difficulties. As reported in many studies, swirling flows of practical interest are highly turbulent (Syred and Bekr 1974), and Reynolds averages of the axial and azimuthal momentum fluxes lead to new contributions associated to turbulent fluctuations

G z t = A ρ(u z 2 + u 2 z ) + (p -p ∞ ) dA and G θt = A ρr(u θ u z + u θ u z ) dA.
In the outer regions of the swirling jet, the mean velocities ūz and ūθ drop to zero whereas the turbulent components u 2 z and u z u θ due to the recirculating flow pattern remain significant. Similarly, p -p ∞ is large when compared to ρu z by part the axial momentum flux, which brings out the static pressure on the wall. Thanks to wall pressure measurements, [START_REF] Mattingly | An experimental investigation of the mixing of coannular swirling flows[END_REF] verified the conservation of axial momentum flux G z in a tube of constant cross section area. Other authors directly measured the radial distribution of static pressure within the flow with the help of Pitot probes [START_REF] Gupta | Swirl flows[END_REF][START_REF] Mattingly | An experimental investigation of the mixing of coannular swirling flows[END_REF]). [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF] and Mahmud et al. (1987b) found that both G z and G θ momentum fluxes remain constant within a straight tube provided effects of pressure is included in the momentum flux G z . However, Pitot probes are intrusive devices and smooth out turbulent fluctuations.

These previous investigations show that measuring the swirl number is a difficult task due to the contributions from pressure and turbulent fluctuations. For a flow in a duct with a smooth cross section area change over a short distance with respect to the duct diameter, effects of turbulence can be discarded as a first approximation because changes of the flow pattern are essentially controlled by an inviscid process. A theoretical analysis is carried out in this work to estimate the contribution from the pressure term in the swirl level due to changes of the cross section area through an injector. This problem constitutes the first objective of this article.

The second objective is to understand how the flow structure and flame stabilization are altered when the angle of the diffuser cup of the injector is modified. An experimental analysis is conducted to isolate effects of the quarl angle, all other parameters remaining fixed. It is shown that measurements of the pressure-less swirl number do not obey to Eq. ( 5.1) and this has motivated a further theoretical investigation of the swirl number evolution through a diffuser with the introduction of shape factors. It is finally shown that independently of the definition of the swirl number, changes of the swirl level cannot be used to explain the changes of the average reacting and non-reacting flow fields observed in the experiments when the injector diffuser cup angle widens. This in turn has led to the development of a new model for the evolution of the leading edge position of the internal recirculation zone of a swirling injector when the quarl angle is varied. This chapter is organized as follows. The experimental setup is described in the next section, followed by an analysis of the flame and flow structures in reacting conditions for varying quarl angles. Measurements of swirl number on a pressure-less basis are then carried out under-non reacting conditions. Theory is then pushed forward to include pressure effects and examine the impact of a smooth change of the cross section section area of the injector on the swirl number. Finally, a model is developed to account for the displacement of the position of the IRZ in the combustion chamber when the diverging cup angle is modified.

Experimental setup

The test rig and the optical diagnostics are described in chapter 1 and 2. The combustor is operated in premixed-conditions in presence of the combustion chamber. Figure 1.1 shows a schematic of the Oxytec combustor used in this chapter. Methane and air are mixed within a swirling injector sketched in Fig. 1.3. The swirling motion is produced by an axial-plus-tangential entry swirl generator where ṁθ and ṁz are the mass flowrates injected tangentially and axially. Assuming an uniform axial flow profile and a solid body rotation for the azimuthal velocity, a geometrical swirl number S 0 can be defined at the injector outlet [START_REF] Gupta | Swirl flows[END_REF] :

S 0 = π 2 Hr 0 N lL 1 1 + ṁz / ṁθ (5.2)
where H is the distance separating the tangential injection channels from the burner axis, r 0 the injector radius and l and L the width and the height of the N tangential injection channels.The methane/air mixture leaves the swirler through a r 0 = 10 mm cylindrical channel and flows into the combustion chamber through an end piece equipped with a diffuser with a variable cup angle α. The height of the diffuser cup is h = 10 mm. Care was taken to wait for thermal equilibrium of the chamber solid components before making measurements (Guiberti et al. 2015). OH* chemiluminescence images are used to investigate the mean structure taken by the flames, as described in chapter 2. OH Planar Laser Induced Fluorescence (OH-PLIF) snapshots are used to determine the probability of presence of the flame front in the axial plane of the test-rig. These measurements have been performed by Jourdaine (2017) and are therefore not described in chapter 2. A set of 1500 images is taken to deduce the probability of presence of the hot burnt gases. The gradient of these images is then used to detect the flame front between the fresh gases and the hot burnt gases. Averages of these images yield the probability of presence of the flame front. A series of tests were made to check the statistical convergence of the data and the sensitivity of the results to the threshold level used to detect the flame front. The reader is referred to [START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF]) for more details on the post-processing.

These experiments are completed by Particle Image Velocimetry (PIV) measurements in cold and hot flow conditions in the axial and different transverse planes above the injector. PIV and OH-PLIF are here combined to reveal the mean structure taken by the flow and flame produced by the axial-plustangential swirler. Two component Laser Doppler Velocimetry (LDV) measurements are used to determine the axial and tangential velocity components of the non reacting swirling flow at the injector outlet to determine the (pressure-less) swirl number. The diagnostics, the tests made and the different post-processing techniques are fully described in [START_REF] Jourdaine | Effect of quarl on N2-and CO2-diluted methane oxy-flames stabilized by an axial-plus-tangential swirler[END_REF][START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF].

All experiments presented in this work are conducted at the equivalence ratio Φ =0.95 for a thermal power P =14.6 kW corresponding to a Reynolds number Re=18 000 based on the injection tube diameter 2r 0 = 20 mm. The geometrical swirl number calculated with Eq. ( 5.2) is also kept constant and equal to S 0 = 0.85. Note that effects of the diverging cup are not taken into account in this definition of the swirl number.

Flame and flow structures

Before examining the flame structure, it is worth attempting an analysis of the main parameters controlling the flame shape. The height of the combustion chamber being fixed, the main important parameters identified in the scientific literature are the injection Reynolds number Re [START_REF] Lefebvre | Gas turbine combustion : alternative fuels and emissions[END_REF], the quarl angle α [START_REF] Weber | Combustion accelerated swirling flows in high confinements[END_REF][START_REF] Vanoverberghe | Confined annular swirling jet combustion[END_REF], the swirl number S [START_REF] Beér | Combustion aerodynamics[END_REF][START_REF] Gupta | Swirl flows[END_REF]) and the confinement ratio C r = W 2 /(πr 2 2 ) [START_REF] Mongia | Engineering aspects of complex gas turbine combustion mixers part iii : 30 opr[END_REF][START_REF] Fanaca | Comparison of the flow field of a swirl stabilized premixed burner in an annular and a single burner combustion chamber[END_REF], where W = 150 mm is the width of the combustion chamber and r 2 is the nozzle radius at the diffuser cup outlet. The quarl angle varies in studies from α = 0 to 45 o leading to changes of the confinement ratio 18 ≤ C r ≤ 72. As a consequence, the injector of the Oxytec test-rig operates according to [START_REF] Fanaca | Comparison of the flow field of a swirl stabilized premixed burner in an annular and a single burner combustion chamber[END_REF] in the free-jet regime for all quarl angles tested. This regime is typical of a swirling jet exhausting into unconfined atmosphere and of confined systems with sidewalls aways from the injector nozzle (Guiberti et al. 2015).

Figure 5.1 shows the distribution of the OH * spontaneous light emission for different quarl angles α, all other geometrical and flow parameters remaining constant. With a straight injector, α = 0 o , the flame is lifted and tales a V-shape above the burner with a flame leading edge far from the burner exit despite the large swirl level S 0 = 0.85 imparted to the flow. As α increases from 5 o to 30 o , the flame widens in the transverse direction, shrinks in the axial direction and its leading edge moves further upstream towards the injector. For larger values α ≥ 45 • , the flame suddenly flattens and the combustion reaction takes place in the boundary layer close to the combustor dump plane. The flame takes in these cases a torus shape in the so-called wall jet regime [START_REF] Gupta | Swirl flows[END_REF][START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF], also referred as Coanda stabilized flame [START_REF] Vanoverberghe | Confined annular swirling jet combustion[END_REF]. The same experiments were repeated at a lower swirl number S 0 = 0.75 in [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF], wherein a more detailed study is carried out on the influence of the swirl level on the flame topology. The same observations were made. Increasing the quarl angle moves the flame leading edge upstream, reducing the flame length and widening its shape in the radial direction. These observations are common to many studies conducted with different types of swirling injectors in premixed and non-premixed combustion modes with gaseous or liquid fuel injections [START_REF] Gupta | Swirl flows[END_REF][START_REF] Vanoverberghe | Confined annular swirling jet combustion[END_REF].

Further analysis is carried out by examining the structure of the flow field and flame in an axial plane. Figure 5.2 shows on the top the probability of presence of the flame front superimposed to the velocity field obtained by PIV in reacting conditions for different diffuser cup angles, all other parameters remaining fixed. The grey countors represent the position where the flame front is present 20% (inner contour) and 10% (outer contour) of the time. The position of the IRZ is represented by the black contour. The position of the Outer Recirculation Zones (ORZ) is not reproduced in this figure. The bottom images show the same velocity fields on a slightly zoomed field of view together with the magnitude |v| = (ū 2 z + ū2

x ) 1/2 of the velocity vectors v = ūz e z + ūx e x represented by the colored scale. The black line delineates the position where the axial velocity ūz = 0 is null, delimiting the boundary of the IRZ. The contours of zero axial velocity delineating the ORZ are not represented here.

For a straight injection nozzle α = 0 • , the V-shaped flame features a leading edge front located along the burner axis at a distance z f /r 0 = 1.8 above the injector outlet, identified here as a probability of presence of the flame front equal to p = 20%. The stagnation point corresponding to the leading edge of the IRZ z SP /r 0 = 5.9 is also located along the burner axis and lies far away from the flame. Note also that the maximum probability of presence of the flame front does not exceed in this case p < 30% in Fig. 5.2 (α = 0 o ) highlighting the strong intermittency of the combustion process, a characteristic of turbulent swirling flames stabilized far away from the injector outlet. It can be noticed that the combustion reaction takes also place between the ORZ and the outer swirling jet shear layer. The flame takes in this case intermittently an M-shape, with rapid transitions back to its V-shape. The probability of presence of the M-shape structure remains small p < 20% due to the high dump ratio of the combustor leading to high thermal losses in the ORZ (Guiberti et al. 2015a). The ORZ is too cold to sustain combustion between the ORZ and the outer shear layer of the swirling jet.

When the injection nozzle is equipped with a diffuser cup angle α = 10 • , the flame still mainly features a V-shape in Fig. 5.2 (α = 10 o ), but lies closer to the injector outlet with a leading edge front at z f /r 0 = 1.0. The probability of presence of the flame front increases above p ≥ 20% in the combustion chamber with a large fraction with p ∼ 35%. The maximum probability of presence of the flame leading edge front now lies on both sides of the burner axis, above the regions featuring the lowest axial velocities at |x|/r 0 = 0.8. This is due to the peculiar structure of the jet flow at the nozzle outlet produced by this axial-plus-tangential injector. The flame leading edge preferentially lies in a region comprised between the burner axis where the axial velocity reaches a local maximum and the inner shear layer of the swirling jet at |x|/r 0 = 1.2 where the velocities are the highest. The trace of the statistical distribution of the leading edge reaction layer follows the axial velocity profile and takes a smoothed but discernable W-shape. One may also note that the leading edge of the IRZ lying at the altitude z SP /r 0 = 3.0 is no longer located along the burner Part II -Confined swirling flows 147 axis. The flame front probability of presence at the interface between the ORZ and the outer shear layer of the swirling jet has slightly increased with values p > 20%, meaning that the probability to find the M-shaped flame distribution has slightly increased compared to injection with the straight injection tube (α = 0 o ).

When the diffuser cup angle is further increased to α = 30 • , the flame now switches intermittently between a V-shape and an M-shape with about the same probability. The position of the IRZ leading edge moves very close to the maximum probability of presence of the flame front at z SP /r 0 = 0.8 and is off-axis by |x|/r 0 = 1.0 in Fig. 5.2 (α = 30 o ). Note that the stagnation point of the IRZ along the burner axis lies much further away at z SP /r 0 = 1.8. The flame leading edge position also lies off-axis at the same distance z f /r 0 = 0.8 as the leading edge of the IRZ, but is pushed radially away from the burner axis at |x|/r 0 = 1.5. The main difference with results for a cup angle α = 10 o is that for α = 30 o the IRZ now protrudes far upstream within the swirled flow and lies close to the injector outlet. This protruding IRZ shrinks the size of the flame in the axial direction with almost no reaction left in the central region of the flow and pushes the combustion zone toward the side of the burner. The probability of presence of the flame front remains lower than p < 15% along the burner axis. The combustion reaction is now essentially concentrated in the internal and external shear layers of the flow between the IRZ and ORZ. On average the trace of the distribution of the leading edge of the flame reaction layer lies again in the zones of low axial velocities at |x|/r 0 = 1.0 and takes a W-shape. This W-shape is now more apparent than for the case with α = 10 • .

For a diffuser cup angle α = 45 • , the flame takes a torus shape stabilized close to the dump plane of the injector in a wall jet regime in Fig. 5.2 (α = 45 o ). This flow regime is characterized by the disappearance of the ORZ and a predominant IRZ bubble occupying almost all the combustion chamber except the central region of the flow close to the injector outlet. The probability of presence of the flame front increases now up to values p ∼ 40% and the reaction mainly takes place along the arms of the swirling jet. In this wall jet regime, the IRZ doesn't move further upstream, but grows bigger in the transverse direction because the axial velocity at the burner outlet is high enough to avoid flashback. This feature is a specificity of the axial-plus-tangential swirler used in this study allowing independent control of the axial and tangential mass flowrates injected in the burner and is used to prevent flashback [START_REF] Jourdaine | Effect of quarl on N2-and CO2-diluted methane oxy-flames stabilized by an axial-plus-tangential swirler[END_REF][START_REF] Reichel | Increasing flashback resistance in lean premixed swirl-stabilized hydrogen combustion by axial air injection[END_REF].

Effects of the quarl angle are further analyzed by measuring the jet opening angle β of the swirling jet. This angle represented in the second image at the bottom in Fig. 5.2 (α = 10 o ) is defined as the angle between the vertical axis and the line of maximum velocity reached by the jet flow over the first 10 mm above the injector outlet. The evolution of β is plotted in Fig. 5.3 as a function of the diffuser cup angle α. The position of the stagnation point z SP defined as the lowest axial position of the IRZ is also represented in this figure. The angle β linearly increases with α below α ≤ 30 • . It then changes abruptly for 30 • < α < 45 • when the jet switches from the free jet to the wall jet regime. This analysis confirms that the swirling jet angle β regularly increases like the angle α of the diffuser cup as long as the swirling jet flow lies in the free jet regime. The flow field is now analyzed by comparing measurements in reacting and non-reacting conditions. PIV data gathered under non-reacting conditions are shown in [START_REF] Jourdaine | Effect of quarl on N2-and CO2-diluted methane oxy-flames stabilized by an axial-plus-tangential swirler[END_REF]. In these experiments, the bulk flow velocity is compensated for the absence of fuel in the non-reacting conditions. Figure 5.4 represents the IRZ leading edge position z SP /r 0 in reacting (black squares) and non-reacting (empty diamonds) conditions. The position of the flame leading edge front z f /r 0 (black disks) is also plotted. The combustion reaction slightly alters the position of the IRZ. Acceleration of the burnt gases due to thermal expansion pushes the IRZ a bit further downstream from the injector outlet, but differences for z SP /r 0 between cold flow and hot flow results remain small. This figure also confirms that the flame leading edge z f /r 0 always lies upstream the IRZ leading edge z SP /r 0 with and without the combustion reaction. Consequently, measurements of the flow in non-reacting conditions allow to infer the position of the leading point of the IRZ and the flow regime of the swirling jet with good confidence. 

Swirl number measurement

Laser Doppler Velocimetry measurements are carried out in non-reacting conditions to determine the three components of the velocity field at the injector outlet. In these experiments, the bulk flow velocity in the injector is compensated for the absence of fuel. Results for the mean (a)-(b) and rms (c)-(d) velocities are presented in Fig. 5.5 for quarl angles 0 o ≤ α ≤ 30 o . As the pressure field could not be determined, the axial momentum G z is approached by its pressure-less equivalent G z , yielding the pressure-less swirl number S :

S = A rū z ūθ dA r 2 A u 2 z dA (5.3)
where r 2 is the diffuser outlet radius and A denotes the integration area over the entire cross section of the combustion chamber. As both u z and u θ drop to zero out of the swirling jet, it has been verified that the measured value for S does not depend on the choice of the size of the integration area A. When measured at z/r 0 = 0.5, the axial and tangential velocities are always null at the end of the probed volume. These conditions could not be met further downstream z/r 0 > 0.5 or for large quarl angles α ≥ 45 • due to the limited optical access through the combustion chamber.

One reminds that the geometrical swirl number S 0 = 0.85 is kept constant for all explored cases. It was not possible to perform exploitable measurements of the swirl number in the wall jet regime for α = 45 o . The measured values for S are reported in Tab. 5.1 for α = 0, 10 and 30 o . It is found that the swirl number S remains roughly unaltered when the diverging cup angle is varied between 0 ≤ α ≤ 30 o with the axial-plus-tangential swirler used in this study :

S R 2 / S R 1 1 (5.4)
where R 2 and R 1 stand for the outlet radius r 2 of two different diffusers. This result is at variance with the simplified model Eq. ( 5.1) from [START_REF] Gupta | Swirl flows[END_REF] yielding an increasing swirl level as the quarl angle α increases.

It has been shown on the same setup in [START_REF] Jourdaine | Effect of quarl on N2-and CO2-diluted methane oxy-flames stabilized by an axial-plus-tangential swirler[END_REF]) that increasing the swirl level, with a swirl number measured on a pressure-less basis, shortens the flame and shifts the central recirculation zone further upstream. Figures 5.1 and 5.2 revealed that enlarging the quarl angle α from 0 o to 30 o lowers the position of the IRZ with a flame leading edge protruding further upstream within the swirled flow, but the pressure-less swirl number S at the injector outlet remains however unaltered. At this point, either the common assumptions made to measure the swirl number are inadequate to configurations featuring a diverging quarl or the swirl number is not the relevant quantity to investigate the behavior of an injector when the diffuseur cup angle is modified.

One may first wonder if this difference could be attributed to effects of turbulence that would alter the swirl level between the inlet and outlet of the diffuser cup. As mentioned previously, the rms velocity fluctuations plotted in Fig. 5.5(c)-(d) do not drop to zero away from the burner axis and these data cannot be used to make reliable estimates of the swirl number. However, it appears that the turbulence level is high for the four flows produced by the different quarls. With the α = 30 • quarl, the rms velocities even surpass the mean values over a large section of the combustion chamber. Finally, the rms values reached by the axial and azimuthal velocities barely change in Fig. 5.5(c)-(d) when the quarl angle varies from α = 0 to 30 o . One can therefore hypothesize that taking into account the contributions from the turbulent velocity fluctuations in the swirl number estimates would also lead to reduced variations of the swirl number when the quarl angle is varied. As stated in the introduction, the experiments from [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF] and Mahmud et al. (1987b) show that the momentum fluxes G θ and G z remain constant when the static pressure is included in the calculation of G z . A theoretical analysis is developed in the next section to shed further light on this issue.

Theoretical analysis

The analysis is made by starting from first principles for a constant density flow as in chapter 4. As sketched in Fig. (5.6), a fixed control volume is considered with a cross section inlet A 1 and a cross section outlet A 2 oriented along the vertical axis e z . This volume is bounded on its lateral side by an impermeable boundary over a surface area Σ. Rotational symmetry of the flow and of the control volume boundaries are assumed. For a steady, inviscid, turbulence free and gravity free flow, projection of the axial and azimutal momentum balances along the vertical axis yields (Eq. (4.8) from chapter 4) :

       A 2 (ρu 2 z + p -p ∞ ) dA - A 1 (ρu 2 z + p -p ∞ ) dA = - Σ (p -p ∞ )n • e z dA A 2 ρru θ u z dA - A 1 ρru θ u z dA = 0 (5.5)
where n is the external normal unit vector to the control volume boundary and p ∞ corresponds to the ambient pressure, which is taken constant.

A 1 One is left with :

e z A 2 p 1 U z1 , U ¡1 U z2 , U ¡2 p 2 = p ∞ Σ A 1 A 2 p Σ
G z 2 -G z 1 = F z G θ2 -G θ1 = 0 (5.6)
where G z j and G θj are respectively the axial and tangential momentum flux projections through the cross sections A j with j = 1, 2 :

G z j = A j ρ u 2 z + (p -p ∞ ) dA , G θj = A j ρru θ u z dA (5.7)
and F z denotes the axial force exerted by the solid boundaries on the flow. Due to the rotational symmetry, this force is oriented along the vertical axis :

F z = - Σ (p -p ∞ )n • e z dA (5.8)
The choice of p ∞ , albeit indisputable for an unconfined jet exhausting in quiescent air, can be debated when the jet flows into a combustion chamber, where the mean pressure differs from atmospheric pressure. In this theoretical study, confinement is not taken into account, so that the pressure at the diffuser outlet corresponds to p 2 = p ∞ .

One designates by C F = F z /G z 1 the pressure force made dimensionless by the axial momentum flux in section 1. The swirl number is also defined as S = G θ /(RG z ), where R is the radius of the cross section area of interest. The evolution of the swirl number S between an inlet with section A 1 and and outlet with section A 2 can thus be expressed as :

S 2 S 1 = R 1 R 2 1 1 + C F (5.9)
Assuming that the two axial momentum fluxes are positive quantities, G z 1 ≥ 0 and G z 2 ≥ 0, Eq. ( 5.6) yields the folllowing inequality for

C F : -1 ≤ C F ≤ G z 2 /G z 1 .
The evolution of the swirl number through a tube with a variable cross section area is controlled by the pressure force applied to the side wall in the axial direction through the ratio C F = F z /G z 1 in Eq. (5.9). Since the azimuthal momentum G θ remains unaltered for an inviscid flow along a duct, the swirl variation is driven by the rate of conversion of the initial axial momentum flux G z 1 to the axial force F z exerted on the side wall.

Let consider the generic cases of a nozzle and a diffuser as sketched in Fig. 5.6. Equation (5.9) shows that the swirl number necessarily increases in the converging nozzle because p Σ > p ∞ and the ratio C F is negative. It results in an increase of the swirl number due both to

R 1 /R 2 > 1 and (1 + C F ) -1 > 1.
The case of the diverging cup shown on the right in Fig. 5.6 is more difficult to handle and does not lead to a systematic conclusion. The pressure distribution along the lateral wall now depends on the eventual presence of recirculation zones due to flow separation inside the diffuser. This pressure distribution is in this case much more sensitive to the exact geometry of the diffuser [START_REF] Schlichting | Boundary-layer theory[END_REF]). The pressure drop through the device results from a competition between the conversion of kinetic energy and pressures losses modeled here by a singular pressure loss coefficient k. In typical air swirling injectors, the head loss remains generally weak, and one seeks to keep C F as low as possible to limit pressure losses. This leads in Fig. 5.6 to a decrease in the swirl number between the inlet and the outlet sections of a diverging cup. The sign of C F in Fig. 5.6 is confirmed by the pressure measurements from [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF].

In both the converging nozzle and diverging cup, the term (1 + C F ) -1 in Eq. (5.9) magnifies the respective increase and drop of swirl due to the change of the cross section area between the inlet and outlet. The contrast with Eq. ( 5.1) denotes that the swirl number evolution differs when taking into account the pressure terms. Note that the conservation of axial momentum flux reported in [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF]Mahmud et al. 1987b) is interpreted here as C F being small in Eq. (5.9).

Mechanical energy balance

The previous analysis is deepened on a more quantitative basis with the help of shape factors that are defined as follows. Profiles are first set dimensionless with shape factors that characterize the inhomogeneous nature of the considered velocity profiles. Let f z j and f θj respectively designate the dimensionless profiles of the axial and tangential velocities, with j = 1, 2 :

u z j (r) = f z j (r)U z j u θj (r) = f θj (r)U θj (5.10)
where U z j and U θj are the area-averaged axial and tangential velocities shown in Fig. 5.6. They are defined as

U ij A j = A j u ij (r) dA. The shape factor f ij (r)
needs in turn to comply with A j f ij (r) dA = A j , with i = z, θ and j = 1, 2.

One can express the pressure-less swirl variation through a change of the cross section area by :

S 2 S 1 = R 2 R 1 A 1 f z 2 1 (r) dA/A 1 A 2 f z 2 2 (r) dA/A 2 (5.11)
Due to the angular momentum conservation, change of the swirl number is fully controlled by the axial flow velocity profile at the system terminations. This expression generalizes Eq. ( 5.1) from Gupta A. K. ( 1984) established for a constant axial velocity (f z 1 = f z 2 = 1) to velocity profiles of arbitrary shapes obeying to Eq. ( 5.10).

Equation (5.11) is now used to highlight the impact of the structure of the velocity profiles on the evolution of the swirl number. The LDV measurements reported in Fig. (5.5) are used to determine the shape factors f z 1 and f z 2 at the diffuser outlet, for two different diffusers of respective radius R 1 and R 2 .

In doing so, one retrieves the experimental result S 2 / S 1 1, as in Eq. ( 5.4). Therefore, the use of shape factors in Eq. (5.11) reconciliates the evolution of the swirl number Eq. ( 5.4) measured by LDV with the model Eq. ( 5.1) from [START_REF] Gupta | Swirl flows[END_REF]. This validation underlines that the value of the swirl number mainly relies on the assumptions made on the velocity profiles.

Shape factors are now used to close the dimensionless pressure force C F term in Eq. ( 5.9) by a balance of mechanical energy applied to the control volume delimited by the inlet A 1 and outlet A 2 sections of the diverging quarl. The flow is again considered as steady. The mechanical energy balance is expressed in its integral form :

A 1 1 2 ρv 2 + p v • n dA - A 2 1 2 ρv 2 + p v • n dA = k A 1 1 2 ρu 2 z v • n dA (5.12)
where k denotes the head loss through the diverging quarl. Mass, momentum and energy balances are rewritten with the help of shape factors. Quantities are set dimensionless with respect to U z 1 . For a fixed ratio U θ1 /U z 1 characterizing the angular velocity of the upstream flow, the set of three balance equations is solved to determine the ratios

U z 2 /U z 1 , U θ2 /U z 2 and (p 1 -p ∞ )/(ρU z 2 1
). When assuming the shape factor distribution, the swirl number S 2 /S 1 comes as a result.

An analytical solution is derived for a uniform axial flow f z j = 1 and a solidbody rotation f θj = (3/2)(r/R) at the inlet (j = 1) and outlet (j = 2) of the diffuser, as Gupta A. K. ( 1984) did in their model Eq. ( 5.1). The resolution of the system leads to the pressure coefficient C p = (p 2 -p 1 )/(ρU z 2 1 /2) and the pressure-dependent swirl number S :

C p = p 2 -p 1 ρU z 2 1 /2 = (1 -x -2 ) x -2 + 1 + 2 S 1 2 -k (5.13)
and

S 2 S 1 = x 1 + k 2 + 1 2 (x -2 -1) x -2 + 1 + 2 S 1 2 (5.14)
where x = R 2 /R 1 and S 1 = Ω 1 R 1 2Uz 1 designates the pressure-less swirl number, and Ω 1 the angular velocity at the diffuser inlet. It appears that the ratio of the swirl number does not only depend on the ratio R 2 /R 1 but also on the pressure-less swirl number S 1 and head loss k. As the swirl evolution is not straightforward in Eq. (5.14), a Taylor expansion in the neighborhood of R 1 = R 2 yields :

S 2 S 1 = 1 + k 2 - R 2 R 1 -1 1 + 2 S 1 2 - k 2 (5.15)
This latter expression describes the decline of the swirl number through a small diverging cup.

Figure 5.7 depicts the swirl number evolution through a diffuser for different inlet swirl numbers S 1 in the absence of head loss k = 0. The scope of these formula remains limited as the head loss k needs to be specified and depends itself on several flow parameters. It is however shown here that the pressure contribution to the swirl number can be evaluated with a balance of mechanical energy. This energy budget shows that an increasing swirl level S 1 at the diffuser inlet leads to a higher kinetic energy loss through a section change, so that G z 1 decreases with p 1 -p 2 , yielding a smaller ratio S 2 /S 1 .

As a conclusion, the impact of the quarl angle on the swirl number S evolution has been investigated from different perspectives : (i) through LDV measurements of the pressure-less swirl number S, (ii) with a theoretical analysis of the swirl number S evolution with the help of Eq. ( 5.9), (iii) with the help of shape factors to solve the mechanical energy balance in Eq. (5.14). It has been shown that in all three cases, the swirl number decreases with the quarl angle expansion, and that the pressure-less swirl number S is not altered through the cross section area change. This theoretical analysis confirms that changes of the swirl level S through the injector diffuser cup, regardless the method used to evaluate this change, cannot explain the structure of the flame and flow patterns observed in the experiments when the injector cup angle is varied.

It is at this point worth recalling the assumptions made in the experimental and theoretical analysis carried out in this work. First, the theoretical expressions Eqs. (5.9) and (5.14) derived in this work result from inviscid theory, in which effects of turbulence have been neglected. Measurements of the swirl number carried out in this work do not include effects of the turbulent velocity fluctuations either. Secondly, as the overall study focuses on the influence of the quarl angle, all other geometrical parameters that are known to alter the flame and flow patterns have been kept constant. For instance, effects of the injector geometry have been investigated in [START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF]. Effects of the combustion chamber confinement have been investigated in [START_REF] Fanaca | Comparison of the flow field of a swirl stabilized premixed burner in an annular and a single burner combustion chamber[END_REF]) and this study pertains to situations in which the confinement ratio is large.

Impact of quarl on the stagnation point position of the IRZ

Measurements in Fig. 5.2 show that the growth of the IRZ is promoted by a large increase of the radial velocity component of the flow when the quarl angle rises from 0 • up to 45 • . Through the continuity equation, the gradient of radial velocity is balanced with the negative gradient of axial velocity in the vicinity of the diverging nozzle outlet. The following analysis is carried out so as to provide a model for the displacement of the position of the internal recirculation zone towards the injector outlet when the quarl angle increases.

Let assume that a swirling jet passes through a diverging quarl, with a sufficiently high level of swirl to create an inner recirculation zone in the combustion chamber, as sketched in Fig. 5.8. Pressures, velocities and cross section areas are indexed by 1 at the diffuser inlet, and by 2 at the outlet of the diverging cup. The quarl outlet also defines the axial origin, whereas z SP stands for the axial coordinate of the stagnation point defining the lower position of the IRZ along the burner axis. The axial velocity gradient along the burner axis is set by the adverse pressure gradient, no matter the swirl motion :

∂p ∂z = -ρu z ∂u z ∂z (5.16)
The adverse pressure gradient is promoted by the expansion of the quarl and stays positive up to the stagnation point z SP . The momentum balance Eq. (5.16) is now evaluated at the quarl outlet z = 0. Figure 5.3 indicates that the swirling jet opening angle β regularly increases like the angle α of the diffuser cup as long as it lies in the free jet regime : β α when α < 30 • . Therefore, following the streamlines, the pressure gradient at the quarl outlet in section ( 2) is then equal to the pressure gradient at the quarl inlet in section (1) :

p 2 -p 1 h ∼ -ρu z 2 ∂u z ∂z z=0
(5.17)

The impact of the internal recirculation zone on the flow in the vicinity of the injector outlet can be considered as a typical stagnation flow with a strain rate . The inviscid flow thus obeys to u z = u z 2 -z, and z SP = u z 2 / . By eliminating , the height of the stagnation point thus scales as :

z SP h ∼ A 1 A 2 2 1 C p with C p = p 2 -p 1 ρU z 1 2 (5.18)
The pressure coefficient C p is given by Eq. (5.13) showing that a diverging quarl increases the pressure drop C p positively. Equation ( 5.18) states that the adverse pressure gradient moves the stagnation point z SP further upstream closer to the injector outlet due to the cross section area ratio (A 1 /A 2 ) 2 and the inverse of the pressure coefficient 1/C p that both decrease for increasing quarl angles.

This behavior is precisely the one which is observed in Figs. [START_REF] Smyth | Assessing risk to fresh water resources from long term CO2 injection-laboratory and field studies[END_REF].2 and 5.3. Predictions from Eq. (5.18) are superimposed to the measurements of the IZR leading edge position along the burner axis in Fig. 5.3. To do so, the values found for S = 0.85 and k = 0.5 are used to determine C p with Eq. ( 5.13) and the model is calibrated with the measurements made for α = 10 • . No difference has been found when changing the head loss coefficient from k = 0 up to k = 1 because the major contribution in Eq. ( 5.18) lies in the area ratio A 1 /A 2 . The match between the model and the measurements is excellent in Fig. 5.3, except in the absence of quarl when α = 0 • . In this case, the adverse pressure gradient in Eq. (5.16) is not related to the quarl, but to the natural expansion of the swirling jet, a feature which is not taken into account in the present analysis.

It has been shown that the position of the leading edge front of a swirling flame can be controlled in the Oxytec test-rig by adjusting the angle of the diffuser cup from the injector. It has then been demonstrated that the resulting modification of the swirl level due to the quarl does not take part in the process because the diverging cup reduces the swirl number S as seen in Eq. ( 5.4) and let the pressure-less swirl number S unaltered (Eq. (5.9)) in the Oxytec test-rig. It has then been shown that the axial velocity gradient at the injector outlet mainly depends on both the magnitude of the axial velocity and the pressure drop induced by the quarl. The quarl expansion is responsible for both a stronger adverse pressure gradient and a reduction of the axial flow velocity.

Though assuming a stagnation flow pattern at the burner outlet constitutes a rough approximation of reality, the model Eq. ( 5.17) developed in this study successfully reproduces the evolution of the stagnation point position z SP of the internal recirculation region as a function of the axial velocity gradient at the burner outlet ∂u z /∂z(z = 0) as observed in the experiments. This physics based model may be used as a starting point to develop more realistic representations of the swirled flow at the outlet of a swirling injector and needs to be further corroborated with other injector technologies.

Conclusion

The impact of a diverging cup on the structure of technically premixed swirling flames has been investigated experimentally and analytically. In this study, flames are stabilized aerodynamically at the injector outlet of the flow produced by an axial-plus-tangential swirler ended by a diffuser cup with an adjustable angle.

Flame topologies have been analyzed with OH* chemiluminescence imaging. These visualizations completed by Particle Image Velocimetry and OH Laser Induced Fluorescence measurements in reacting conditions have provided information on the structure of the flame and the internal recirculation zone produced by the injector for different diffusers. For a given geometrical swirl number calculated before the diffuser cup, increasing the quarl angle considerably widens the width of the central recirculation region, shortens the flame and moves the position of the central recirculation bubble further upstream closer to the burner outlet. A large value of the quarl angle can place the flow and flame patterns in the wall-jet regime, at a confinement ratio where a free-jet regime is generally produced in the absence of quarl.

A comparison with non reacting flow conditions revealed a very similar evolution of the position of the internal recirculation region as the quarl angle widens with results obtained under reacting conditions. Laser Doppler velocimetry measurements have been carried out to determine the pressure-less swirl number, (i.e. the swirl number without pressure terms) for the different quarl angles tested. It has been found that the pressure-less swirl number S remains unaltered despite the quarl expansion, a result which conflicts with the predictions from [START_REF] Gupta | Swirl flows[END_REF]. The measured swirl levels S are therefore seen not to account for the drastic increase of the internal recirculation as the quarl angle increases.

A theoretical analysis has been carried out to take the pressure contribution into account in the swirl number S and examine the impact of a diverging cup on the swirl number evolution. It has been found that the swirl number S decreases as the quarl angle increases, and that this trend is magnified when pressure effects are included. The pressure contribution reduces the upstream axial momentum flux. Hence, neither the measured pressure-less swirl number nor the theoretical estimates of the swirl number with the pressure term allow to account for the flame and the corresponding flow patterns observed in the experiments. It is firmly concluded that the swirl number is not the relevant dimensionless quantity to assess the impact of a nozzle cup on the stabilization of a swirling flame and flow patterns when the quarl angle is varied, all other parameters remaining fixed.

It has finally been shown that the decrease of the axial flow velocity and increase of the adverse pressure gradient at the burner outlet are both responsible for the displacement of the position of the stagnation point of the internal recirculation zone as the quarl angle increases. Expansion of the cross section area of the diffuser leads to a reduction of the axial momentum flux per unit area, which reduces the jet ability to push the internal recirculation zone further downstream. A theoretical model has been developed that well reproduces the experimental data for the diffuser cup angles tested between 5 • ≤ α ≤ 30 • by assuming that the swirling flow takes the structure of a stagnation flow at the burner outlet.

Troisième partie

Premixed Flames

Chapitre 6

Flame Surface Density and Wrinkling

The structure of turbulent premixed swirling flames is investigated with the help of optical diagnostics. A procedure relying on OH-PLIF images is developed to deduce the mean progress progress variable, the three dimensional flame surface density and the flame wrinkling factor. These turbulent quantities are for the first time studied for swirling flames stabilized away from the injector. Results are presented first for a reference flame. Impact of swirl on the flame structure is then further examined by examining changes of the flame surface density and the flame wrinkling factor when the geometrical swirl numbers is varied. A major outcome is that swirl has a very large impact on the flame surface density, but not on the flame wrinkling factor. It is shown that this effect is explained by the influence of swirl on the mean flame topology. It is later evidenced that the wrinkling process is different between a moderately swirled flame featuring strong intermittency in the reaction layer position and a highly swirled flame protruding inside the injector featuring a flame brush. Impact of CO 2 dilution is then investigated for swirling flames featuring the same flame and flow patterns.

It is finally concluded that the effect of switching from N 2 -to CO 2 -dilution is small for the investigated flames featuring the same adiabatic flame temperature and velocity ratio U 0 /S L . 

Contents

Introduction

Analysis of the structure of turbulent premixed flames is one of the most active research fields in the combustion community. One may refer for example to the following selected references among many others to see the progress made over the past 30 years [START_REF] Pope | The evolution of surfaces in turbulence[END_REF][START_REF] Deschamps | Surface density measurements of turbulent premixed flames in a sparkignition engine and a bunsen-type burner using planar laser-induced fluorescence[END_REF][START_REF] Peters | The turbulent burning velocity for large-scale and smallscale turbulence[END_REF][START_REF] Knikker | A dynamic flame surface density model for large eddy simulation of turbulent premixed combustion[END_REF][START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF][START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF][START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF][START_REF] Kobayashi | Turbulent premixed flame characteristics of a CO/H2/O2 mixture highly diluted with CO2 in a high-pressure environment[END_REF]Zhang et al. 2014;[START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF][START_REF] Wabel | Turbulent burning velocity measurements : Extended to extreme levels of turbulence[END_REF]. Advances and challenges in this field are summarized in the review papers from [START_REF] Veynante | Turbulent combustion modeling[END_REF] and [START_REF] Driscoll | Turbulent premixed combustion : Flamelet structure and its effect on turbulent burning velocities[END_REF].

It is well known that the turbulent combustion process depends on the length scales of the turbulent flow field and the length scales of the kinetic reactions [START_REF] Peters | The turbulent burning velocity for large-scale and smallscale turbulence[END_REF]. When the flame thickness δ L is small with respect to the integral length scale of the turbulent flow field, the flame lies in the so-called flamelet regime [START_REF] Borghi | On the structure and morphology of turbulent premixed flames[END_REF]. The turbulent combustion process may, in this case, be seen as a flame sheet with a laminar structure in the normal direction to the flame front which is wrinkled by turbulence in the transverse direction. Consequently, the flame propagates at turbulent flame speed S T larger than the laminar burning velocity S L . For the conditions investigated in this work, the flames lie in the flamelet regime.

Direct Numerical Simulation (DNS) remains the preferred tool to investigate the structure of turbulent flames in small canonical configurations because it gives access to all flow variables [START_REF] Bell | Numerical simulation of a laboratory-scale turbulent slot flame[END_REF][START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF][START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF]. Since the flame thickness δ L of a hydrocarbon air mixture at atmospheric pressure is typically less than one millimeter, the computational cost of DNS rapidly becomes prohibitive to resolve all the scales of the turbulent reacting flow field in most practical configurations. The alternative is to resolve the largest eddies of the flow field and to model the smallest eddies assuming they feature universal intrinsic properties as in the Large Eddy Simulation (LES) approach. In this framework, the balance equations are filtered spatially
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One active research topic, therefore, aims at analyzing the flame structure to develop subgrid-scale models for LES, see for example the pioneering work from [START_REF] Knikker | A priori testing of a similarity model for large eddysimulations of turbulent premixed combustion[END_REF] in this respect. Detailed databases are needed to validate these models. They can be generated by DNS for a minimal set of canonical configurations with moderate Reynolds numbers [START_REF] Bell | Numerical simulation of a laboratory-scale turbulent slot flame[END_REF]). This research topic has also motivated the use of optical diagnostics to investigate the structure of turbulent flames in more complex configurations. These diagnostics constitute an appealing alternative way to track the reaction zone and study its interactions with turbulence. OH planar LIF [START_REF] Lee | Measurement and analysis of flame surface density for turbulent premixed combustion on a nozzletype burner[END_REF][START_REF] Kobayashi | Turbulent premixed flame characteristics of a CO/H2/O2 mixture highly diluted with CO2 in a high-pressure environment[END_REF][START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF], CH planar LIF [START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF], Rayleigh diffusion in planar laser sheets [START_REF] Shepherd | Premixed flame front structure in intense turbulence[END_REF] and Mie scattering laser tomography [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF] were extensively used to scrutinize the structure of wrinkled flame fronts in 2D planes on a wide set of canonical configurations. With appropriated post-processing techniques, the use of optical diagnostics yields quantitative information on the mean progress variables, the flame surface density and the flame radius curvature [START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF][START_REF] Kobayashi | Turbulent premixed flame characteristics of a CO/H2/O2 mixture highly diluted with CO2 in a high-pressure environment[END_REF].

A major drawback of these techniques is to give only access to a two-dimensional information. The recent development of three-dimensional optical diagnostics constitutes an attractive possibility to investigate the flame structure in three dimensions [START_REF] Ma | 3d flame topography and curvature measurements at 5 khz on a premixed turbulent bunsen flame[END_REF][START_REF] Ma | Single-shot 3d flame diagnostic based on volumetric laser induced fluorescence (vlif)[END_REF]). However, these advanced techniques are not mature today for highly turbulent flames. [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF], followed by [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF] analyzed different models that can be considered to get the third component of the flame front normal vector n when computing the flame surface density Σ from 2D databases. These corrections have recently been used to determine the flame surface density in experimental [START_REF] Sweeney | The structure of turbulent stratified and premixed methane/air flames ii : Swirling flows[END_REF][START_REF] Sweeney | Multiply conditioned analyses of stratification in highly swirling methane/air flames[END_REF][START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF] and numerical studies [START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF]. Taking into account the third missing component presents two major benefits. First, it allows comparison with three-dimensional numerical simulations, as presented in [START_REF] Bell | Numerical simulation of a laboratory-scale turbulent slot flame[END_REF]. Secondly, it enables to integrate the flame surface density to obtain the global fuel consumption rate ṁc , which is a key parameter in turbulent premixed flames studies. These studies remain however sparse and difficult.

One finds much more experimental investigations on the 2D structure of turbulent premixed flames. [START_REF] Knikker | A dynamic flame surface density model for large eddy simulation of turbulent premixed combustion[END_REF] studied the impact of the LES filter size on the flame surface density. For long propane/air flames attached to a bluff body, they were able to identify the zones of the flow where the subgrid-scale model needs to act. In many studies, data for turbulent premixed flames are often interpreted with the help of the laminar burning velocity S L and the turbulent velocity fluctuation level u associated to the root-mean-square value of velocity fluctuations around their mean value. In an extensive study, [START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF] analyzed the effect of the turbulence level u /S L independently from u 0 /S L , where u 0 denotes the bulk flow velocity of jet flames stabilized on a 2D slot Bunsen burner, on the flame surface density Σ and on the turbulent flame speed S T . In more recent studies, changes in the fuel composition have been extensively investigated notably by Kobayashi and (Zhang et al. 2014) has also been characterized. In a configuration with a conical flame surrounded by hot products, the effects of extreme levels of turbulence 25 < u /S L < 163 have also been investigated by [START_REF] Wabel | Turbulent burning velocity measurements : Extended to extreme levels of turbulence[END_REF] to determine the turbulent burning velocity in these regimes.

In all these previous investigations, the flames are stabilized on academic configurations which are classified into four types of flames by [START_REF] Driscoll | Turbulent premixed combustion : Flamelet structure and its effect on turbulent burning velocities[END_REF] depending on the setup used to stabilize combustion : Bunsen (cylinder or 2D slot), V (rod-stabilized), spherical or planar low-swirl setups. Though attempts have been made to correlate the flame structure of the four types of flames by keeping similar levels of turbulence (u /S L ), comparisons remain scarce between these different geometrical configurations [START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF]. It has been shown that the flame wrinkling level keeps trace of wrinkle formation occurring further upstream [START_REF] Driscoll | Turbulent premixed combustion : Flamelet structure and its effect on turbulent burning velocities[END_REF][START_REF] Nair | Shear layer dynamics in a reacting jet in crossflow[END_REF]. This property of turbulent premixed flames makes the flame structure highly dependent on the burner geometry and the structure of the flow above the burner.

Swirled flows are widely used to stabilize combustion in many high power combustion systems. As an example, all modern gas turbines operated at lean premixed conditions are powered by swirled flames [START_REF] Bonzani | Ansaldo energia gas turbine operating experience with low btu fuels[END_REF]. Investigation of the structure of turbulent premixed swirling flames in gasturbine like burners is therefore needed to validate LES turbulent combustion models in these configurations. Most of the studies on the structure of premixed swirled flames have been conducted with low swirl burners [START_REF] Bedat | Experimental study of premixed flames in intense isotropic turbulence[END_REF][START_REF] Cheng | Velocity and scalar characteristics of premixed turbulent flames stabilized by weak swirl[END_REF][START_REF] Shepherd | The burning rate of premixed flames in moderate and intense turbulence[END_REF]. The weak-swirl in this configuration generates a slightly diverging flow where the decrease of the axial velocity leads to flame stabilization. The swirl number is typically less than 0.6 to prevent vortex breakdown and flame flashback. A focus has been placed on the low swirl burner because it produces a high level of isotropic turbulence u /S L [START_REF] Shepherd | The burning rate of premixed flames in moderate and intense turbulence[END_REF]. This configuration also constitutes a proven technology to generate very low NOx and CO emissions [START_REF] Johnson | A comparison of the flowfields and emissions of high-swirl injectors and lowswirl injectors for lean premixed gas turbines[END_REF].

The structure of the flow and the flame however highly differ when the swirl number increases. In a highly swirled flow, the flame is stabilized by a central recirculation of the hot burned gases featuring negative axial velocities [START_REF] Syred | Combustion in Swirling Flows : A FReview[END_REF]. These two mechanisms favor flame stabilization in a high speed and highly turbulent flow field and increase the flame power density.

Swirl-stabilized flames therefore constitute another flame archetype with a different flow than those classified by [START_REF] Driscoll | Turbulent premixed combustion : Flamelet structure and its effect on turbulent burning velocities[END_REF]. Due to their importance for gas turbines, swirled flames have been widely studied to understand their stabilization mechanisms and their propensity to trigger violent dynamical phenomena like thermo-acoustic instabilities or flashback, or the conditions leading to lean blow off [START_REF] Lieuwen | Combustion instabilities in gas turbine engines : operational experience, fundamental mechanisms, and modeling[END_REF][START_REF] Huang | Dynamics and stability of leanpremixed swirl-stabilized combustion[END_REF][START_REF] Candel | Dynamics of swirling flames[END_REF][START_REF] Poinsot | Prediction and control of combustion instabilities in real engines[END_REF]. But the analysis of their turbulent structure has received relatively less well documented.

Measurements of the flame surface density Σ in gas-turbine like burners can be found in [START_REF] Steinberg | Flow-flame interactions causing acoustically coupled heat release fluctuations in a thermo-acoustically unstable gas turbine model combustor[END_REF], [START_REF] Dhanuka | Unsteady aspects of lean premixed prevaporized gas turbine combustors : flame-flame interactions[END_REF], [START_REF] Sweeney | The structure of turbulent stratified and premixed methane/air flames ii : Swirling flows[END_REF] or [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF]. In the latter study, two flames have been investigated with a change of diluent from N 2 to CO 2 at an equivalence ratio Φ = 0.65 and Reynolds number Re = 20, 000. The authors report different flame surface densities and conclude that the CO 2 -diluted flame is more wrinkled than N 2diluted flames. They attribute these modifications of the flame turbulent structure to changes in the Lewis number of the combustible mixture. The structure of a stratified methane/air flame stabilized by swirl above a bluff body has also been scrutinized by [START_REF] Sweeney | The structure of turbulent stratified and premixed methane/air flames ii : Swirling flows[END_REF] and [START_REF] Sweeney | Multiply conditioned analyses of stratification in highly swirling methane/air flames[END_REF] with multi-scalar laser diagnostics. The flame surface density is also reported for two different swirl numbers (S = 0.45 and 0.79). When the swirl level is increased, a slight decline of the flame surface density is observed, which is attributed to a higher turbulence intensity of the flow featuring the lowest swirl number. Because flames stabilized in a swirling flow and flames stabilized by a bluff-body share similar features with the formation of a large central recirculation region and high turbulence intensity levels, it is difficult to interpret in the studies from [START_REF] Sweeney | The structure of turbulent stratified and premixed methane/air flames ii : Swirling flows[END_REF] and [START_REF] Sweeney | Multiply conditioned analyses of stratification in highly swirling methane/air flames[END_REF] the influence of the swirl number alone on the flame structure.

A systematic analysis of the impact of the swirl level on the flame surface density has to our knowledge not been conducted so far. The objective of this study is to characterize the impact of swirl on the flame turbulent structure for a large set of swirled flow topologies and independently from the other combustion parameters. Different operating conditions leading to large changes in the flame and flow patterns are analyzed by only modifying the swirl number.

The flame surface density is determined systematically with the help of planar OH-PLIF measurements.

The chapter is organized as follows. Some definitions needed to characterize the structure of a turbulent flame are presented first. This is followed by a description of the models used to determine the three-dimensional flame surface density Σ with planar imaging techniques. The experimental procedure used to determine the mean progress variable c of combustion, the normal vector n to the flame front, the flame surface density Σ in the axial plane of the burner are then described. The flame structure is then investigated for a single operating condition to outline the main features of a swirl-stabilized flame with a central recirculating bubble. A comparison is also carried out between the different estimates for the three-dimensional flame surface density. The impact of the swirl number on the flame structure is then investigated for the different operating conditions explored. Finally, changes associated with modifications of the oxidizer from air to CO 2 oxy-operation are examined.

6.2 Flame surface density

Definitions

OH-PLIF images are used to determine the progress variable c of the combustion reaction [START_REF] Deschamps | Surface density measurements of turbulent premixed flames in a sparkignition engine and a bunsen-type burner using planar laser-induced fluorescence[END_REF]. This quantity is equal to c = 0 in the fresh gases, c = 1 in the burned gases and takes the value 0 < c = c * < 1 at the interface between the fresh and burned gases. The way the progress variable is determined from LIF images is described in the next section.

Turbulent combustion analysis mainly relies on statistical quantities. The progress variable c is evaluated on a large number of samples of the instantaneous field. For a given quantity Φ, Φ designates the Reynolds-averaged over a number N of samples :

Φ = 1 N N i=1 Φ i (6.1)
In this work, N is set to 1500, meaning that 1500 OH-PLIF snapshots are taken for each operating condition investigated. The flame surface density Σ(c * ) in m -1 that corresponds to the iso-surface c = c * may in turn be defined [START_REF] Pope | The evolution of surfaces in turbulence[END_REF] :

Σ(c * ) = |∇c|δ(c -c * ) (6.2)
where |∇c|δ(c -c * ) denotes the conditional average of |∇c| for the iso-surface c = c * .

In the flamelet regime framework, the flame surface density does not depend on the selected contour c * and yields, for any values of c * : Σ(c * ) |∇c| = Σ [START_REF] Veynante | Turbulent combustion modeling[END_REF]. From a physical point of view, the flame surface density corresponds to the infinitesimal turbulent flame surface δA T burning in a small volume δV : Σ = δA T /δV .

The integrated turbulent flame surface A T in m 2 is given by :

A T = V ΣdV (6.3)
Another quantity of interest in this work is the wrinkling factor Ξ defined as [START_REF] Veynante | Turbulent combustion modeling[END_REF] :

Ξ = |∇c| |∇c| (6.4)
The progress variable c, the flame surface density Σ and the wrinkling factor Ξ are determined in the experiments presented in sections 6.4 and 6.5. In the following, one describes the way the flame surface density can be estimated from 2D planar measurements.

Estimation of Σ from planar data

Though two-dimensional measurements of flame surface density are abundant in the literature [START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF][START_REF] Kobayashi | Turbulent premixed flame characteristics of a CO/H2/O2 mixture highly diluted with CO2 in a high-pressure environment[END_REF]Zhang et al. 2014;Zhang et al. 2014;[START_REF] Wabel | Turbulent burning velocity measurements : Extended to extreme levels of turbulence[END_REF], the flame surface density Σ (r,z) determined with the trace of the flame front cut by the laser sheet omits flame wrinkling in the transverse direction to the laser sheet. Recent developments in optical diagnostics give hope for a systematic measurements of three-dimensional flame surface densities [START_REF] Ma | 3d flame topography and curvature measurements at 5 khz on a premixed turbulent bunsen flame[END_REF][START_REF] Ma | Single-shot 3d flame diagnostic based on volumetric laser induced fluorescence (vlif)[END_REF]. Meanwhile, other researchers have proposed models to reconstruct the three-dimensional flame surface density Σ from the planar measurements of the flame surface density Σ (r,z) [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF][START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF]). These models rely on assumptions on turbulence isotropy, which have led to different formulations discussed in [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF], [START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF] and [START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF]. Studies with flame surface densities reconstructed from 2D fields are reported in Tab. 6.1, together with the reconstruction models that have been used.

To get the flame surface density, one first needs to determine the flame front position within the probed flow and its direction with respect to this flow.

The way this position is determined through the laser sheet is described in the next section. One introduces here the different notations which are used to characterize the flame front position and its direction. They are sketched in Fig. 6.1. The 2D flame structure within the laser sheet depends on the downstream e z and radial e r directions. The third azimuthal direction e θ is orthogonal to the laser sheet and corresponds to the light direction pointing towards the camera sensor. The flame front is assumed to be an infinitely thin surface corresponding to the contour c = c * . The vector n designates the normal unity vector to the iso-surface c = c * , i.e. n follows the flame propagation in the normal direction to itself with respect to the flow direction and has a modulus equal to unity. This vector does not necessary belong to the laser sheet plane (e r , e z ) because the flame propagates with respect to the flow velocity in the three directions of space. This vector remains unknown and cannot be deduced from the 2D flame contour revealed by the the laser sheet intersecting the flame.

The projection of this vector n along the laser sheet plane (e r , e z ) yields the component n p (r,z) , which is the only known component of n because the trace of the flame contour c = c * in this plane is known. One may thus also define the unit normal vector n (r,z) to the trace of the contour c = c * belonging to the plane (e r , e z ). The normal vector is associated to the normal propagation of the flame within the plane (e r , e z ) cut by a laser sheet. The vectors n (r,z) and n p (r,z) are colinear and are linked by :

n p (r,z) = cos(Φ)n (r,z) (6.5)
where the angle Φ belongs to [-π/2, π/2].

To fully characterize the flame front, one also needs to determine the angle θ in the probed laser sheet plane (e r , e z ) between the vectors e r and n (r,z) (or n p (r,z) ). This angle belongs to [-π, π] and is inferred from the trace of the flame contour c = c * in the laser sheet plane (e r , e z ).

The 2D flame surface density Σ (r,z) in the probed laser sheet plane (e r , e z ) is determined from the progress variable contours using Eq. (6.2), which is recalled here :

Σ(c * ) (r,z) = |∇c|δ(c -c * ) (6.6)
The 2D flame surface density Σ (r,z) determined with planar optical diagnostics may eventually be extrapolated in three dimensions with some hypothesis on the flow symmetry. [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF] derived different expressions to estimate the contribution of the missing component. They also conducted Direct Numerical Simulations to compare their predictions from a two-dimensional cut of the reacting flow that mimicks a 2D slice probed by optical diagnostic with the resolved three-dimensional flame surface density. This method has been used in several numerical [START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF]) and experimental works [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF][START_REF] Sweeney | The structure of turbulent stratified and premixed methane/air flames ii : Swirling flows[END_REF][START_REF] Sweeney | Multiply conditioned analyses of stratification in highly swirling methane/air flames[END_REF][START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF]. [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF] evaluated different hypotheses regarding the third component of the normal vector to the flame front. Only the notations and the main conclusions are recalled in this chapter. Starting from the definition of the flame surface density Eq. (6.2), they showed that the 3D flame surface density Σ and its 2D trace Σ (r,z) are linked by :

Σ = 1 cos Φ S Σ (r,z) (6.7)
where cos Φ S is a surface averaged value of the angle Φ. For the infinitely thin flame model used in this work, it amounts to averaging only where the flame front lies at c = c * . This surface averaging operation is formally defined as [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF] :

cos Φ S = (|∇c| (r,z) δ(c -c * )) (|∇c|δ(c -c * )) = (cos Φ|∇c|δ(c -c * )) (|∇c|δ(c -c * )) (6.8)
Several approximations are made to evaluate the quantity cos Φ S appearing in Eq. (6.7). A pioneer work from [START_REF] Deschamps | Surface density measurements of turbulent premixed flames in a sparkignition engine and a bunsen-type burner using planar laser-induced fluorescence[END_REF] assumes that cos Φ S cos θ S . Based on their measurements on a Bunsen burner, they estimated cos θ S = 0.69, yielding the following model for the 3D flame surface density :

Σ 1 cos θ S Σ (r,z) 1 0.69 Σ (r,z) (6.9)
This correction was challenged by [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF]. The hypothesis that the mean directions for the angles θ and Φ are equal constitutes a rough approximation, which is only valid along the burner axis. As noticed in [START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF], cos θ can be negative whereas cos Φ is always positive leading to an over-prediction of Σ in Eq. (6.9). To circumvent small values of the cosine angle, [START_REF] Sweeney | The structure of turbulent stratified and premixed methane/air flames ii : Swirling flows[END_REF] have artificially set it equal θ c = 50 • as a maximum value for θ xy .

A more realistic hypothesis is made by [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF]. In this study, the distribution of the angles θ and Φ are assumed to be independent and isotropic. After calculations, they show that the probability density function of Φ verifies

p(Φ) = 1 2 cos Φ.
The coefficient cos Φ S can therefore be estimated as :

cos Φ S = π/2 -π/2 cos Φ p(Φ) dΦ = π 4 (6.10)
This yields for the flame surface density :

Σ 4 π Σ (r,z) (6.11)
This latter model has been used to infer 3D flame surface densities in configurations invariant by rotation [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF][START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF] or by translation [START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF]. The flame surface density obtained with Eq. (6.11) has been compared with the computed three-dimensional flame surface density and the agreement was satisfying in [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF] and excellent in [START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF].

The analysis can be pushed further by investigating the direction taken by the flame front normal vector n (r,z) in the measurement plane. The normal vector n can be projected on the cylindrical coordinates n = n z e z + n r e r + n θ e θ , where n i denotes the vector components. Using notations from [START_REF] Cant | Modelling of flamelet surface-tovolume ratio in turbulent premixed combustion[END_REF], each component n i is decomposed into a mean and a fluctuating contribution n i = n i S + m i , where m i S = 0. Veynante et al. ( 2010) refined the expression for cos Φ S by assuming that the distribution of θ and Φ are independent but not isotropic. They also demonstrate that fluctuations of the flame front normal vector obey to :

cos Φ 2 S + m z m z S = 1 (6.12)
By showing in their three-dimensional simulations that the fluctuations of n are similar in the radial and transverse directions, i.e. m r m r S m z m z S , Veynante et al. ( 2010) derived the following expression for the flame surface density. The reader is referred to the paper for details about the calculation :

Σ 1 + m r (r,z) m r (r,z) 2D S Σ (r,z) (6.13)
Here the upper script 2D indicates that this contribution is determined from measurements in the 2D plane (e r , e z ). This model has been used in configurations invariant by rotation [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF][START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF] or by translation [START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF]) and it is not clear whether the direction along r or z is preferred in axisymmetric configurations. Equations 6.13 and 6.11 were found to yield very similar results. A similar model was proposed by [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF] by assuming that the fluctuations of n are similar in the azimuthal and in the transverse directions, i.e. m θ m θ S m z m z S :

Σ 1 + m z (r,z) m z (r,z) 2D S Σ (r,z) (6.14)
According to [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF] and [START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF], the reconstruction with Eq. (6.13) yields the best agreement with direct evaluations of Σ from three-dimensional DNS. These different models are tested in the present work to infer the 3D flame surface density from planar measurements of Σ (r,z) .

Experimental procedure

The flames investigated are fully premixed, swirled and confined in a square combustion chamber. The structure of these flames is investigated with the help of OH Planar Laser-Induced Fluorescence measurements in the axial plane of the burner. The test bench and the optical diagnostics were already presented in chapter 1 and 2 of this manuscript. This section describes the methods used to analyze the flame structure. In the configurations investigated, the flame is aerodynamically stabilized and is lifted above the injector. The determination of the flame front contour is in these cases more challenging than for flames with closed contours stabilized at the lips of a burner. Figure 6.3 is an example of OH-PLIF snapshot for a premixed lifted methane/air flame with swirl number S = 0.72, equivalence ratio Φ = 0.95 and bulk injection velocity u = 15.7 m.s -1 . The fresh gases may here mix with the hot gases from the outer recirculation zone at the bottom of the combustion chamber prior to combustion. In this case, all the contour delineating the OH-PLIF signal does not necessarily correspond to heat release rate. Production of OH radicals yielding a fluorescence signal may also occur in the gas-mixing layer between the fresh reactants from the swirled jet and the hot combustion products. This means that a fraction of the contour associated to the OH-LIF signal does not correspond to heat release and must not be counted to determine the flame surface density. The procedure which converts one OH-PLIF image to an instantaneous field for the binarized progress variable c is a critical issue for the present study. Applying this procedure to aerodynamically stabilized flame constitutes a major outcome of this chapter and is therefore
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Multiple binarization thresholds

Swirling flames feature complex flame and flow patterns. The combustion reaction is aerodynamically stabilized close to recirculating regions. In spite of the premixed combustion regime, the gas temperature of the hot products from the swirled methane air flame at Φ = 0.95 is highly inhomogeneous because of the various heat loss processes (wall heat losses and thermal radiation). Close to the reaction front, the temperature is close to the adiabatic flame temperature T ad . For the configuration studied herein that will be later described in chapter 7 T ad =2200 K, the temperature in the central recirculation zone is measured at around T CRZ 1500 K and the temperature in the outer recirculation zone typically decreases from T ORZ 1200 K away from the walls down to the wall temperature T w 900 K. These inhomogeneities yield different OH concentration at equilibrium (see Figure 7.5 in chapter 2). Consequently, the OH-PLIF signal collected features different levels of intensity at the interface c = c * . Despite used in some studies as in [START_REF] Steinberg | Flow-flame interactions causing acoustically coupled heat release fluctuations in a thermo-acoustically unstable gas turbine model combustor[END_REF], it is therefore difficult to capture the entire interface between the fresh and burned gases with a binarization procedure relying on a single threshold level. This issue is exemplified in Fig. 6.3. The left image shows a typical OH-PLIF normalized intensity, noted A LIF . Based on this OH-PLIF signal, the Otsu algorithm described in chapter 2 yields a list of binarization thresholds, noted a bin [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]). Results for three binarization thresholds are superimposed to the OH-PLIF signal on the right image in Fig. 6.3. These thresholds correspond to 5% (green), 15% (blue) and 30% (red) of the normalized intensity A LIF . Examination of these thresholds is made for three different points selected in the image : A small value for the binarization threshold is more adapted in this case as shown by the green contour. At point C, we estimate that there is no combustion reaction.

The algorithm therefore must use several binarization thresholds and combine them to give a representative field for the progress variable c. An Iterative binarization algorithm has been developed in Matlab © for this purpose. This algorithm is described in the next section and one first shows an example to illustrate its behavior. 1. Close to the burner axis and the central recirculating region, the interface is sharp and the OH-PLIF signal depicted in Fig. 6.3 is high. This contour is correlated with the presence of heat release. This description prevails for points A and B in Fig. 6.4.

2. Close to the outer recirculating region, the interface between the fresh and the burned gases is more diffuse and the OH-PLIF signal is weak. The blurry interface does not correspond to a reaction layer at point C and is attributed in this case to a non-reactive mixing layer between the fresh gases and the hot recirculating gases.

When averaged, these two types of interface yield a gradient of the mean progress variable |∇c|, but the flame surface density Σ only lies at the interface corresponding to a reaction layer. It is paramount to make the difference between these two kinds of interfaces to determine Σ, |∇c| and Ξ. This is another motivation to develop a method based on multiple binarization thresholds. The procedures of [START_REF] Steinberg | Flow-flame interactions causing acoustically coupled heat release fluctuations in a thermo-acoustically unstable gas turbine model combustor[END_REF] or [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF] rely on a single threshold because only the flame surface density Σ is reconstructed, but not the mean progress variable c. The algorithm developed in this work is used to determine the progress variable and the two dimensional flame surface density. The different steps of this algorithm are thoroughly presented in the Appendix D at the end of the manuscript.

Estimation of the three-dimensional flame surface density Σ

The two-dimensional flame surface density Σ (r,z) is determined from the flame contour extracted for the reactive interface as explained in the previous section.

It is first estimated with the same method as in [START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF] and [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF]. For one OH-PLIF snapshot, it is considered that Σ (r,z) equals the average flame perimeter per unit area in the laser sheet. Each pixel defines a square interrogation window of surface ∆x × ∆x = 0.13 × 0.13 mm 2 . If the pixel belongs to the reaction layer as previously defined, the local flame surface density Σ (r,z) is set to 1/∆x, and 0 otherwise. A more refined approach has also been tested using Eq. ( 13) in [START_REF] Friedrich | Advances in LES of Complex Flows[END_REF], which uses a LES filter size ∆. When ∆ tends towards zero, this technique gives very similar results for Σ (r,z) as the method from [START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF]. This latter approach has been retained for the sake of simplicity.

Different models are then considered to estimate the three-dimensional flame surface density Σ from Σ (r,z) . In Eq. (6.13), decomposition of the normal vector n must be performed. For each instantaneous OH-PLIF image, the angle θ 

Averaging procedure

All the aforementioned fields are post-processed from the OH-PLIF snapshots.

The averaging procedure must be handled with care and is here described. For the instantaneous fields of the progress variable c or the flame front surface density Σ, a value is assigned to every pixel. The averaging procedure of these quantities is straightforward. This is not the case for the θ angle fields. The value of the angle θ between the vector n (r,z) and e r is only assigned to a pixel when a flame front is crossing this pixel. The probability of presence of the flame front p(c = c * ) is represented in Fig. 6.6. This distribution ranges from zero outside the flame domain to 4%, with a mean value around 2%. To get converged values for the mean angle θ and its standard deviation that is required in Eq. (6.13), it has been chosen to collect 1500 OH-PLIF snapshots for each operating condition. As the buffer memory of the Pi-Max 4, Princeton Instrument, ICCD camera used in these experiments is limited to 500 images at full resolution, acquisitions have been repeated three times for each operating point. This yields about 30 samples to compute the θ angle on each pixel. This averaging procedure is only made where it is necessary. The mean value and the standard deviation of all the fields related to θ have been determined separately on each pixel to compute the statistics only for the images where the flame front is crossing the pixel.

6.4 Structure of a swirl-stabilized flame

Analysis of the reference flame

The structure of a methane/air premixed swirl-stabilized flame is now investigated for a fixed operating condition with a swirl number S 0 = 0.75, an equivalence ratio Φ = 0.95 and a thermal power P th = 14.6 kW. The first motivation is to show the results of the post-processing procedure yielding the distributions of the mean progress variable c, the mean flame angle and the flame surface density Σ. These statistical properties enable to detail the specific features of the structure of this swirl-stabilized flame. The impact of the swirl number on the flame structure is examined later on, followed by the changes observed when switching the diluent from N 2 to CO 2 .

The stabilization mechanisms of this flame have already been investigated by [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF]. Only the main elements are recalled. The flame and flow pattern are shown in Fig. 6.7. The OH * intensity emission which is displayed on the left is typical from a swirl-stabilized flame positioned above the injector. The axial component of the flow field is represented on the right together with the position of the CRZ, whose stagnation point is situated at the height z SP = 5d 0 along the burner axis. As evidenced by Jourdaine (2017), the axial velocity and the flame position feature large fluctuation levels (not shown here for concision). 

Mean progress variable c

The mean progress variable c is presented in Fig. 6.8. Different iso-lines are represented in this figure for the mean progress variable c=0.2 (white), c=0.5 (gray) and c=0.8 (black). It ranges from c=0 at the outlet of the injector to c=1 at the top of the image. In the outer recirculating regions of the flow above z/d 0 ≥ 1, c is close to 1. This indicates that the LIF signal has been accounted as burned gases despite the absence of flame front in this region. This result validates the algorithm developed, which uses different thresholds to binarize the OH-PLIF image. However, close to the solid walls between the outer recirculation zone and the dump plane of the combustor when z/d 0 ≤ 1, the mean progress variable incorrectly decreases down to 0. This bias is explained by a drop of the OH-PLIF signal due both to a decrease of the gas temperature in this region and to the boundary of the laser sheet probing the flow. The mean progress variable c shown in Fig. 6.8 can be compared with the probability of presence of the flame front displayed in Fig. 6.6. The flame front is absent where the gradient of the mean progress variable is null. This is the cases at the outlet of the injector where c = 0 or in the burned gas region for z/d 0 > 2.5 where c = 1. The flame front therefore lies where the mean progress variable c takes intermediate values. This region is large and matches the flame front probability presence displayed in Fig. 6.6.

Direction of the flame front normal vector n

Projection of the normal vector n (r,z) along e r and e z yields valuable information on the stabilization mode of the flame. For the conical flames studied in [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF] and [START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF] where the flame is attached to the injector nozzle, the mean direction of the flame front normal vector n is straightforward. It starts from the burned gases and points towards the center of the burner. This type of decomposition is more insightfull for swirl-stabilized flames where the flame pattern is more complex.

The flame front normal vector n (r,z) has been determined for all the instantaneous OH-PLIF images and decomposed along the radial and axial components : n (r,z) = cos(θ)e r + sin(θ)e z . These quantities have been averaged over 1500 OH-PLIF images. The radial component n (r,z) r S = cos(θ) S is plotted in the right image in Fig. 6.9. One again notices the symmetry of the pattern with respect to the burner axis. As sketched in Fig. 6.10, the sign of the normal is opposed on both sides of the burner axis, yielding a blue color when n (r,z) points towards the Part III -Premixed Flames 185 left ( cos(θ) S < 0) and a red color towards the right ( cos(θ) S > 0). The region of the flow where the vector n (r,z) points towards the outer side of the flame is large (point D) as expected for a swirl-stabilized flame. The flame also features regions where the normal vector points towards the burner axis (points E and F). This is the preferred direction for conical flames where the flame front propagates towards the fresh gases lying along the centerline axis [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF][START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF]. For this swirling flame, the reaction layers oriented towards the burner axis have two different origins :

-On the outer side of the flame domain where the radial components n (r,z) r S is maximum, the flame is stabilized close to the outer recirculation zone ORZ (see point E). The reaction layer lies between the swirling jet of reactants and the ORZ and points towards the burner centerline. This external flame front is also discernable with OH * chemiluminescence images and its presence is often used to classify the flame topology as M-or V-shape (Guiberti et al. 2015b). However, discrimination between flame fronts stabilized by the central (CRZ) or the outer (ORZ) recirculating zones remains difficult to discern with OH * images. The present post-processing carried out on OH-PLIF images yields the flame front propagation direction and can be used to make a sharp delineation between the inner and the outer reacting fronts.

-Close to the burner axis, a reaction layer is clearly revealed, where the flame front points towards the burner centerline (see point F). In this smaller region, the radial component n (r,z) r S features also lower values. This feature is hardly detectable with OH * chemiluminescence images. This change of flame front direction close to the centerline axis has also been identified with the help of PIV measurements in [START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF]. It was found that the axial velocity u z features a W-shape profile (see Fig. 8), which pushes the CRZ downstream. This W-shape velocity profile is the signature of the axial-plus tangential swirler described in chapter 5. The structure of the swirling flow at the burner outlet depends on the swirl level S 0 imparted to the flow and is investigated in further details in the following section. 

(r,z) r m (r,z) r S > m (r,z) z m (r,z) z S .
This indicates that turbulence is not isotropic over the flame volume. The level of axial and radial fluctuations is relatively uniform from the root to the top of the flame. This property contrasts with previous data reported for the flame front normal vector from turbulent conical flames [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF][START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF]. In these studies, the fluctuation levels were close to zero at the root of the flame where the flame front is anchored to the nozzle lip. Further downstream, the fluctuation levels measured in these previous studies reach similar values as those shown in Fig. 6.11.

Flame surface density

OH-PLIF measurements yield the flame surface density Σ (r,z) in the plane formed by the laser sheet. This distribution is represented on the left in Fig. 6.12. It again differs from the flame surface density distributions reported in the literature that were obtained with conical flame experiments in [START_REF] Deschamps | Surface density measurements of turbulent premixed flames in a sparkignition engine and a bunsen-type burner using planar laser-induced fluorescence[END_REF]; [START_REF] Knikker | A dynamic flame surface density model for large eddy simulation of turbulent premixed combustion[END_REF]; [START_REF] Filatyev | Measured properties of turbulent premixed flames for model assessment, including burning velocities, stretch rates, and surface densities[END_REF]; [START_REF] Kobayashi | Turbulent premixed flame characteristics of a CO/H2/O2 mixture highly diluted with CO2 in a high-pressure environment[END_REF]; Zhang et al. (2014); [START_REF] Wabel | Turbulent burning velocity measurements : Extended to extreme levels of turbulence[END_REF]; [START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF]. It also differs from previous data reported for a swirled stabilized flame inside a smaller combustion chamber [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF]. In these previous studies, high values of the flame surface density, typically Σ (r,z) > 250 m -1 , are reported along a well defined flame brush pattern and the flame surface density falls to zero outside the flame brush.

The flame surface density of the swirl-stabilized flame displayed in Fig. 6.12 features relatively lower values for Σ (r,z) 180 m -1 , but no discernible flame brush. The distribution Σ (r,z) delineates a closed contour inside which the flame surface density is relatively uniform. This pattern is the signature of a highly intermittent flame, which is consistent with the broad field of reaction progress variable in Fig. 6.8 and the flame presence probability in Fig. 6.6. This difference between the structure of the swirl-stabilized flame investigated here and the one studied by [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF] is attributed to the relatively large flame liftoff height of the studied flame and the wider expansion ratio C r = A 2 /A 1 between the cross section of the injector A 1 and the combustion chamber A 2 (in [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF], C r = 5 whereas C r = 52 in this work).

For the considered swirl level S 0 = 0.75, the flame is here compact and only stabilized aerodynamically by far from the solid components of the injector and far from the combustion chamber sidewalls. [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF] analyzed the structure of an elongated swirled flame that protrudes inside the injector and also strongly interact with the solid walls of the combustor. As will later be shown, intermittency of the turbulent combustion reaction reduces as the swirl level increases and a more discernible flame brush progressively appears in the shear layers of the swirling flow.

The total flame surface density Σ = |∇c| is shown in the right image in Fig. 6.12 using the reconstruction model Eq. (6.13). The contribution from the third component normal to the laser plane was neglected in Σ (r,z) . A first difference between Σ (r,z) and Σ is the background color. It has been indicated earlier that the fields related to the angle of the flame front θ are left empty outside the flame domain where the flame front is not detected. This explains why the total flame surface density Σ shown on the right in Fig. 6.12 features an empty background left in white. The overall shape of the flame surface density is similar between Σ and Σ (r,z) and the previous observations drawn for Σ (r,z) remain valid for Σ. The values for the 3D estimation Σ are higher in the whole flame domain. However, these values remain lower than the flame surface densities reported by [START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF] when the flame is anchored to a nozzle injector. Conditional averages of flame surface density estimates are compared on the right in Fig. 6.13 by splitting the range of mean progress variable c into N = 50 equal intervals. The two-dimensional flame surface density Σ (r,z) , in blue, is compared to the three-dimensional flame surface estimates Σ calculated with four different models. In red circle, isotropy of the flame front normal vector is assumed yielding Σ = Σ (r,z) × 1/0.69 using Eq. (6.9) with the measured value cos θ S 0.69 from [START_REF] Deschamps | Surface density measurements of turbulent premixed flames in a sparkignition engine and a bunsen-type burner using planar laser-induced fluorescence[END_REF]. In green, the third component is estimated with Σ = Σ (r,z) × 4/π according to Eq. (6.11) from [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF]. In orange and purple, Σ is respectively determined by measuring the fluctuations m (r,z) z m (r,z) z S with Eq. (6.14) from [START_REF] Halter | Analysis of flame surface density measurements in turbulent premixed combustion[END_REF] and by measuring m (r,z) r m (r,z) r S with Eq. (6.13) from [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF]. The model Σ = Σ (r,z) / cos θ S has been discarded because cos θ S sometimes takes values close to zero (see Fig. 6.9) which would lead to high discrepancies.

Data in red circle based on Eq. (6.9) using the value cos θ S 0.69 differs with the other models (orange upper triangle, violet square and green lower triangle). This corroborates previous studies and is attributed to the rough approximation stating that cos θ S cos Φ S even though θ and Φ do not lie in the same range. The three other models for Σ associated to Eqs. 6.11, 6.13 and 6.14 yield close results. The comparison is pushed forward by noticing that the three models yield the following ranking for the flame surface density distributions :

Σ (r,z) 1 + m (r,z) z m (r,z) z S < Σ (r,z) 1 + m (r,z) r m (r,z) r S < Σ (r,z) 4 π (6.15)
The ranking law is found in previous numerical studies [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF][START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF]) and experimental studies [START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF]) (see Fig. 5 in [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF] and Fig. 6 in [START_REF] Zhang | Estimation of 3d flame surface density and global fuel consumption rate from 2D PLIF images of turbulent premixed flame[END_REF]). This also constitutes a validation of the developed procedure for the estimation of the flame front normal vector components. According to [START_REF] Veynante | Estimation of three-dimensional flame surface densities from planar images in turbulent premixed combustion[END_REF] and [START_REF] Hawkes | Estimates of the threedimensional flame surface density and every term in its transport equation from two-dimensional measurements[END_REF], the reconstruction with Eq. (6.13) in orange in Fig. 6.13 yields the best agreement with direct evaluations of Σ from 3D DNS. This model is therefore retained to estimate Σ in the remaining part of the study. When the swirl number S 0 increases, Fig. 6.14 shows that the flames move upstream and protrude inside the injector, which alters in turn the global structure of the flame luminosity. The objective of this section is to investigate the turbulent structure of these flame with OH-PLIF measurements. For each operating condition, 1500 OH-PLIF images have been collected and processed to determine the progress variable, the flame surface density and the direction of the flame front normal vector.

Mean progress variable

The distribution of the mean progress variable c is represented in Fig. 6.15 for flames with four swirl numbers S 0 = 0.72, 0.85, 1.0 and 1.1. They slightly differ from those shown in Fig. 6.14. For all cases, c = 1 at the top of the images for z/d 0 > 3 indicating that the entire flame structure is captured over the full extent of the combustion volume by using a laser sheet with a height larger than the flame height. By doing so, the structure of flames at the different operating conditions can directly be compared over the entire combustion region. Effect of the swirl number S 0 is now investigated with the decomposition of the flame front normal vector n. It has previously been shown that the radial component cos(θ) S helps identifying the propagation direction of the flame front. It is therefore represented in Fig. 6.16 for the four investigated flames featuring increasing swirl levels S 0 = 0.72 to 1.10. The mean value for the radial component of the normal vector n features alternating layers where the direction of the normal vector changes by pointing to the left (in blue) and to the right (in red). Figure 6.16 also shows that the number of alternating layers varies with the swirl level S 0 imparted to the flow. The structure of the three reaction layers identified at the points D, E and F that are sketched in Fig. 6.10 are used to investigate the impact of the swirl level :

-Reaction layer across point D : this reaction layer lies in the internal shear layer of the flow between the jet of fresh reactants and the internal recirculation bubble (CRZ). The mean direction of the normal to this reaction layer points towards the combustor sidewalls indicating the direction of the fresh reactants. This region grows in size and the component n (r,z) r S becomes more aligned with the radial direction when the swirl number increases in Fig. 6. 16. For the highest swirl level S 0 = 1.1, this region almost occupies all the flame domain. In this case, the CRZ protrudes inside the injector which forces the flame to be more stable and much less intermittent.

-Reaction layer across point E : this branch of the external reaction layer close to the top of the flame along point E is formed between the outer recirculating region (ORZ) and the cold swirling jet. In this region, the component n (r,z) r S points towards the burner centerline axis, i.e. in the opposite direction to the reaction layer across point D. This region can be identified in Fig. 6.16 for S 0 = 0.85 and 1.0. When the swirl is reduced to S 0 = 0.72, this region is more difficult to see and it almost disappears when the swirl reaches its maximum value S 0 = 1.1.

-Reaction layer across point F : the reaction layer crossing point F lying in front of the injection plane around the burner axis centerline also points towards the center of the burner axis. This flame front is observed for S 0 =0.75 and 0.85, and vanishes when S 0 ≥ 0.95 when the flame front lies at the burner outlet. It is attributed to the W-shape of the axial velocity field of the swirled flow at the burner outlet conferred by the axial-plus-tangential swirler. The corresponding velocity profiles at the height z/d 0 = 0.25 are extracted from Jourdaine et al. ( 2018) and plotted in Fig. 6.17. The shape of the axial velocity plotted in black forms a W for S 0 = 0.7 and S 0 = 0.85, and disappears between S 0 = 0.85 and 1. These data corroborate the disappearance of the central reaction layer in Fig. 6.16 for the same range of swirl numbers and fully confirms the origin of the reverse direction for the normal vector close to the burner axis. 6.5.2 Flame surface density

Results

The flame surface density Σ is finally analyzed for the four operating points in Fig. 6.18. Σ is estimated in three dimensions by taking into account the missing component normal to the laser sheet according to Eq. (6.13). The velocity field has also been measured in reacting conditions for three of the operating points S 0 =0.72, 0.85 and 1.0. The velocity vectors are superimposed in Fig. 6.18.

There are much more data for velocity than the vector arrows shown in these images. The recirculation zones are delineated in this figure by the thicken black contours where u z = 0. These figures show that the swirl level has a tremendous impact on both the shape and the magnitude of the flame surface density distributions. When S 0 = 0.72, Σ is relatively uniform over the entire flame volume and takes moderate values Σ 160 m -1 . The CRZ is stabilized downstream and is intermittent, leading to fluctuations of the flame front position. When the swirl increases, the CRZ is pushed upstream and the flame volume reduces. Two flames brushes progressively appear that are located in the shear layers of the flow between the ORZ and the CRZ. For the maximum swirl number S 0 = 1.1, the flame surface density reaches its highest values Σ 300 m -1 . Assuming that the global fuel consumption rate ṁc remains unaltered, the increase of Σ is consistent with the increasing flame compactness and corresponding decrease in flame reaction volume.

Impact of the swirl level on the flame surface density is further analyzed by plotting the surface density Σ with respect to the mean progress variable c for the four operating conditions in Fig. 6.19. These data are also completed with data obtained for two intermediate swirl numbers S 0 = 0.75 and S 0 = 0.90. The profiles are roughly symmetrical and take their maximum values Σ max close to c = 0.5, except for the swirl numbers S 0 = 0.9 and S 0 = 1.1 where the maximum is slightly shifted to c = 0.4. The swirl number drastically increases the flame surface density for all the values of the mean progress variable. The maximum surface density Σ max ranges from 164 m -1 when S 0 = 0.72 to 227 m -1 when S 0 = 1.10, yielding an increase of about 40% in flame compactness. 

Link to the flame wrinkling factor Ξ

The previous analysis shows that the swirl level has a major influence on the flame surface density. Its impact on the flame structure is now investigated in more details. In the flamelet framework for turbulent premixed combustion, the wrinkling factor Ξ is defined by :

Σ = Ξ|∇c| (6.16)
This decomposition indicates that the flame surface density depends on both the turbulence-combustion interaction (Ξ) and the mean flame topology (|∇c|).

A question arises whether the increase of the flame surface density with S 0 is due either to Ξ or |∇c|. On a local scale, the swirl number is known to increase the turbulent intensity [START_REF] Dellenback | Measurements in turbulent swirling flow through an abrupt axisymmetric expansion[END_REF]. Velocimetry measurements in non-reacting and reacting conditions from chapter 5 reveal that the axial velocity features large fluctuation levels u /S L >15, where S L denotes the laminar burning velocity. This feature is typical from swirl-stabilized flames in gas turbines.

In turbulent combustion, it is established that flamelet wrinkling first increases When the swirl level increases, the zone where Ξ is high, i.e. region B considerably reduces. Conversely, region A expands, especially in the flame brush for S 0 > 1 . Increasing the swirl level globally reduces the flame wrinkling factor Ξ defined by Eq. (6.16) because of the change in flame topology. Hence, the evolution of Ξ with the swirl level does not account for the increase of the flame surface density observed in Fig. 6.18. The effect of swirl must therefore be investigated with the gradient of the mean progress variable |∇c|.

Link to |∇c|

The flame surface density is shown in Fig. 6.21 for the four investigated swirl numbers on a scatter plot where the flame surface density Σ is represented with respect to |∇c|, and colored by the flamelet wrinkling factor Ξ. It is worth observing that the data are all located above the line Σ = |∇c|, except for a small number of points yielding an erratic wrinkling factor below unity. It results that the swirl level drastically increases the gradient of the mean progress variable, from |∇c| = 80 m -1 when S 0 = 0.72 up to |∇c| = 225 m -1 when S 0 = 1.1. This feature is highlighted in Fig. 6.15 with the iso-lines c=0.2, 0.5 and 0.8 which get closer in the vicinity of the CRZ for S 0 ≥ 1. For the swirl level S 0 = 0.72, the combustion reaction often takes place in the region where c > 0.5 or in the region where c < 0.5, but rarely where the mean flame front lies at c = 0.5. In snapshot (a) in Fig. 6.22, the flame front is almost entirely located below the iso-line c = 0.5, close to the combustor dump plane. In snapshot (d), the flame leading edge is even seen entering inside the injector. The hollow in the OH signal image is attributed to out-of-plane motion of the flame. In snapshot (c), the flame completely burns further downstream, in the region where c > 0.5. The flame corresponding to S 0 = 0.72 is then characterized by a very high level of intermittency that modifies its shape and position from snapshot to snapshot. On average, the flame is stabilized above the injection dump plane, but the position of the flame root is unstable. The high disparity in the position of the burned gases leads to a reduced value for |∇c| associated with a high value for the flame wrinkling. Images on the left in Fig. 6.22 also show that the flame front is also locally wrinkled. The significant flame wrinkling factor seen in Fig. 6.20 for S 0 = 0.72 is then the results of two wrinkling processes : (i) wrinkling by small-to-intermediate turbulent scales, similar to the ones observed in Fig. 6.22 for snapshots (e, f, g and h) ; and (ii) large-scale intermittency of the flame. The latter phenomenon predominates for S 0 = 0.72 and governs the mean structure of the flame.

Changes in |∇c| in

These qualitative conclusions obtained with the analysis of height snapshots are now quantitatively evaluated on a large number of OH-PLIF images. The turbulent flame surface A T is evaluated by integrating the flame surface density Σ over the domain, and is decomposed as follows :

A T = A T,c≥0.5 + A T,c<0.5 (6.17)

where A T,c≥0.5 and A T,c<0.5 denote the turbulent flame surface lying in the regions c ≥ 0.5 and c < 0.5, respectively. The position of the instantaneous flame sheet with respect to the mean progress variable is characterized by the following metric α Σ :

α Σ = A T,c≥0.5 -A T,c<0.5 A T (6.18)
The metric α Σ quantifies how much the turbulent flame surface lies above or below the iso-line c = 0.5. By construction, α Σ ranges from -1 to 1. For example in Fig. 6.22, the reaction layer of image (a) principally lies in the zone c < 0.5, which yields α Σ = -0.3. For snapshot (c), the reaction layer is positioned in the zone c > 0.5, leading to α Σ = 0.8. The probability density function of α Σ is shown in Fig. 6.23 for the swirl numbers S 0 = 0.72 and S 0 = 1.1. The flow with the highest swirl number S 0 = 1.1 features a Gaussian-like distribution centered around α Σ = 0.2. The span of the distribution indicates that the reaction layer lies on both part of the iso-lines c = 0.5, as observed for flames e-h on the right in Fig. 6.22. The flame position is fluctuating around its mean position due to the wrinkling process. On the contrary, the flow with the smallest swirl number S 0 = 0.72 features a bimodal distribution for α Σ . This confirms the very high level of intermittency in the flame position from one snapshot to another. As a conclusion, we have shown that the impact of swirl on flame surface density is first governed by the change in flame topology. This has been characterized by the flame pattern from |∇c|. For a given topology, one can study the flame turbulent wrinkling. Reciprocally, stabilization and the flame shape depends on the flame turbulent wrinkling process. Both aspects can be tightly coupled as shown in the studied flames. Hence, any discussion on flame wrinkling without preserving the flame pattern is biased.

6.6 Impact of CO 2 dilution on the flame structure

Description of operating points

Effect of a change in dilution from N 2 to CO 2 is now investigated. Considering the previous conclusions on the influence of the flow pattern on the flame surface density, dilution effects need to be analyzed by keeping the same flame topology. [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF] have determined the way to keep this topology when switching from air to CO 2 -diluted oxy-combustion with the same burner. Due to the large difference of molar weights between N 2 to CO 2 , the bulk flow velocity through the injector largely drops when switching from an air powered system to a CO 2 -diluted operation mode. [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF] showed that for a given thermal power P th and equivalence ratio Φ, the two main parameters controlling the flame topology in the Oxytec chamber are the adiabatic flame temperature T ad and the dimensionless bulk flow velocity u 0 /S L .

The two selected operating points feature the same thermal power P th = 14.6 kW and equivalence ratio Φ = 0.95. The same adiabatic temperature T ad = 2190 K as air operation has been obtained for the oxy-combustion mode by setting the CO 2 concentration to X CO 2 = 0.68 in the oxidizer stream. The bulk velocity u 0 is thus fixed by the previous parameters and is reported in Tab. 6.2. The flames are operated with a diverging cup with a quarl angle α = 10 • . The two selected oprating points are represented in Fig. 6.14 with the OH * intensity emissions. As evidenced by [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF], the impact of the swirl number on the flame topology is the same between the air and the oxy-flames for these operating conditions.

The laminar burning velocity S L is determined with a homemade code validated in many previous publications with the GRI-mech mechanism [START_REF] Smith | Gri-mech 3.0[END_REF] for the methane-air flame and the Aramco 1.3 mechanism [START_REF] Metcalfe | A hierarchical and comparative kinetic modeling study of C1-C2 hydrocarbon and oxygenated fuels[END_REF] for the CO 2 -diluted oxy-flame. Thermal radiation from participating gases has been taken into account in these simulations by considering a 1D-steady premixed flame with radiative heat transfer. Emission and absorption phenomena are accounted for in the computed radiative power by solving the radiative heat transfer equation from a semi-analytical expression based on exponential integral functions and ck narrow-band properties for the considered participating species H 2 O and CO 2 [START_REF] Goody | The correlated-k method for radiation calculations in nonhomogeneous atmospheres[END_REF]). The effects of thermal radiation in the 1D methane-air flame computation are negligible because there is no radiation absorption in the fresh gases [START_REF] Chen | Studies of radiation absorption on flame speed and flammability limit of CO2 diluted methane flames at elevated pressures[END_REF]). However, due to the high concentrations of CO 2 in the CO 2 -diluted oxy-flame compared to the reference air flame, the fresh gases are preheated by radiative heat transfer. Radiation leads to increased values of the flame speed [START_REF] Chen | Studies of radiation absorption on flame speed and flammability limit of CO2 diluted methane flames at elevated pressures[END_REF][START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF]). The pre-heating process depends on the length of the gas column on both side of the flame front [START_REF] Ju | Effects of radiative emission and absorption on the propagation and extinction of premixed gas flames[END_REF][START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF], where the fresh and burned gases exchange energy by radiative heat transfer over selected absorption wavelength bands. In this case, the flame speed S L does not correspond anymore to an intrinsic flame property. For the conditions investigated, the computational domain is set to x f = 15 cm of fresh gases and x b = 10 cm of burned gases, which are typical dimension of the Oxytec combustor. The results of the one dimensional simulations of the references are shown in Fig. 6.24 on the left for the gas temperature and on the right for the radiative power. As evidenced by [START_REF] Chen | Studies of radiation absorption on flame speed and flammability limit of CO2 diluted methane flames at elevated pressures[END_REF] and Palluotto (2019), the radiative power is elevated only for the CO 2 -diluted flame. This leads to an increase of the gas temperature in the fresh gas region and an increase of the laminar burning velocity from S L = 0.21 m.s -1 when radiation is discarded to 0.25 m.s -1 in Fig. 6.24.

The turbulent velocity fluctuations u = (u z,rms 2 + u r,rms 2 + u θ,rms 2 ) 1/2 have been determined by averaging the fluctuation levels measured for the axial u z,rms and radial u r,rms velocity components, and by assuming that the tangential and radial components feature the same fluctuation level [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF]). These data were obtained under reacting conditions at the height z/r 0 = 1 with velocity profiles measured along the radial coordinate for r/r 0 ≤ ±2, for a fixed swirl number S 0 = 0.75. The main flow conditions are synthesized in Tab. 6.2. The flame surface density Σ from N 2 -and the CO 2 -diluted flames is compared in Fig. 6.25 for two swirl numbers S 0 = 0.75 and 1. In this figure, Σ has been determined with Eq. (6.13). When S 0 = 0.75, the CO 2 -diluted oxy-flame and the air flame feature the same distributions with relatively uniform and moderate values for Σ. When S 0 is increased, a flame brush is formed above the injector, where Σ takes higher values.

Two conclusions can be drawn. First, the impact of the swirl number on the structure of swirl-stabilized flames is confirmed here for another oxidizing mixture. Secondly, the shape and the magnitude of the flame surface densities are very close for the two operating points. This observation does not corroborate the conclusions drawn by [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF]. On a similar combustor, they found by scrutinizing a small region of the flame close to the injector that the flame surface density Σ slightly increases for CO 2 -diluted oxy-flames. The scaling parameters which have been fixed to switch from N 2 -to CO 2 -dilution are similar to the present study, but the analysis is performed at a lower equivalence ratio Φ = 0.65. An explanation is proposed at the end of this section to account for this difference. The comparison proceeds with the conditional average of Σ with respect to the mean progress variable c displayed in Fig. 6.26. When S 0 = 0.75, the two profiles for N 2 -and CO 2 -dilutions collapse on a single curve. When S 0 =1.0, Σ increases for both the N 2 -and the CO 2 -diluted flames, but the difference in the case with CO 2 can only be observed for c<0.5. The augmentation of the flame surface density in Fig. 6.26 is smaller than the one investigated only with N 2 -diluted flames because the swirls numbers in Fig. 6.13 are investigated on a broader range of swirl numbers 0.72 < S 0 < 1.1. The absence of effect of CO 2 dilution on the conditionally averaged flame surface density is in agreement with former results from [START_REF] Cohe | CO2 addition and pressure effects on laminar and turbulent lean premixed CH4 air flames[END_REF] obtained on a canonical Bunsen burner.

The wrinkling factor is finally presented in Fig. 6.27 for the four investigated flames. As observed with the flame surface density in Fig. 6.25 and 6.26, the flame wrinkling factor is left unaltered when switching from N 2 -to CO 2 -dilution but very sensitive to a change of the swirl number. The comparison between the structures of air-and oxy-flames, shown for the swirl numbers S 0 = 0.75 and 1 has also been made for the swirl numbers S 0 = 0.85 and 0.9, not shown here, and all the conclusions remain unchanged. 

Discussions on the turbulent flame surface

In agreement with [START_REF] Cohe | CO2 addition and pressure effects on laminar and turbulent lean premixed CH4 air flames[END_REF], it has been found in this study that a change from N 2 to CO 2 dilution does not locally alter the flame wrinkling factor. The comparisons of the structures of N 2 -and CO 2 -diluted flames have been reported extensively for four different swirl numbers. In contrast, Watanabe et al. ( 2016) reported a slight increase in the flame surface density due to CO 2 dilution.

There are some differences in the configuration between the present work and the one from [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF]. Confinement constitutes a first difference. In the present study, the flame is fully aerodynamically stabilized, and its structure has been characterized over the entire flame domain. In the work from [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF], the air and CO 2 flames are stabilized with the help of a bluff-body in a very confined combustor (C r = A 2 /A 1 = 5). The optical access is limited, so that neither the flame root nor the tip of the flame could be detected in OH-PLIF images. Nonetheless, both configurations share common properties of premixed swirled flames. As studied by [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF], the parameters T ad and u 0 /S L control the flame topology in both setups. In both sets of experiments, the CO 2 mass fraction has been set to match the adiabatic flame temperature : T ad 1753 K for Watanabe et al. ( 2016), and T ad 2190 K here [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF]. As for the ratio of bulk flow velocity with respect to laminar burning velocity u 0 /S L , it is 42 in the presently studied flames. The ratio u 0 /S L 57, computed from reported values by [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF], is also similar between their N 2 -and CO 2 -diluted flames. Hence, in addition to preserve the geometry of the injector and chamber, the swirl level and the flow pattern, both studies (the present one and the one from Watanabe and co-authors) pay the same attention to investigate the effect of CO 2 dilution in flame topology similar to N 2 -diluted flames.

In spite of these common features, both studies yield different conclusions on the impact of CO 2 -dilution on flame wrinkling. We do not observe a clear modification of flame wrinkling factor, while Watanabe and co-authors state that the main impact of CO 2 addition is a sharp decrease of the flame length. The oxy-flame is reported as 17% more compact than the N 2 -diluted flame in this analysis. They attribute this difference to an increase of the flame wrinkling factor imparted by small wrinkles and thermodiffusive effects due to change of the Lewis number between air and CO 2 -diluted mixtures. An alternative interpretation is given in the following.

First, the computation of laminar burning velocity S L in [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF] relies on an optically thin model to deal with radiative heat transfer. This neglects radiative absorption from CO 2 and H 2 O species. CO 2 and H 2 O species are the predominant participating species to radiative heat transfers. The ra-diative heat transfer is then not computed appropriately in [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF]. While this appears irrelevant for N 2 -diluted flames as heat losses occur downstream the flame front with a minimal impact on S L , it is critical for CO 2 -diluted flames whose laminar burning velocity is enhanced by reabsorption in fresh gases [START_REF] Ju | Effects of radiative emission and absorption on the propagation and extinction of premixed gas flames[END_REF]. The optically-thin approximation used by [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF] leads then to an underestimation of the laminar burning velocity S L for the oxy-flame. Numerical simulations of a steady onedimensional CO 2 -diluted laminar flame identical to [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF] have been performed to determine S L . The setup is identical to the one described in Sec. 6.6.1, with a computational domain of x f = 15 cm of fresh gases and x b = 10 cm of burned gases. It results that the flame speed S L drastically increases from S L,CO 2 = 7.9 cm.s -1 without radiation to S L,CO 2 ,rad = 11.3 cm.s -1 by accounting for thermal radiation.

Secondly, let us outline that the dimensionless bulk flow velocity u 0 /S L can also be related to the flame surface A T . On the one hand, the global burning rate of the progress variable can be estimated as ρ 0 S L A T where ρ 0 designates density of the fresh reactants. On the other hand, assuming complete combustion, this quantity equals the mass flow rate, which is given by ρ 0 u 0 A 0 when calculated in the fresh gases. A 0 designates the cross section area of this burner. The link between both quantities yields a proportional relationship :

A T A 0 ∝ u 0 S L (6.19)
The ratio u 0 /S L = 42 -43 is the same between the two flames studied in this section (Tab. 6.2) when S L is estimated with detailed radiative properties. In this case, the flame topology is conserved and the turbulent flame surface A T is about the same, in compliance with Eq. (6.19). In the study from [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF], the ratio u 0 /S L is the same with the optically thin assumption but not when taking into account gas reabsorption. As a consequence, the ratio u 0 /S L for the oxy-flame actually drops by 17 %, yielding a similar decrease in the integrated flame surface A T = V ΣdV , still according to Eq. (6.19). This mechanism accounts for the increase in compactness observed by [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF] for their oxy-flame (also around 17%). The effect seen by [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF] in CO 2 -diluted flame is in fact a change in flame topology due to the subtle modification of u 0 /S L resulting from radiative effects on the laminar burning velocity.

Conclusion

In this chapter the structure of premixed flames aerodynamically stabilized with swirl has been extensively investigated. To the author knowledge, this constitutes the first study detail where the impact of swirl has been analyzed in detail on the mean progress variable, the flame surface density and the flame wrinkling factor. A post-treatment procedure has been elaborated based on OH-PLIF images to capture the reaction layer and discard the non-reacting mixing layer between the fresh reactants and the ORZ. This method gives access to the mean progress variable and to the two-dimensional flame surface density.

The three dimensional flame surface density has been reconstructed by using advanced model from the literature. For this purpose, the flame front normal vector has been determined and analyzed for all the OH-PLIF snaphots. Such refined methods have never been reported for swirling flames. Conditional averaging of the flame surface density with respect to the mean progress variable are performed which enables to retrieve results from passed studies. The reconstruction of the three-dimensional flame surface density also enables to compute the flame wrinkling factor which is one of the most important parameters for turbulent combustion modeling.

Impact of swirl is then investigated on the flame structure for four operating conditions, from a moderate S 0 = 0.72 to a high swirl S 0 = 1.1. It is shown that the swirl has a large impact on both the magnitude and the shape of the surface density. Conditional average of the flame surface density evidences that an increase of swirl can lead to a 40 % increase of the flame surface density. The analysis proceeds with the analysis of the flame wrinkling factor, where it is evidenced for the investigated points that swirl does not increase the flame wrinkling factor. By pushing the CRZ closer to the injector outlet, the augmentation of swirl significantly increases the gradient of the mean progress variable and consequently the flame surface density.

The analysis of the structure of swirling flames enables to identify two different wrinkling processes. For the flame operated at a high swirl number S 0 = 1.1, the flame is stabilized close to the injector outlet. The reaction layer has a fixed position along which wrinkles develop. The mean progress variable features high gradients and the flame wrinkling factor takes moderate values. For the flame with a moderate swirl S 0 = 0.72, the OH-PLIF snapshots reveal a very intermittent flame position. The gradient of the mean progress variable is considerably reduced, leading to a high value of the flame wrinkling factor. The first wrinkling process is the same as the one from a conical flame anchored to the lips of a Bunsen burner. The second one is similar to what would give a pulsed flame with an almost uniform mean progress variable. Impact of swirl on the CRZ position and on the intermittent nature of the flow field are two well-known features of swirling jets. In this study the aerodynamic of swirling flows has been used to explain the significant effect of swirl on the flame surface density and on the wrinkling factor.

Part III -Premixed Flames
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The impact of CO 2 dilution on the flame structure is then investigated. Two N 2 -and CO 2 -diluted flames are compared featuring the same adiabatic flame temperature, swirl level, and u 0 /S L ratio. The effect of CO 2 addition is investigated at a moderate S 0 = 0.75 and elevated swirl number S 0 = 1. It is shown that the large impact of swirl on the flame structure is retrieved as with the N 2diluted flames. Another outcome is that switching from N 2 -to CO 2 -dilution for the investigated operating conditions has no effect neither on the flame surface density nor on the flame wrinkling factor. This is in agreement with previous results made on Bunsen burner but not with a recent study from [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF] conducted on swirl-stabilized flames. The overall turbulent flame surface is determined in this work by integration of the flame surface density over the whole flame volume. A scaling relation is derived to predict the effect of switching from N 2 -to CO 2 -dilution on the turbulent flame surface. This analysis is finally suggested to explain why CO 2 addition has no effect in our configuration but leads to a decrease of the flame length in the configuration of [START_REF] Watanabe | The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 flames and mechanisms of intense burning of oxy-flames[END_REF].

Experimental analysis of wall heat transfer

Wall heat transfer from technically premixed CO 2 -diluted methane oxy-flames is compared to operation with methane-air flames in a labscale combustor equipped with an axial-plus-tangential swirler. It has been shown that the stabilization regimes and topologies of CO 2 -diluted oxy-flames can be deduced from methaneair flames despite large changes of the oxidizer and fuel flowrates. This work proceeds and focuses on differences in distributions of wall temperature and wall heat fluxes between a methane-air and a CO 2 -diluted methane oxy-flame sharing the same thermal power, equivalence ratio, adiabatic flame temperature and swirl number. Laser-Induced Phosphorescence measurements are used to determine the temperature distributions along the combustor metallic back plane wall and along the internal and external surfaces of the quartz windows from the combustion chamber. These data are used to determine the local heat flux through the combustor windows. It is found that both the air and CO 2 -diluted oxy-flames feature approximately the same temperature distributions and total thermal loads along the combustion chamber walls. As high concentrations of carbon dioxide are known to significantly enhance radiative heat transfer, an analysis is carried out so as to account for the mechanisms that provide this similarity in wall temperatures and heat fluxes between the two flames. The low order model allows for determining the origin of the heat flux and shows how convective heat transfer is supplemented by radiative heat transfer when switching from air to CO 2 -diluted oxy-combustion with a global thermal load that remains roughly unaltered for the studied combustion chamber. In a recent work, Jourdaine et al. [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF]) investigated the stabilization of N 2 -and CO 2 -diluted premixed swirling flames over a wide range of combustion parameters. For a given thermal power, they found that the two main parameters controlling the flame topology and liftoff height above the swirling injector when switching from N 2 to CO 2 dilution were the adiabatic flame temperature T ad and the ratio of the bulk flow velocity at the burner outlet to the laminar burning velocity U b /S L . A detailed analysis of the flow and flame structure was then carried out for a N 2 -diluted (X N 2 = 0.79) and CO 2diluted (X CO 2 = 0.68) flame featuring the same thermal power P = 14.6 kW, equivalence ratio Φ = 0.95 and adiabatic flame temperature T ad = 2200 K. Particle image velocimetry measurements revealed that the structure of the flowfield at the injector outlet was homothetic despite the large drop of the bulk flow velocity U b = 9.7 m.s -1 for the CO 2 -diluted flame compared to operation with air at U b = 14.3 m.s -1 . It was also found that the burned gas temperature and the temperature at three distinct locations in the metallic components of the combustor were roughly the same between the N 2 -and CO 2 -diluted cases despite the large changes of the diluent thermal and radiative properties and flow velocities along the combustor walls.

Managing the thermal load on the injector nozzle and combustion chamber walls is a critical issue when operating the combustor with a modified combustible mixture. Heat losses to the walls are well known to greatly alter the flame topology [START_REF] Schmitt | Large-eddy simulation and experimental study of heat transfer, nitric oxide emissions and combustion instability in a swirled turbulent high-pressure burner[END_REF]Guiberti et al. 2015b;[START_REF] Tay-Wo-Chong | Combined influence of strain and heat loss on turbulent premixed flame stabilization[END_REF]).

Another difficulty is to account for the radiative properties of CO 2 that are likely to bring a major difference when switching from N 2 -to CO 2 -dilution operation.

Numerical simulations of channel flows filled with inert gases have shown that thermal radiation from participating gaseous species can strongly modify the turbulent temperature field within the flow [START_REF] Gupta | Large-eddy simulation of turbulence-radiation interactions in a turbulent planar channel flow[END_REF][START_REF] Zhang | Physical study of radiation effects on the boundary layer structure in a turbulent channel flow[END_REF][START_REF] Silvestri | Turbulence radiation interaction in channel flow with various optical depths[END_REF]) in addition to introducing a supplemental wall radiative flux. Coupling effects therefore alter both the distribution of temperature and the balance between radiative and convective contributions to the total wall heat flux. Thermal radiation modifies the temperature profile in the boundary layers [START_REF] Zhang | Physical study of radiation effects on the boundary layer structure in a turbulent channel flow[END_REF]) leading to a different wall temperature gradient and a different wall convective heat flux. On the one-hand, gas-gas interactions homogenize the core temperature field [START_REF] Zhang | Physical study of radiation effects on the boundary layer structure in a turbulent channel flow[END_REF][START_REF] Koren | Multiphysics simulation combining large-eddy simulation, wall heat conduction and radiative energy transfer to predict wall temperature induced by a confined premixed swirling flame[END_REF]) and lead to increased wall temperature gradients and wall convective heat fluxes. On the other hand, gas-wall radiative interactions lead to a reduced wall convective heat flux. In a recent study, Koren et al. [START_REF] Koren | Multiphysics simulation combining large-eddy simulation, wall heat conduction and radiative energy transfer to predict wall temperature induced by a confined premixed swirling flame[END_REF]) coupled a Monte Carlo radiative transfer solver accounting for H 2 O and CO 2 detailed radiative properties with a large eddy simulation study of conjugate heat transfer. The authors compared their numerical results with measurements gathered on a lab-scale swirled premixed combustor powered by a lean CH 4 /H 2 and air mixture. They found that thermal radiation modifies both contributions of the total wall heat flux in a sizable manner despite the relatively moderate fractions of water vapor and carbon dioxide in the burned gases of the studied air powered system.

This has motivated the present study, where two flames sharing the same topology and same power have been selected in a configuration where the major abundant species N 2 is replaced by CO 2 [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF]. The OH * chemiluminescence signals from the N 2 -diluted flame, designated as Flame A in the following, and the CO 2 -diluted flame, designated as Flame B are represented in Fig. 7.1. These flames share the same power (P= 14.6 kW), equivalence ratio (Φ = 0.95), adiabatic flame temperature (T ad = 2200 K) and swirl number (S 0 = 0.75) with about the same ratio U b /S L . Dilution is characterized in this study by the molar fraction of CO 2 or N 2 in the oxidizer stream. Flame A is powered with air X N 2 = 0.79. Nitrogen is replaced by carbon dioxide in Flame B with a CO 2 molar fraction set to X CO 2 = 0.68 to reach the same adiabatic flame temperature. The main objectives of this article are to compare the wall temperature distributions and elucidate the redistribution of wall heat fluxes between these two cases.

The article is organized as follows. The test-rig and the optical diagnostics are presented in section 7.2. Temperature measurements along the walls of the combustion chamber are then presented for Flame A and Flame B in section 7.3. A focus is made on the temperatures recorded at the internal and external surface of the combustion chamber quartz windows. The conductive heat flux through the quartz window is derived from these latter temperature profiles. An analysis of the contributions to the total wall heat flux and the distribution x x of this heat flux at the combustion chamber sidewalls is finally carried out to infer the distributions of surface temperatures observed for flames A and B. This allows the determination of the predominant heat transfer regime in the different regions of the combustion chamber. The main conclusions are synthesized in section 7.6.

Experimental setup

OXYTEC test-rig

The setup is fully described in chapter 1. Only the main components are reported here. The combustion chamber is recalled in Fig. 7.2. Probes are introduced in the burned gases at the combustor outlet (TC1 at z 1 = 205 mm and TC4 at z 4 = 110 mm) and inside the outer recirculation zone of the swirling flow (TC2 at z 2 = 15 mm and TC3 at z 3 = 40 mm). The combustion chamber ends with a converging nozzle with an area contraction ratio of 0.8. The burned gases are exhausted to the atmosphere at ambient pressure.

The swirler is an axial-plus-tangential entry swirl generator allowing to adjust the swirl level at the injector outlet by modifying the distributions of the mass flow rates injected tangentially ṁθ and axially ṁz . The swirl number is here set to S 0 = 0.75 for both flames investigated.

Methane is first mixed within the swirler with the oxidizer mixture O 2 /N 2 or O 2 /CO 2 . Further details on the injection systems can be found in [START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF]. The flammable mixture leaves the swirler through a r 0 = 10 mm cylindrical channel and flows into the combustion chamber through an end piece of height h = r 0 equipped with a diffuser with a cup angle β = 10 • .

The metallic combustion chamber back plane, which is in contact with the burned gases, is cooled by water circulation. The position of the cooling device is indicated in Fig. 7.2. The temperature close to the heat exchanger is measured with thermocouples inserted in the stainless steel surrounding the cooling circuit. After ignition, when the chamber has reached steady thermal conditions, the wall temperature is typically 81 • C at the inlet of the heat exchanger and 99 • C at its outlet, with no significant difference between operation with Flame A (N 2 -diluted) and Flame B (CO 2 -diluted).

Table 7.1 summarizes the operating conditions for the two selected flames. The adiabatic flame temperature T ad and laminar burning velocity S L are calculated with the GRI 3.0 mechanism and a dedicated 1D flow solver.

Diagnostics

The flame topology is analyzed with OH* chemiluminescence images. The structure of the velocity field under reacting conditions is determined by Particle Image Velocimetry (PIV) measurements in an axial plane. The OH * and PIV data are taken from [START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF] where a full description of these diagnostics is given.

The temperature in the hot gases is measured with R-type thermocouples (10% Rh/Pt). Two thermocouples of bead diameter 200 µm and 450 µm are used to correct the measured temperature from radiative heat losses with the reduced radiation error method described in [START_REF] Brohez | A two-thermocouples probe for radiation corrections of measured temperatures in compartment fires[END_REF] The development of Laser Induced Phosphorescence (LIP) [START_REF] Brübach | On surface temperature measurements with thermographic phosphors : a review[END_REF] allows relatively convenient measurements of temperatures over large surfaces with a high precision and over a large dynamic range [START_REF] Euler | Temperature measurements of the bluff body surface of a swirl burner using phosphor thermometry[END_REF]Guiberti et al. 2015b). Surfaces of interest are coated with a thermographic phosphor.

When excited in the ultraviolet, the visible luminescence signal provides an information on the surface temperature. This technique is here used to determine the surface temperatures of the internal metallic combustor back plane wall and the internal and external wall temperatures of the quartz windows of the combustion chamber to infer the wall heat flux distribution.

The LIP setup is represented in Fig. 2.33 and described in chapter 2. A phosphorescent Mg 3.5 FGeO 5 :Mn powder (Phosphor-Technology, EQD25/N-U1) mixed with a high temperature binder (ZYP Coatings, HPC Binder) is coated on the surface of interest. Excited with a Nd :YAG laser quadrupled at 266 nm with a 3 Hz repetition rate (Continuum, Minilite ML II), the phosphor yields a luminescence signal with a peak emission centered at 660 nm. The temporal response of this signal is recorded with a photomultiplier with a rise time of 5 ns (Hamamatsu, R9880U-20). The electrical signal is amplified with a resistance and an operational amplifier with a rise time of 10 ns (HCA-40M-100K-C). The electrical signal is finally recorded with a 350 MHz oscilloscope (LeCroy WaveSurfer 434). The response of the phosphor to the laser impulse follows an exponential decay I(t) = I 0 exp(-t/τ ), where the decay time τ is a function of the phosphor temperature. To obtain the decay time τ , each response curve is analyzed within a window between instants t 1 = c 1 τ and t 2 = c 2 τ with an iterative Matlab ® routine, where c 1 and c 2 are two positive constants.

The LIP system is calibrated with the same acquisition setup and by recording the signal emitted by the tip of a heated thermocouple coated with the same phosphorescent paint. The decay time of the phosphorescent signal is measured and associated to the temperature recorded by the thermocouple following the procedure described in [START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF]. The resulting calibration curve is represented in Fig. 7.3, where the phosphor decay time is plotted for temperatures ranging from 300 K up to 1200 K with an electrical heater and a flame for the highest temperatures. A sensitivity analysis has been made by varying c 1 and c 2 in order to minimize the standard deviation of the signal at 300 K. The retained values c 1 = 0.4 and c 2 = 6.0 yield the best results with a weak scatter of the data in Fig. 7.3 limited to ±9 K at 500 K, ±2 K at 750 K, ±7 at 1000 K and ±15 K at 1100 K. The LIP bench with the laser is set on a pivoting arm. This setup is used to determine the temperature of the internal metallic surfaces inside the combustion chamber. The temperature on the internal and external surfaces of the quartz windows are also measured along the axial direction and a set of transverse directions, as displayed in Fig. 7.4. The temperature along the ex-haust nozzle external surface and along two perpendicular directions of the combustion chamber dump plane are also determined. This detailed thermal characterization is also motivated by the need to provide wall temperatures as boundary conditions for numerical reactive flow simulations.

The temperature profiles T i (z) and T e (z) at the internal and external sides of a quartz window are shown in Fig. 7.5(a). These temperatures are determined all along the quartz window, except for the external surface with the CO 2diluted flame B. At each height z, 25 samples of temperatures are recorded.

The standard deviation of the signal is plotted with error bars in Fig. 7.5(a) at z/r 0 = 3.0, 8.0 and 12.5. Scattering of the data is small and hardly visible. At the highest temperature recorded, the standard deviation is around T rms 35 K. The same measurements (not shown here) were repeated a month apart, and exhibited a very good reproducibility of less than 20 K.

Along the cooled combustion chamber dump plane, temperatures of the metallic part remain moderate at about 700 K (see T BP (x) in Fig. 7.4). The difference between the internal and external surface temperature of the quartz window ∆T = T i (0) -T e (0) remains small close to the combustion chamber back plate in Fig. 7.5(a), ∆T 100 K. The temperature then progressively increases along the side walls further downstream until a plateau is reached at z/r 0 ∼ 8 for Flame A and a bit further upstream z/r 0 ∼ 6 for Flame B. The maximum temperature reached by the quartz window internal and external surfaces are then respectively T m i = 1180 K and T m e = 942 K for Flame A and T m i = 1189 K and T m i = 961 K for flame B. The difference T m i -T m e 233 K remains however the same in both cases. The temperature then smoothly drops further downstream when approaching the exhaust nozzle. The main differences in Fig. 7.5(a) are that the CO 2 -diluted flame B yields slightly hotter wall temperatures than the N 2 -diluted flame A at the bottom of the combustor, and cooler wall temperatures further downstream in the combustion zone.

The temperature profiles along the combustion chamber back plate shown in Fig. 7.5(b) feature no differences between the N 2 -and the CO 2 -diluted flames. The temperature is determined on both sides of the injector for the N 2 -diluted flame to assess the flow symmetry (left and right profiles of dark symbols). The combustion chamber flange is a thick plate into which the diverging cup of the injection nozzle is screwed. The outer diameter of this cup is 3r 0 and this component is directly in contact with the water cooling system. These features allow to interpret the temperature distributions shown in Fig. 7.5(b). At x = ±7.5r 0 , the quartz/metal contact imposes a temperature of T BP = 700 K, the temperature then slightly decreases down to x = ±3r 0 , where a sudden drop of 300 K takes place. This location corresponds to the metal/metal contact between the combustion chamber flange and the water cooled injector diffuser cup. Finally, the temperature profile close to the injector nozzle outlet remains flat with temperatures below 450 K.

The main conclusion is that the temperatures measured along the internal walls of the combustor are barely altered between the N 2 -and the CO 2 -diluted flames, except that they are shifted. It is now worth examining the corresponding conductive heat flux through the walls.

Wall heat flux distributions

For the CO 2 -diluted flame (X CO 2 = 0.68) radiative heat transfer to the walls are significantly enhanced compared to air operation [START_REF] Glarborg | Chemical effects of a high CO2 concentration in oxy-fuel combustion of methane[END_REF], and the first objective is to infer from LIP measurements the heat load on the sidewalls of the combustor. The second objective is to elucidate the reason for the close distributions of the wall temperatures measured for Flame A and Flame B, despite their very large differences in CO 2 concentrations in the burnt gases. A model for the heat transfer through the quartz windows, which constitute the largest surfaces in contact with the reactive flow is derived in the following.

Heat transfers are characterized by conductive heat flux ϕ cd inside the quartz window and the metallic components, and by the convective ϕ cv and radiative ϕ rad heat fluxes within the flow. It is at this stage assumed that the quartz material is opaque to radiation for the wavelengths of interest, as will be later shown. Along the internal surface of the quartz window, the energy balance yields :

ϕ cv (z) + ϕ rad (z) = ϕ cd (z) (7.1)
In this case, the conductive heat flux through the quartz window ϕ cd is also the total heat flux.

Conductive heat flux through the quartz window

The conductive heat flux ϕ cd (z) is derived from Fourier's law :

ϕ cd (z) = 1 e Te(z) T i (z) k(T )dT (7.2)
where e is the thickness of the quartz window and k is the thermal conductivity of the quartz material which depends on temperature. The thermal conductivity is approximated with the data from the manufacturer Heraeus [START_REF] Heraeus | Quartz Glass for Optics Data and Properties Quartz Glass for Optics Data and Properties[END_REF]) and the polynomial relation [START_REF] Combis | Evaluation of the fused silica thermal conductivity by comparing infrared thermometry measurements with two-dimensional simulations[END_REF] :

k(T ) k 0 = β 0 + β 1 T T 0 + β 2 T T 0 2 + β 3 T T 0 3 (7.3)
where k 0 = 1.38 W.m.K -1 is the thermal conductivity at T 0 = 293 K and the coefficients are β 0 = 0.980, β 1 = -0.101, β 2 = 0.137 and β 3 = -0.0117. The conductive heat flux ϕ cd (z) is therefore calculated with the temperature profiles from Fig. 7. 5(a). Each position being scanned with 25 samples of wall temperature, Eq. (7.2) is evaluated at each height z for every combination of the recorded samples for the internal T i and the external T e temperatures of the quartz windows. This yields the mean value and the standard deviation for ϕ cd (z). Results are shown in Fig. 7.6 for flames A and B. The standard deviation of the data remains lower than ϕ cd rms < 5 kW.m -2 . It appears that the heat flux is very close in both cases. Starting from ϕ cd 20 kW.m -2 until z = 4r 0 , the conductive heat flux increases up to 76 kW.m -2 at a height noted z c . It then suddenly decreases to reach a plateau at 68 kW.m -2 , for the CO 2 -diluted flame B at z c 5.5r 0 , and at z c = 8.0r 0 for N 2 -diluted flame A. Beyond z 11r 0 , the conductive heat flux rapidly drops with the downstream distance to the combustor flange. Data are collected up to z = 20r 0 for the N 2 -diluted flame. At this distance, the conductive heat flux drops to ϕ cd 27 kW.m -2 . These data can be useful to validate numerical flow simulations including conjugate heat transfer to predict the wall temperature and wall heat flux fields.

One recalls that only small differences between the wall temperature distributions were found in the previous section for flame A and flame B. It is here highlighted that the conductive heat flux through the quartz windows inferred spectral absorbance of the quartz window computed for a thickness e = 8 mm. Solid line : CO 2 emissivity spectrum at 1300 K, X CO2 = 0.14 as in the burned gases in flame A (blue), and X CO2 = 0.83 as in flame B (red). Emissivity is calculated with line by line model, using HITEMP 2010 database [START_REF] Rothman | Hitemp, the hightemperature molecular spectroscopic database[END_REF], with a gas column of l = 8 cm and a resolution of 25 cm -1 . Dotted orange line : black-body radiation at 1300 K.

from the difference of the surface temperatures on both sides of the window is also very close for both flames. Enhancement of the burned gases emissivity for the CO 2 -diluted flame B does not lead to increased heat losses through the windows. These two important features are analyzed in the subsequent section.

Radiative and convective heat fluxes

The radiative flux results from complex interactions between the burned gases themselves and between the burned gases and the solid boundaries of the combustor. The quartz window and the burned gases are two semi-transparent materials, whose spectral properties must now be detailed. This enables to check wether the similarity between the total heat flux plotted in Fig. 7.6 for flames A and B featuring very different burned gas compositions with different radiative properties cannot be explained by the quartz window transparency.

The radiative properties of flame A and B burned gases are mainly determined by their concentration of CO 2 and H 2 O. Soot emission has not been observed in any of the two flames operating at fuel lean conditions and which appear blue by direct eye view. There is thus no need to consider this contribution to thermal radiation. Besides, as the water vapor molar fraction X H 2 O does not vary much between these two flames, its effects on the radiative heat transfer are therefore also disregarded in the following analysis.

The quartz window and the CO 2 spectral properties are represented in Fig. 7.7. The CO 2 emissivity is calculated using the Line-By-Line HITEMP 2010 database [START_REF] Rothman | Hitemp, the hightemperature molecular spectroscopic database[END_REF]. The molar fraction of CO 2 has been set to the same values X CO 2 = 0.14 and 0.83 as in the burned gases composition of the N 2 -and CO 2 -diluted flame. The column length has been set to 8 cm, which is the minimal distance between the quartz window and the injector. The emissivity spectrum is calculated with a 25 cm -1 resolution, and plotted at the wavelengths of interest determined by the radiation I • λ of a black-body at the characteristic temperature of the burned gases T gas 1300 K. This temperature is lower than the adiabatic flame temperature due to heat losses. The absorbance of the quartz window made of fused silica is calculated from the transmittance curve provided by the manufacturer (Infrasil ®301 / 302, [START_REF] Heraeus | Quartz Glass for Optics Data and Properties Quartz Glass for Optics Data and Properties[END_REF]). The CO 2 main peak emissivity band is located around λ = 4.3 µm, in the same spectral range as the absorption region of the quartz window. It results that the CO 2 emission is almost integrally absorbed by the quartz window at 4.3 µm. This analysis proves that the similar total heat flux found for flame A and B cannot be attributed to the quartz window transparency. A coarse estimation of both radiative and convective heat fluxes is therefore needed.

Figure 7.7 also indicates that CO 2 can be considered as optically thick around 4.3 µm. This feature is here highlighted for the burned gases from both the N 2and CO 2 -diluted flame, in which the value for the CO 2 main peak emissivity band is closed to unity. The first effect of this optically thick medium is to enhance CO 2 re-absorption within the burned gases leading to an homogenization of the temperature of these gases [START_REF] Zhang | Physical study of radiation effects on the boundary layer structure in a turbulent channel flow[END_REF][START_REF] Koren | Multiphysics simulation combining large-eddy simulation, wall heat conduction and radiative energy transfer to predict wall temperature induced by a confined premixed swirling flame[END_REF]. The second effect is that the internal surface of the quartz window mainly absorbs the radiation from the burned gases located in its vicinity. Assuming an equivalent gas column of length L emitting to the surrounding walls, the radiative flux is expressed as [START_REF] Lefebvre | Heat-transfer processes in gas-turbine combustion chambers[END_REF][START_REF] Lefebvre | Gas turbine combustion : alternative fuels and emissions[END_REF]) :

ϕ rad ∼ σ ε(L)T g 4 -β g T i 4 (7.4)
where T i is the temperature of the internal surface of the quartz window, ε(L) and T g are the equivalent emissivity and the temperature of the burned gases and β g the gas absorptivity. The absorptivity β g is correlated to ε(L) as β g /ε(L) = (T g /T i ) 1.5 [START_REF] Lefebvre | Heat-transfer processes in gas-turbine combustion chambers[END_REF] and this correlation is injected in Eq. ( 7.4) yielding :

ϕ rad ∼ ε(L)σT 1.5 g T g 2.5 -T i 2.5 (7.5)
Modest [START_REF] Modest | Radiative heat transfer[END_REF] gives a rough approximation of the mean beam length L = 3.6V /A that gives satisfying results, where V and A are the volume and the surrounding surface area of the considered region.

Along the combustor walls, the swirling flow is turbulent. The Ditus correlation [START_REF] Dittus | Heat transfer in automobile radiators of the tubular type[END_REF] is used to estimate the convective heat flux :

   ϕ cv = h cv (T g -T i ) Nu L = h cv L k a = 0.023Pr 1/3 Re 4/5 D (7.6)
where k a is the thermal conductivity of the burned gases at T b = (T g + T i )/2, L the height of the combustion chamber, Nu L , Pr are the Nusselt and Prandtl numbers and Re D is the Reynolds numbers based on the hydraulic diameter D of the square cross section area of the combustion chamber and is also evaluated at T b .

Analysis of heat transfer regimes

In order to discriminate the origin of the thermal loads on the sidewalls, the combustion chamber volume is separated into four distinct zones, as sketched in Fig. 7.8 : 1. Zone 1 corresponds to the reaction region, where the temperature is close to the adiabatic flame temperature T ad and the axial velocities are high at the injector outlet. This zone corresponds to the volume delimited by the spontaneous OH* emission shown in Fig. 7.1 and lies far from the walls. 2. Zone 2 corresponds to the Inner Recirculation Zone (IRZ) of the swirling flow and is revealed by the axial velocity field plotted in Fig. 7.9. Recirculation of the burned gases inside the IRZ allows flame stabilization in the center of the combustor, but this region is not in direct contact with the combustor sidewalls.

3. Zone 3 corresponds to the Outer Recirculation Zone (ORZ) highlighted in the bottom corners in Fig. 7.9, which is located between the flame front, the combustor sidewalls and the combustor flange. This region is essentially filled with burned gases and characterized by large-scale vortical structures and low velocities. The temperature in this region is measured with a thermocouple, represented in Fig. 7.8 at z 3 = 4r 0 (TC3 in Fig. 7.2). The small flow velocities in this region indicate that the convective heat transfer coefficient h cv at the quartz windows remains small in this zone. Wall radiative energy transfers are presumed to be more important in this region. The ORZ stops at the height z c 8r 0 .

4. The last region designated as zone 4 in Fig. 7.8 corresponds to the burned gases near the combustion chamber exhaust. The temperature is also relatively homogeneous in this region and was measured with a thermocouple at z 4 = 11r 0 (TC4 in Fig. 7.2). The flow pattern induced by the swirling motion forces the burned gases to circumvent the large IRZ and to be redirected toward the walls with relatively large velocities (see Fig. 7.9). This flow circulation promotes wall convective heat transfer. In this analysis, it is hypothesized that the two important zones for heat transfer to the quartz walls are zones 3 and 4. Radiative effects from zone 1 and zone 2 are discarded due to an optically thick approximation of radiative energy transfer. In zone 3, only radiative heat transfer is then considered due to the low velocities of the flow in this region. In zone 4, both the radiative and convective heat fluxes are taken into account. Table 7.2 synthesizes the different temperatures, radiative and thermal properties that are used to make the calculations with the model presented in Sec. 3.2. The thermal load on the combustor sidewalls is now analyzed with Eq. (7.5) and (7.6) and results are compared for flame A and flame B. Simplifications are made based on the similarities of the flame (Fig. 1) and flow (Fig. 7.9) patterns.

The gas temperatures T g measured with a thermocouple at z 3 = 4r 0 and z 4 = 11r 0 are chosen to fix the temperature throughout zone 3 (ORZ) and zone 4 (Burned gases). The mean beam length method from Modest [START_REF] Modest | Radiative heat transfer[END_REF]) is used to determine the radiative properties of the major species within the burned gases. Data from Riviere and Soufiani (Rivière and Soufiani 2012) are used to calculate the total emissivity ε(L) of the burned gases while accounting for both CO 2 and H 2 O molar fractions. The value found for the CO 2 -diluted flame B is twice the emissivity of the N 2 -diluted flame A : ε B (L) 2ε A (L).

In the ORZ corresponding to zone 3, the temperature difference ∆T = T g -T i between the burned gases temperature T g , measured with a thermocouple, and the internal surface temperature T i of the quartz window, measured with LIP, at the height z 3 /r 0 = 4 is roughly twice larger for the N 2 -diluted flame A (∆T = 418 K), than for the CO 2 -diluted flame B (∆T = 247 K).

As displayed in Tab. 7.2, the radiative flux estimated with Eq. (7.5) leads to close values between flame A and flame B. Thus, the redistribution observed for the flow temperature in the ORZ (zone 3 in Fig. 7.8) and at the bottom of the quartz window between flame A and B implies that the radiative flux ϕ rad 3 barely differs in this region between the two configurations. As in the ORZ, the convective heat transfer remains small compared to the radiative contribution ϕ cv 3 ϕ rad 3 , the conductive heat flux through the quartz window ϕ cd 3 ϕ rad 3 is the same for flame A and B in zone 3. This conclusion corroborates the total heat fluxes determined from LIP measurements made in Fig. 7.6 for z/r 0 < 5.

A different heat transfer process takes place in zone 4. In this region, the difference between the internal quartz wall temperature T i and the burned gases temperature T g measured at z 4 = 11r 0 is close for flame A (∆T N 2 = 225 K) and flame B (∆T CO 2 = 195 K). In this case, the radiative flux ϕ rad 4 for the CO 2diluted flame B takes a much higher value than for the N 2 -diluted flame A in zone 4. To fully interpret the origin of convective heat transfer in this zone, one needs to examine the velocity fields measured by PIV, which are represented in Fig. 7.9. The two flames exhibit the same flow pattern, but the velocities are much higher for the N 2 -diluted flame A. Since the PIV field of view does not reach the combustor sidewalls in Fig. 7.9, the point M P IV located at the height z = 10r 0 and x = 5r 0 is selected to compare the velocities reached by the flow in zone 4 between flame A and flame B. It appears that at this point u z 4.0 m.s -1 for flame A and u z 1.4 m.s -1 for flame B. The convective heat transfer coefficient h cv 4 between zone 4 and the window therefore takes a higher value for flame A than for flame B. The main reason for this velocity difference between flame A and B is that the combustion parameters of the CO 2 -diluted flame B are selected to match the same adiabatic flame temperature T ad and the same thermal power P as the N 2 -diluted flame A. In this case, the volume flowrate injected in the system is much smaller for flame B compared to flame Part III -Premixed Flames
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A due to the higher molecular weight of carbon dioxide compared to nitrogen. The Nusselt number based on the velocities measured at the point M P IV for both flame A and B is shown in Table 7.2 and is higher for the N 2 -diluted flame. One may then attempt the qualitative following interpretation : the higher radiative flux ϕ rad 4 of flame B in zone 4 is partly compensated by a higher convective heat flux ϕ cv 4 for flame A in the same zone leading to about the same conductive heat flux ϕ cd through the quartz window for both flames in zone 4.

Conclusion

The surface temperatures along the combustor walls have been determined with Laser Induced Phosphorescence measurements for two flames featuring the same thermal power, equivalence ratio and adiabatic flame temperature, but a different diluent in the reactants injected in the burner. Though, for the investigated combustor, switching from aero-combustion to CO 2 -diluted oxy-combustion does not alter much the wall temperatures and the heat flux through the sidewalls of the combustion chamber, the experiments and analysis made in this study revealed that it has disrupted the origin of heat transfer in two different manners.

A model coupled to gas and wall temperature measurements has been used to identify the heat transfer mechanisms prevailing in the outer recirculation region of the swirling flow filled with burned gases and in the burned gases exhausting the combustion chamber. At the bottom of the combustion chamber, in the outer recirculation region of the flow, it has been shown that the radiative wall heat flux takes similar values between the two flames investigated because the higher difference of temperature between the hot gases and the internal surface of the quartz window for the N 2 -diluted flame counterbalances the higher radiative emission from the gases produced by the CO 2 -diluted flame. Downstream the reaction zone, the radiative flux along the wall in the upper region of the combustor is more important for the CO 2 -diluted flame, whereas the convective heat transfer is more important for the N 2 -diluted flame. These conclusions have been used to interpret the comparable levels and distributions measured for the total heat flux lost through the quartz walls between the two flames.

Therefore, while the additional contribution of the radiative heat flux due to the large CO 2 concentration in oxy-burners operating with dry flue gas recirculation would a priori lead to enhance the thermal load to the combustor walls, a complex re-balancing of the heat flux has been instead emphasized in this study. This thermal redistribution underlines the strong coupling between the structure of the flow and radiative heat transfer in the burned gases as already observed by [START_REF] Koren | Multiphysics simulation combining large-eddy simulation, wall heat conduction and radiative energy transfer to predict wall temperature induced by a confined premixed swirling flame[END_REF] in air-powered systems.

While rough approximations have been admittedly made to develop a low order model allowing to qualitatively interpret the observed features, more sophisticated tools are needed to better characterize the influence of CO 2 dilution on the conductive and radiative heat wall fluxes inside the combustor. This problem is revisited with coupled numerical flow simulations in the next chapter.

Chapitre 8

Numerical analysis of wall heat transfer

Numerical simulations are carried out for a CO 2 -diluted oxy-flame. The highfidelity multiphysics framework described in chapter 3 allows for a detailed analysis of the heat transfer mechanisms taking place inside the combustion chamber and through the walls of the combustor. The numerical setup relies on Large-Eddy Simulation to describe the turbulent swirled reactive flow and a Monte Carlo solver to determine the radiative power and wall heat fluxes by accounting for detailed solid and gas radiative properties. Numerical results are first presented and compared with experimental data for a simulation without accounted for radiative heat transfers. The analysis proceeds with the results obtained with the coupled simulation. The impact of radiative heat transfers is analyzed on the gas temperature and heat transfers at the combustor sidewalls. The conjectures made in chapter 7 on the redistribution of the convective and radiative heat fluxes through the combustion chamber windows are assessed. A quantitative model is derived by performing energy balances inside the combustor. The model enables to predict the effect of thermal radiation on the gas temperature and wall heat losses. 

Introduction

The impact of switching from N 2 -air to CO 2 -dilution in the premixed reactants on the wall temperature and heat flux distributions has been highlighted in chapter 7. It has been found that the wall temperature and the wall heat flux distributions are very similar between the two flames. These features were explained using a low order model that was based on rough approximations for the convective and radiative wall heat fluxes. The analysis has shown that radiative heat transfer must be taken into account to explain the shape and the magnitude of the conductive heat flux through the quartz window highlighting the strongly coupled interactions between the different modes of heat transfer. Analysis of the experimental data suggests that radiative heat fluxes prevail at the bottom of the combustion chamber for both the N 2 -and the CO 2 -diluted flames. Further downstream, wall radiative fluxes are high for the oxy-flame but lower for the N 2 -diluted flame. These conclusions have also recently been confirmed for the air-powered flame in a numerical analysis carried out by Palluotto (2019) (see Fig. 6.17 in chapter 6). Large-Eddy Simulation with a detailed description of thermal radiation is an excellent solution to access accurate information on heat transfer. To better understand the thermal behavior of the Oxytec combustor, this chapter aims at analyzing the same numerical setup as in Palluotto ( 2019) but for the configuration with the CO 2 -diluted flame.

The injection conditions for the reference flames are summarized in Table 8.1. The simulation of the N 2 -diluted flame was performed by [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF]. The CO 2 -diluted oxy-flame is investigated in this chapter with the numerical setup from chapter 3. The two flames feature the same operating conditions as the reference flames in chapter 7 except for the swirl number of the N 2 -diluted which is fixed to S 0 = 0.75 as in chapter 7, and was set equal to S 0 = 0.85 in [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF].

Table 8.1 -Operating conditions for the simulated CO 2 -diluted oxy-flame and for the N 2 -diluted flame from Palluotto (2019) : Equivalence ratio Φ, adiabatic flame temperature T ad , laminar burning velocity S L , molar fraction X d of the diluent in the oxidizer, bulk velocity U 0 , Reynolds number Re at the injector outlet, geometrical swirl number S 0 , and thermal power P th . The analysis conducted in this chapter relies on data gathered in chapter 7.

Dilutent Φ T ad [K] S L [m.s -1 ] X d U 0 [m.s -
The wall temperature obtained with LIP measurements is retained as thermal boundary conditions for the numerical simulations. The objective of this chapter is twofold. It aims first at performing the numerical simulation of a swirling CO 2 -diluted oxy-flame with a detailed description of radiative heat transfer.

The second objective is to further assess the distributions of convective and radiative heat fluxes along the combustor walls.

The choices made to analyze the results of the numerical simulation are summarized. The numerical setup is presented in chapter 3. It is recalled that the numerical simulation of the oxy-flame is challenging. First, the flame is aerodynamically stabilized by swirl. The position of the CRZ must, therefore, be predicted with accuracy. Besides, the root-mean-square fields reveal strong intermittency of the flow and the flame. Secondly, the confinement ratio of the Oxytec test rig is high C r = W 2 /(πr 2 2 ) = 52, where W = 150 mm is the width of the combustion chamber and r 2 is the nozzle radius at the diffuser cup outlet. The residence time τ = V /Q bg 340 ms is therefore high, where V = 0.0086 m 3 is the volume of the combustion chamber and Q bg = 0.025 m.s -1 the volume flow rate of the burned gases. The numerical simulation duration must, therefore, be high to reach a steady-state regime, which is computationally expansive for a compressible unsteady flow solver such as AVBP. Finally, the Monte-Carlo solver for the radiative transfer equation features a high computational cost. The numerical setup shown in chapter 3 has been designed to reach the steadystate and accumulate statistics at a reasonable computational cost. As reported in Table . 3.6, the CPU time required to simulate 330 ms is 150 000 hours for the non-coupled configuration, and 400 000 hours for the coupled one.

The temporal evolution of the simulation before reaching the steady-state is not the topic of this work that focuses on stationary systems. Progress of the simulation to reach the steady-state regime is described in Appendix E of this manuscript. One of the main issues is that the position of the CRZ becomes unstable. This issue has already been reported by [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF]. The same choice is made regarding the collection of statistics. For the coupled and noncoupled cases, statistics are collected after the transient thermal regime has been evacuated and a steady analysis is leaded, and before the simulation becomes unstable and the CRZ is pushed away. More details are given in Appendix E. 

Non-coupled simulation

Velocity field

The velocity field of the non-coupled numerical simulation is represented on the left in Fig. 8.1. Numerical results are compared on a longitudinal plane with PIV measurements in reacting conditions [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF]). The mean axial velocity is displayed in the color scale. The recirculation zones are delineated by the solid white line, where the axial velocity is null u z = 0,. The flow pattern obtained with the non-coupled simulation is match experimental data, although several differences can be observed.

A first difference lies in the position of the outer recirculation zone (ORZ). The ORZ appears large in the experiments and smaller in the simulation. As discussed by [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF], a comparison between the size and position of the ORZ is challenging in the present combustion chamber with a square crosssection area. The outer recirculation zones are principally located in the four corners of the combustion chamber close to the stainless steel rods that fix the quartz windows. It will be later seen with tangential cuts that the simulation well captures the ORZ in the four corners. The PIV data shown in Fig. 8.1 corresponds to an axial plane of symmetry of the combustor, where the negative axial velocity in the ORZ are close to zero. The differences of velocities in the ORZ shown in Fig. 8.1 are therefore not representative of the ability to predict the ORZ by the numerical simulation. A second difference between the non-coupled simulation and the experimental data lies in the position of the central recirculation zone (CRZ). The noncoupled numerical simulation predicts a CRZ positioned at a lower position than the one observed with the velocimetry measurements. The stagnation point lies at z SP /r 0 = 5.0 in the simulation (left plot in Fig. 8.1) and at z SP /r 0 = 7.0 in the experiments (right plot in Fig. 8.1). Consequently, the opening of the jet angle is higher for the simulated flame than in the experiments. The difference for z SP between the simulation and experiments can be attributed to the very high sensibility of the CRZ to the operating conditions. [START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF] showed that the swirl number has a significant impact on the position of the CRZ in the Oxytec combustor. In chapter 5, the effect of a diverging cup on z SP has been highlighted (see Eq. ( 5.18) and Fig. 5.3 in chapter 5). The position of the CRZ stagnation z SP is extremely sensitive to the quarl angle α, and this feature has been sketched in Fig. 8.2. The height z SP is taken as a reference for the model in Eq. ( 5.18), and the results of the numerical simulation z SP = 5 is added on the curve. The two points are located in a region where z SP is very sensitive to the quarl angle α. One conclusion is that a small error may lead to a difference ∆z SP = 2 r 0 between the experiments and the numerical simulation on the flow pattern at the outlet of the diverging cup. This sensitivity analysis also indicates that it is very challenging to numerically predict the height z SP of the CRZ for a lifted flame when z SP is high. 

Flame topology

The analysis proceeds with the results for the flame topology for the noncoupled numerical simulation. The mean heat release rate is shown on the left in Fig. 8.3 and compared on the right with an Abel deconvoluted image of the OH * intensity. Both flames feature a V-shape pattern.The flame obtained with the numerical simulation, however, features a smaller flame length than in the experiment. 2019) for a swirl-stabilized methane-air flame featuring a similar pattern. Similar results are presented by [START_REF] Lauer | On the adequacy of chemiluminescence as a measure for heat release in turbulent flames with mixture gradients[END_REF] with an unconfined swirl-stabilized methane-air flame. [START_REF] Lauer | On the adequacy of chemiluminescence as a measure for heat release in turbulent flames with mixture gradients[END_REF] states that OH * chemiluminescence leads to an overestimation of the flame length. They attribute this feature to inhomogeneities of the equivalence ratio and the turbulence intensity. For the current investigated point, the axial-plus-tangential swirler yields a partially premixed flame with a non-homogeneous distribution of equivalence ratio as studied in chapter 3 (Fig. 3.5). Besides, it will be shown in the following that the level of turbulent intensity is locally very high u z,rms /u z (see Fig. 8.5). According to [START_REF] Lauer | On the adequacy of chemiluminescence as a measure for heat release in turbulent flames with mixture gradients[END_REF], these two features provide one source of explanation of why the flame length obtained with OH * chemiluminescence in Fig. 8.3 is higher than in the numerical simulation. One however cannot exclude either numerical and modeling errors in the numerical simulation. The compact flame topology obtained with the numerical simulation can also be interpreted with the position of the CRZ discussed in Fig. 8.1. The CRZ predicted by the simulation is positioned at a smaller distance z SP than in the experiments. It is therefore very likely that this difference lead to different flame compactness as observed in Fig. 8.3.

Another difference can be noted between the OH * chemiluminescence intensity and the heat release rate distributions. The oxy-flame obtained with the LES on the left in Fig. 8.3 protrudes inside the injector. OH-PLIF experiments, not shown here, show that the flame intermittently protrudes inside the diverging cup (see chapter 6). For other operating points investigated with higher swirl numbers 0.85 ≤ S 0 ≤ 1.1, the flame surface density is high close to the injector outlet, but not for S 0 = 0.75. Palluotto (2019) also already reported intermittent excursion of the flame front inside the diverging cup with a similar numerical setup.

In this section, radiative heat transfer is discarded, and the results for the numerical simulation of the oxy-flame are consistent for both the flame and flow patterns with the experimental data. The main differences have been discussed and are considered to be acceptable, considering the flame sensitivity to the CRZ position. It is recalled that the numerical setup has been designed at a moderate computational cost to allow for the addition of thermal radiation. The highlighted differences are identical to the ones observed by [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF] in her simulations of N 2 -diluted flames carried out with a higher computational cost. The impact of radiative heat transfer is now investigated with a coupled simulation.

Coupled simulation

Results for a coupled simulation are now presented with the numerical setup described in chapter 3. Details on the transient state of the simulation can be found in Appendix E. It is recalled that statistics used for the analysis below have been accumulated over a duration ∆t = 200 ms after the steady-state regime has been reached.

Velocity field

The results for the velocity field are plotted in Fig. 8.4 The mean axial velocities taken in a longitudinal plane are compared between the non-coupled simulation (left) and the coupled case (right). The axial velocity is displayed in color scale, and the recirculation zones are delineated by the solid white line. The inclusion of the radiative heat transfer in the numerical simulation has a small but positive impact on the predicted flow field. The position of the stagnation point of the CRZ increases from z SP = 5 r 0 for the non-coupled case to 5.7 r 0 for the coupled case. This augmentation of z SP makes it closer to the height z SP = 7 r 0 determined from the PIV experiments in Fig. 8.1. This feature has already been observed in the thesis of [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF] for the companion methane-air flame, but to a much larger extent. The opening of the jet angle is also closer to the velocity measurements when radiative heat transfer is taken into account. This feature is analyzed by plotting the axial and radial velocity profiles along the radial coordinate for the two simulated cases and the experiments. Results are presented in Fig. 8.5 for the mean and root-mean-square components of the velocity field taken at the height z/r 0 = 0.4, 2, and 4.

The mean component of the flow field is displayed on the left and analyzed in the following. At the height z/r 0 = 0.4, shown on the top in the figure, the mean component of the axial velocity features a W-shape profile, which is typical from the axial-plus-tangential swirler used in our setup [START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF]. However, the central peak lying along the centerline axis at r = 0 reaches a higher value u z = 9.5 m.s -1 in the experiments than in the numerical simulations u z = 6.3 m.s -1 . Conversely, the velocity peak on both sides of the centerline axis at r/r 0 = ±1 is much higher in the numerical simulation u z = 12 m.s -1 than in the experiments u z = 8 m.s -1 . Three conjectures can be made to account for this difference. First, the PIV experiments in premixed conditions performed by Jourdaine (2017) feature a spatial resolution of δ x = 1.8 mm. This resolution can lead to a filtering of the velocity peak. Secondly, it has been previously shown that the numerical simulation predicts a lower flame position than in the experiments. Increase of the velocity due to thermal expansion, therefore, occurs closer to the injection plane for the simulated flame, and this can lead to higher axial velocities. Finally, differences may also arise from the numerical simulation because the cell size has been controlled to reduce the overall computational cost. However, the mesh refinement method described in chapter 4 ensures that the near field region features a minimum cell size with δx = 0.4 mm. The mean velocity profiles for the radial component u r are in good agreement with the experimental data. Both the shape and the magnitude of u r are well predicted for the three heights z/r 0 = 0.4, 2, and 4. Taking into account radiative heat transfer does not influence the velocity field close to the combustion chamber dump plane for z/r 0 = 0.4. Further downstream at z/r 0 = 2 and 4, the radial velocity profiles obtained with the coupled simulation are closer to the experimental data.
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The root-mean-square component of the axial velocity u z,rms is shown on the right in Fig. 8.5 for the three same heights z/r 0 = 0.4, 2 and 4. Both numerical simulations predict a very high level of fluctuations of the axial velocity up to u z,rms /u z = 1 at the radial distance r/r 0 = 0.8. The velocity profiles are very similar for the coupled and the non-coupled simulations, and there is an excellent agreement with the experimental data. It is today not understood why the rms velocity profiles perfectly match but not the mean component. The same conclusions have been drawn in the simulations carried out for N 2diluted flames by [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF] with a much better mesh resolution.

Flame topology

The flame topology is displayed in Fig. 8.6 for both simulations. The flame is slightly modified by radiative heat transfer. The flame obtained for the coupled simulation is less compact and features a reduced opening angle. This brings the flame pattern a bit closer to the one obtained with OH * chemiluminescence (see Fig. 8.3), but differences remain small between the two simulations.

The comparisons presented up to now have shown that the flame and flow patterns obtained with the numerical simulations are in satisfying agreement with the experimental data. The simulated flow pattern is slightly closer to the PIV data when radiative heat transfer is taken into account, and the flame is also less compact. The CRZ remains, nonetheless, located at a lower position than in the experiments and the flame is still too compact in the coupled numerical simulation. The analysis is now pushed further by investigating heat transfers taking place inside the combustion chamber. 

Impact of radiative heat transfer on the gas temperature

The gas temperature is now investigated for the coupled and the non-coupled simulations in Fig. 8.7. It is recalled that the wall temperature T w is imposed for the two calculations based on the LIP measurements shown in chapter 7.

The comparison is made in a transverse plane at the height z/r 0 = 4, which roughly corresponds to the tip of the flame. The solid black line outlines the location of the outer recirculation zone lying close to the combustor sidewalls. The averaged gas temperature T inside the combustor is much lower when radiative heat transfer is taken into account. In the center of the combustion chamber, the mean gas temperature T c is high for the non-coupled case and reaches T c 2000 K, but features a lower value T c 1800 K in the coupled case shown on the right in Fig. 8.7. The position of the outer recirculation zone is very similar for the non-coupled and the coupled simulations. A small difference is that the ORZ is, on average, separated into four different recirculation zones in the coupled case. The temperature inside the ORZ also very differs between both cases. The non-coupled simulation features a high temperature in the ORZ T ORZ 1800 K, whereas the temperature is, again, much lower with radiative heat transfer and drops to T ORZ 1500 K.

The averaged gas temperature is represented in an axial plane for the noncoupled and the coupled simulations in Fig. The gas temperature obtained with the simulations can now be compared to temperature measurements made with thermocouples, as described in section 2.6 from chapter 2. Measurements have been performed with the reduced radiation error method from [START_REF] Lemaire | Assessment of radiation correction methods for bare bead thermocouples in a combustion environment[END_REF]. At the height z/r 0 = 11 and 20, the thermocouples are introduced in the center of the combustor along the centerline axis. At the height z/r 0 = 1.5 and 4, temperatures are recorded in the ORZ at a distance l = 15 mm from the metallic rod. The location of the temperature probes is shown in a transverse plane on the right of Fig. 8.7.

The recorded gas temperatures are plotted in Fig. 8.9 and compared to the non-coupled and coupled simulations. At the heights z/r 0 = 1.5 and 4, the error bars for the LES data denote the standard deviation in the four corners where the temperature has been numerically evaluated. There is no error bar for the two heights z/r 0 = 11 and 20 where the temperature is probed on the centerline. These error bars are small T rms < 50 K, which indicates that the temperature between the four corners is very similar. As observed in Fig. 8.7, for CO 2 -diluted oxy-flame. They also show that predicting the gas temperature downstream a swirling-flame stabilized in a non-adiabatic combustor is very challenging, even when realistic wall temperatures are prescribed as thermal boundary conditions.

It is challenging to account for the coupled nature of the convective and radiative heat transfers occurring inside the combustion chamber. Radiative heat transfer can either lead to an increase in the wall heat flux or a reduction of the temperature difference between the gases and the quartz windows. The radiative heat transfer is now scrutinized in more details.

Radiative heat transfer in the Oxytec combustor

The radiative power is defined as P rad = P a -P e , where P e and P a are the emitted and absorbed powers. The mean emitted P e and radiative power P rad are obtained by averaging all the instantaneous solutions from the RAINIER radiation solver. The mean emitted radiative power P e is displayed on the right in Fig. 8.10. The results for the mean radiative power are presented on the left in Fig. 8.10. The opposite power -P rad is plotted to ease comparison with P e . The iso-line P rad = 0 is superimposed as a solid black contour in these figures.

The radiative power P rad is negative in the main part of the combustor, which indicates that the semi-transparent gas features a higher emitted power than absorbed one (P e > P a ). Locations where the gas absorbs more than it emits are located in the cooled burned gases close to the combustor sidewalls. They are also located in the fresh gas region close to the injector outlet because the reactants are diluted by CO 2 that absorbs a fraction of the radiation. The mean radiative power P rad is high in the flame region P rad 2 MW.m -3 and remains strong downstream in the combustion chamber P rad 1 MW.m -3 in the region where the gas is conveyed between the CRZ and the combustor sidewalls. The shape of the emitted power P e is quite similar to the one obtained for the gas temperature previously described in Fig. 8.8. This correlation is expected given the almost homogeneous composition of the burned gases that fill the combustor. The magnitude of the emitted power is even higher P e 12 MW.m -3 . The mean emitted power can be compared to the one obtained for the N 2 -diluted flame studied by [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF]. Vales are here almost ten times higher than for the N 2 -diluted companion flame. This is due to the large emissivity resulting from the high CO 2 concentration in the burned gases for the CO 2 -diluted flame. However, the CO 2 level increases significantly the medium optical thickness, which also makes the absorbed power P a much higher here. The total emitted power over the combustion chamber volume is P e dV = 61.9 kW. The total absorbed power over the combustion chamber volume is P a dV = 58.2 kW. The absorbed power therefore accounts for 94 % of the total emitted power integrated over the combustion chamber volume. When both emission and absorption contributions are considered, the magnitude of the radiative power P rad in the studied flame is only twice higher than the radiative power found for the N 2 -diluted flame.

Impact of thermal radiation on wall heat fluxes

The impact of radiative heat transfer on the wall heat fluxes is now discussed. Measurements of the wall temperature on both the inner and outer sides of the quartz window shown in chapter 7 give access to the conductive heat flux ϕ cd through the quartz window. The energy balance at the interface between the gas and the inner side of the quartz windows yields ϕ cd = ϕ cv + ϕ rad , where the convective ϕ cv and the radiative heat fluxes ϕ rad are deduced from the numerical simulation. To be precise, the radiative heat flux considered here is not identical to the one defined in Eq. (3.3). The quartz windows being considered either opaque or transparent depending on the wavenumber, a fraction of the total incoming radiative intensity is transmitted through the quartz windows. In the interface energy balance, ϕ rad denotes then the radiative flux associated with emission and absorption by the windows. The wall heat fluxes are plotted along the inner side of the quartz window with respect to the height z/r 0 in the combustion chamber. The results are presented in Fig. 8.11 for the noncoupled simulation and in Fig. 8.12 for the coupled case. Experimental data are lacking for z/r 0 > 14. The conductive heat flux has been extrapolated in this region based on measurements made with the N 2 -diluted flame which features the same thermal power and similar temperature profiles (see Fig. When radiative heat transfer is discarded, the convective heat flux ϕ cv shown in Fig. 8.11 is low (ϕ cv 11 kW.m -1 ) in the ORZ region where z/r 0 ≤ 4, and increases to ϕ cv 80 kW.m -1 at the location where the burned gases impact the combustor sidewalls. The convective heat flux finally decreases down to ϕ cv = 13.7 kW.m -1 for z/r 0 = 20. When compared to the conductive heat flux ϕ cd estimated from experiments, the simulation matches the experimental data in the flame region 4 ≤ z/r 0 ≤ 13 but sensibly under-predicts the heat flux in the ORZ region z/r 0 ≤ 4 or in the post-flame region z/r 0 ≥ 13.

The results for the coupled simulation are shown in Fig. 8.12. The radiative heat flux is displayed in red-dashed line, and the total wall heat flux ϕ tot = ϕ cv +ϕ rad is shown in dotted-green line. Inclusion of thermal radiation has disrupted the magnitude of the convective heat flux ϕ cv , which is now much lower than the experimental conductive heat flux ϕ cd . The radiative flux in the ORZ region is ϕ cv = 17 kW.m -1 for z/r 0 ≤ 4 and is much higher than the convective flux ϕ cv . In the flame region, ϕ rad is conversely negligible compared to ϕ cv . The convective and radiative heat fluxes are very similar in the post-flame region : ϕ cv ϕ rad . The distribution of convective and radiative heat transfers obtained in the numerical simulation is in good agreement with the model developed at the end of chapter 7 to explain the thermal behavior of the Oxytec combustor when switching from the N 2 -to the CO 2 -diluted flame. The total heat flux ϕ cv + ϕ rad obtained with the coupled simulation is finally compared with the experimental data for the conductive heat fluxes ϕ cd . The agreement ϕ cd = ϕ cv + ϕ rad is good in the ORZ region z/r 0 ≤ 4 and in the post-flame region z/r 0 ≥ 13. However, the coupled simulation underpredicts by 25 % the peak of wall heat losses for 4 ≤ z/r 0 ≤ 13.

Several limitations could explain this difference. On the numerical side, a better prediction of the CRZ, the flame height, and opening angle would modify the results for ϕ cv obtained in this region where freshly produced burned gases impinge on the combustor sidewalls. The radiative wall flux is tightly related to the model for the wall radiative properties. In particular, the manufacturer data used to derive the spectral properties are given at ambient temperature. For the hot wall temperatures, as those found for 4 ≤ z/r 0 ≤ 13, the model should be improved with a better description of the radiative material properties at a higher temperature. On the experimental side, the wall temperature 2D field used to prescribe thermal boundaries to the simulations is reconstructed from point wise measurements with interpolations and extrapolations in many regions. This may lead to additional uncertainties. Finally, the estimation of ϕ cd assumes that heat conduction only takes place in the direction normal to the interface within the walls, which could also introduce bias.

When comparing the total wall heat flux predicted by the non-coupled simulation in Fig. 8.11 and the coupled one in Fig. 8.12, the agreement with the experimental data appears better for 4 ≤ z/r 0 ≤ 13 when radiative heat transfers are discarded. For the non-coupled simulation in Fig. 8.11, the wall heat fluxes are, however, underpredicted for z/r 0 > 13. The combustion chamber exhaust nozzle starts at the height z/r 0 = 25, and the outlet of the Oxytec combustor lies at the height z/r 0 = 37. Predicting the correct wall heat flux on the second half of the combustor z/r 0 > 13 has, therefore, a significant impact on the total heat losses. For the coupled simulation, the wall heat flux is in good agreement with the experimental data for z/r 0 > 13 and z/r 0 < 4 while wall heat losses are underpredicted where the hot gases impact the combustor sidewalls (4 ≤ z/r 0 ≤ 13). Conversely, the non-coupled simulation underpredicts the wall heat losses in the remaining part of the combustor.

An estimation of the total heat losses with numerical integration is performed in the next session. This analysis shows that the total wall heat losses Φ tot are higher in the coupled simulation. Hence, when comparing the total wall heat losses Φ tot integrated over all the combustion chamber, one finds the following ranking :

Φ tot non-coupled < Φ tot coupled < Φ tot exp (8.1)
Besides, increasing the combustor wall heat losses lowers the gas enthalpy available at the outlet of the combustor, and therefore the temperature T out of the burned gases at the outlet of the exhaust nozzle. Equation 8.1 therefore implies the following ranking for the burned gases at the exhaust nozzle :

T out,exp < T out,coupled < T out,non-coupled (8.2) This effect is also strengthened by thermal radiation within the burned gases that radiate through the combustor outlet and the semi-transparent windows. This inequality on the temperature is in good agreement with the comparison of the gas temperature made in Fig. 8.9. This feature is analyzed on a more quantitative basis in the following.

Energy budget inside the combustor

Total energy budget

The thermal behavior of the combustor is now investigated with macroscopic energy budgets. These calculations are made with the radiative power and heat fluxes deduced form the simulation and the available wall temperatures known from LIP measurements. These two features are generally not available in large-eddy simulations where radiative heat transfer is discarded, and thermal boundaries are not known with accuracy. Notations for the energy balance are shown on the left in Fig. 8.13. The source term is the heat release rate per unit of volume ρ ω. Convective heat losses ϕ cv take place at the solid boundaries of the combustor. The convective heat flux ϕ cv is positive because the gas temperature T is higher than the wall temperature T w . The radiative power P rad is another heat sink. When considering its semi-transparent nature, the gas inside the combustor emits and absorbs radiation. The radiative volumetric power P rad is further analyzed in the section by performing a radiative power balance. The thermal power which has not been lost through boundary layers at the sidewalls or turned into radiative energy is eventually convected out of the converging nozzle. This corresponds to an enthalpy flux ρh s u • n where h s , u and n are the sensible enthalpy, the velocity vector, and the outward normal vector. The energy balance is written for the control volume sketched on the left in Fig. 8.13 :

V ρ ωdV Ω = In+Out ρh s u • ndS Φ out-in + walls ϕ cv dS Φ cv walls - V P rad dV S rad (8.3)
The heat release rate ρ ω , the net enthalpy flues through inlet and outlet ρh s u, and the convective heat fluxes at the sidewalls ϕ cv are obtained by post-processing the solution from the AVBP flow solver. The RAINIER radiative solver gives the radiative power P rad . For the non-coupled case, radiative heat transfers are discarded : P rad = 0. For the coupled simulation, the flow and the radiative heat fluxes have been averaged during the same time duration ∆t = 200 ms as in the rest of the chapter.

Table 8.2 -Contributions of all the terms of the energy balance Eq. ( 8.3). All the power terms are expressed in kW. For the non-coupled simulation, S rad is discarded in Eq. (8.3). The value in parenthesis for S rad is obtained with an a priori simulation of the radiative heat transfers based on the final solution of the non-coupled simulation.

Abbr. Results for the energy budget are synthesized in Table 8.2 for the non-coupled and coupled cases. The heat release rate Ω = V ρ ωdV well matches with the thermal power P th = 14.5 kW. The sum of the right-hand-side terms in Eq. ( 8.3) is within 2 % of Ω, which outlines that the thermal equilibrium has been reached in the studied conditions. The thermal power balance between the combustor inlet and outlet is Φ out-in = In+Out ρh s u • ndS is 7.42 kW for the non-coupled simulation and 5.44 kW for the coupled one. This respectively represents 51 % and 37.5 % of the thermal power. The combustor behaves more like an industrial boiler exchanging heat with its environment than as a gas turbine with adiabatic walls. This feature is attributed to the large confinement ratio C r = W 2 /(πr 2 2 ) = 52 of the Oxytec test rig. Wall convective heat losses are very high in the non-coupled simulation Φ cv walls = walls ϕ cv dS = 7.26 kW and slightly lower in the coupled one Φ cv walls = 5.50 kW. This feature is related to the decrease in the gas temperature highlighted in Figs. 8.7, 8.9, and 8.8. Finally, the radiative heat losses for the coupled simulation are S rad = -V P rad = 3.77 kW, which represents 26 % of the total thermal power. The sum of the total convective and radiative heat losses Φ cv wall + S rad has increased from 7.26 kW in the non-coupled simulation to 9.27 kW in the coupled one. This feature goes along with the decrease of the gas temperature observed in the combustor (see Eq. 8.2). The mean temperature decreases from T =1697 K in the non-coupled case down to 1506 K in the coupled one. Likewise, the temperature of the flow at the outlet of the combustor T out drops from 1508 K to 1226 K.

T [K] Tout [K] Ω [kW] Φ out-in [kW] Φ cv
The total radiative power S rad has also been a priori estimated with the Monte-Carlo solver based on the final solution of the non-coupled simulation. The procedure has been repeated on different instantaneous solution to obtain a converged value for S rad . The value found S rad = 8.68 kW is reported in parenthesis in Table 8.2. As already observed by [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF], the a priori simulation of the radiative field drastically overestimates the radiative heat losses S rad = 8.68 kW when compared to the coupled simulation S rad = 3.77 kW.

The radiative heat losses in the coupled simulation therefore contribute to 41 % of the total gas heat losses for the coupled simulation. The radiative heat transfer plays a major role on heat load in the Oxytec combustor. Thermal radiation must be accounted for to correctly determine the nature of the wall heat flux contributions and their magnitude.

Radiative power budget

The radiative heat losses S rad are decomposed by writing a radiative transfer balance with the control volume shown on the right in Fig. 8.13. The source term S rad is equal to the sum of the radiative fluxes through all the boundaries of the control volume :

S rad = in+out ϕ rad dS+ Opaque walls ϕ abs-em dS+ Quartz ϕ rad dS+ Quartz ϕ trans dS (8.4)
All radiative fluxes are counted as positive when leaving the combustor. The first term in+out ϕ rad dS denotes the radiative flux integrated over the inlet and outlet surface of the combustor. The second term Opaque walls ϕ rad dS corresponds to the difference between the absorbed and emitted radiative flux at the surfaces of metallic opaque components. This includes the combustor back plane and the convergent made of stainless steel. The third term Quartz ϕ abs-em dS corresponds to the absorbed and emitted contributions of the radiative flux integrated over the four quartz windows, whose semi-transparent detailed radiative properties are described in section 3.3.3. Finally, a fraction of the incoming radiative flux at the quartz window is transmitted through the material. The three first terms are evaluated with the average of the instantaneous radiative fields obtained with RAINIER solver. The last term Quartz ϕ trans d is calculated as the difference between the total radiative heat losses S rad and the other wall radiative losses. The values of the four terms are reported in Table . 8.3, in kW and in percentage of the total heat losses S rad . This analysis shows that the radiative heat flux at the outlet of the combustor and at the surface of the opaque walls only account for 6.5 % and 11.3 % of the total wall heat losses, respectively. The two main contributions are the active radiative (41.7 %) and transmitted (40.4 %) heat flux at the surface of the quartz windows. One important result is that about s40 % of the total radiative heat losses passes through the fused silica windows without being absorbed. A fine modeling of the semi-transparent nature of the quartz windows is therefore essential to assess this feature as carried out in section 3.3.3. It also indicates that the assumption made in chapter 7 to discard this transmitted heat flux is a too rough approximation. The analysis was based on the CO 2 species spectral radiative properties (see Fig. 7.7) but the H 2 O species features a much broader spectral emissivity which falls in the transparent band of the quartz window λ < 3.5 µm (Rivière and Soufiani 2012).

The total wall heat losses correspond to convective and radiative contributions :

Φ tot = Φ cv walls +
Opaque walls ϕ rad dS + Quartz ϕ abs-em dS (8.5) leading to Φ tot = 7.26 kW for the non-coupled simulation and 7.5 kW for the coupled one. These values are close and verify Eq. ( 8.1) presented before.

Low-order model

Presentation of the model

An analysis of the heat transfer is made with the help of thermal resistances.

The objective is to determine whether the averaged gas temperature and wall heat losses found in the coupled simulation can be deduced from the noncoupled simulation. A low order model is developed for this purpose. The underlying hypotheses are discussed afterward. First, the convective heat losses Φ out-in are expressed with the mass flow rate ṁ and and the average heat capacity c p at constant pressure :

Φ out-in = in+out ρh s u • ndS = ṁc p (T out -T 0 ) (8.6)
where T 0 and T out are the gas temperature at the inlet and outlet of the Oxytec combustion chamber. The mass flow rate is equal to ṁ = 5.0 × 10 -3 kg.s -1 . Resolution of Eq. ( 8.6) yields the average heat capacity c p = 1230 J.kg -1 .K -1 when evaluated from data for the non-coupled case in Tab. 8.2. The average heat capacity has also been estimated with the AGATH solver as the average of the heat capacity of the burned gases taken at the temperatures T in and T out . This leads to c p = 1288 J.kg -1 .K -1 , which retrieves the value from Eq. ( 8.6) within a 5 % relative difference.

The wall convective losses Φ cv walls and radiative losses S rad are modeled with thermal resistances R cv walls and R rad . The convective wall heat flux Φ cv walls is expressed as :

Φ cv walls = walls ϕ cv dS = T -T w R cv walls (8.7)
where T is the mean gas temperature inside the combustor and T w = 936 K the mean wall temperature obtained with the LIP measurements. In this expression, R cv walls is the thermal resistance modeling the convective heat flux between the gas and the combustor sidewalls. Estimating the convective wall heat losses for a swirling flame in a confined combustor is challenging. The value of R cv walls is based on the temperature and heat fluxes from the non-coupled simulation in Table 8.2. This leads to R cv walls = 0.105 K.W -1 . The values of the thermal resistances and parameters of the model are reported in Table . 8.4.

Table 8.4 -Values of the thermal resistance in the coupled and non-coupled simulation. Only thermal resistance from the non-coupled simulation are used in the derived model Eq. (8.11). The radiative heat losses are, in turn, highly nonlinear with the mean gas temperature T . The strict definition of an intrinsic thermal resistance is here impossible. The notion of thermal resistance is nonetheless introduced to ease the analysis but its value depends on the considered conditions. A formulation is derived in order to yield an expression as generic as possible. In chapter 7, Eq. (7.5) has been used to estimate the radiative heat flux according to [START_REF] Lefebvre | Heat-transfer processes in gas-turbine combustion chambers[END_REF] : ϕ rad ∼ ε(L)σ T 1.5 T 2.5 -T w 2.5 . The expression is a nonlinear function of both temperatures T and T w , and ε(L) the equivalent emissivity of the burned gases on a column of length L corresponding to the mean beam length. When integrated over the combustion chamber volume, the radiative heat losses S rad = -V P rad dV is related to the surface integral of ϕ rad leading to the following approximation :

R cv walls [K.W -1 ] c p [J.kg -1 .K -1 ] R rad [K.W -
S rad = 1 R rad T 1.5 ( T 2.5 -T w 2.5 ) T w 3 (8.8)
where R rad has the dimension of a thermal resistance. Formally, the resistance R rad depends on multiple parameters, like the gas optical thickness, the geometry, the semi-transparent nature of the windows, the mean wall temperature T w , and the mean temperature T of the gases. The variation of R rad with the mean chamber temperature T is now neglected. Its value is determined from the non-coupled simulation where T = 1697 K and S rad = 8.68 kW. The power S rad is computed a priori from the non-coupled fields. The computed radiative thermal resistance is in this case R rad = 0.902 K.W -1 .

To summarize, in the absence of radiative heat transfer, the enthalpy balance Eq. ( 8.3) is satisfied by setting the radiative thermal resistance to R rad = +∞.

When accounting for thermal radiation, the radiative thermal resistance is set to a value R rad = 0.902 K.W -1 obtained with the non-coupled simulation.

The thermal resistances R cv walls and R rad from Eqs. (8.7) and (8.8), and the heat capacity coefficient c p from Eq. (8.6) are injected into the energy budget Eq. ( 8.3) leading to the following balance equation :

P th = ṁc p (T out -T 0 ) + T -T w R cv walls + 1 R rad T 1.5 T 2.5 -T w 2.5
T w 3 (8.9)

In this equation, the inlet and the wall temperature T 0 = 300 K and T w = 936 K are fixed and correspond to inputs of the model. The gas averaged temperature inside the combustor T and the temperature at the outlet of the combustion chamber exhaust nozzle T out constitute the unknowns of the model. A first approach would be to set the two temperature equal T = T out . However, Table . 8.2 indicates that T and T out differ by more than 189 K for both the coupled and non-coupled simulations. A relation between T and T out is proposed to close Eq. (8.9).

Between the center of the combustion chamber and the outlet, the temperature inside the chamber decreases because of convective and radiative heat losses.

The difference between the mean temperature T within the chamber (outlet included) and the outlet temperature is due to these heat losses. As a rough approximation, it is assumed here that T -T out linearly depends on (Φ cv walls + S rad ) :

ṁc p ( T -T out ) = a(Φ cv walls + S rad ) (8.10)
where a = 0.160 is a constant fixed with the results of the non-coupled simulation shown in Table 8.2. By injecting this closure relation in Eq. ( 8.9), the energy budget can now be expressed with respect to the unknown mean gas temperature T : 8.11) This equation describes the thermal environment of the Oxytec combustor with the help of two thermal resistances and one closure relation for the outlet temperature T out . For the non-coupled simulation, solving Eq. (8.11) with R rad = +∞ yields the same temperature T = 1697 K as in Table 8.2, which was used to calibrate the thermal resistances. The model derived in Eq. (8.11) is now used to predict the mean gas temperature T for the coupled simulation. Only the radiative resistance is modified and fixed to R rad = 0.902 K.W -1 based on the a priori estimation of the radiative heat losses.

P th = ṁc p ( T -T 0 )+(1-a) T -T w R cv walls + T 1.5 T 2.5 -T w 2.5 R rad T w 3 ( 

Results and discussion

Equation. (8.11) is solved with the fsolve routine from Matlab ® . All the parameters values are deduced from the non-coupled simulation. The radiative thermal resistance is fixed to R rad = 0.902 K.W -1 to predict the thermal environment in the coupled simulation. Results are shown in Table 8.5. The derived model predicts the mean gas temperature T = 1458 K, with a relative error of ε = 3.3 % compared to the value obtained in the coupled simulation T = 1506 K. The mean gas temperature T is then used to deduce the outlet temperature T out = 1226 K (Eq. 8.10), which remarkably matches the value from the coupled simulation. This enables to estimate the net flow rate of enthalpy between the inlet and outlet Φ out-in = 5.66 kW (Eq. 8.6), the convective wall heat losses Φ cv walls = 4.98 kW (Eq. 8.7) and the radiative heat losses S rad = 4.06 kW (Eq. 8.8). The relative error made for rates of heat transfer lies between 4 % and 11 %. The match between the low-order model Eq. (8.11) and the results of the coupled simulation is therefore excellent for the temperature and very satisfying for the heat fluxes. (8.11) derived to predict the temperature and the heat fluxes for the coupled simulation. ε indicates the relative error made for the estimated quantities between the model and the results obtained with the coupled simulation. The hypothesis of the models are now discussed. The influence of the gas temperature T on the thermodynamic properties of the mixture and on the burned gas emissivity ε(L) hidden in the formulation of the radiative thermal resistance have been discarded. Only the windows temperature T w , assumed uniform, is considered in the radiative transfer. Exchanges with other surfaces at different temperature are neglected. Regarding the convective heat losses Φ cv walls , the thermal resistance R cv walls is given by the non-coupled simulation. Radiative effects on the convective heat transfer through gas-gas or gas-wall interactions are thus not considered. Table. 8.4 shows very similar values between the noncoupled and the coupled R cv walls values. The impact of radiative heat transfer on the flame and flow patterns barely alter the resulting global heat transfer coefficient that determines convective the heat losses.

T [K] T out [K] Φ out-in [kW] Φ cv

Interpretation

The model derived in Eq. (8.11) and validated with the numerical simulations in Table . 8.5 enables to better understand the influence of radiative heat transfer in a coupled simulation. When considering radiative heat losses, the model introduces an additional thermal conductance 1/R rad between the gas inside the combustor and the quartz windows. Equation (8.11) successively predicts the change in gas temperature and heat fluxes. The impact of the thermal conductance 1/R rad on the thermal environment of the Oxytec combustor is represented in Fig. 8.14 for the heat fluxes and in Fig. 8.15 for the gas temperature. When 1/R rad = 0, one retrieves the temperature and heat fluxes obtained with the non-coupled simulation when radiative heat transfer is discarded in Eq. (8.3). For 1/R rad = 1.1 W.K -1 , one retrieves the thermal environment when radiative heat transfers are taken into account. The value obtained with the coupled simulation are represented by the black diamonds.

Part III -Premixed Flames 257 out-in Figure 8.14 -Impact of the radiative heat conductance 1/R rad on the total heat fluxes Φ cv walls , Φ out-in and S rad as predicted by Eq. (8.11). The values obtained with the coupled numerical simulation correspond to the black diamond signs.

The impact of radiative heat transfer is now interpreted by assuming that combustion remains complete as the level of heat losses increases. The increase in 1/R rad decreases the overall thermal resistance with the combustor sidewalls. Due to the enthalpy balance inside the combustor Eq. ( 8.3), the wall heat losses Φ cv walls and the net enthalpy flow rates Φ out-in decrease, as shown in Fig. 8.14. The effect of radiative heat losses is twofold. On the one hand, radiative heat transfer has replaced a part of the convective heat losses at the quartz windows Φ cv walls . On the other hand, the net enthalpy flow rates between the combustor inlet and outlet Φ out-in is also lowered. The decrease in Φ out-in leads to a drop of the temperature T out at the outlet of the combustor, as shown in Fig. 8.15. The decrease in Φ cv walls is more than compensated by the increase in radiative losses, which yields a reduced gas temperature T .

The dynamics described so far is not restricted to the value found for the thermal resistances with the Oxytec combustor. The drop of Φ cv walls , Φ out-in , T and T out result from the coupling nature of convective and radiative heat transfers. This behavior may persist in all numerical simulations of confined flames where gas-gas radiative interactions do not modify convective heat transfer.

Figure 8.15 -Impact of the radiative heat conductance 1/R rad on the mean gas temperature T and at the outlet of the converging nozzle T out as predicted by Eq. (8.11). The values obtained with the coupled numerical simulation correspond to the black diamond signs.

The value obtained for the thermal resistances R cv walls , R rad , and for the coefficient a only apply to the current injection conditions and the geometry of the Oxytec combustor. Due to the high concentration of CO 2 in the fresh and burned gases, the oxy-flame analyzed in this work yields a high thermal conductance for the radiative heat transfer 1/R rad = 1.1 W.K -1 .

Conclusion

Numerical simulations of a CO 2 -diluted oxy-flame have been carried out with a high-fidelity multiphysics framework. The reactive flow has been solved with a Large Eddy Simulation which can be coupled with a Monte Carlo solver to determine the radiative power and wall fluxes while accounting for detailed gas radiative properties. The flame and flow patterns have been compared with experimental data for the non-coupled and coupled simulations. It has been found that considering the detailed properties of the radiative heat transfers have a small effect on the flame and flow patterns. Conversely, it was shown that including the radiative heat transfers in the coupled simulation has a considerable impact on the gas temperature and the heat transfer at the combustor sidewalls. The gas temperature was shown to be in better agreement with the experimental data in this coupled simulation. The conjectures made in chapter 7 on the redistribution of the convective and radiative heat transfers have been verified. Finally, the thermal environment of the combustor powered by the CO 2 -diluted oxy-flames has been extensively characterized. A quantitative model has been derived based on energy balances inside the combustor. It was shown that this model correctly predicts the average gas temperature, convective and radiative heat fluxes obtained in the coupled simulation by only using data from the non-coupled simulation.

Quatrième partie

Non-premixed Flames

Chapitre 9

Scaling relations for the length of coaxial oxy-flames

An extensive experimental study is carried out to analyze scaling laws for the length of methane oxy-flames stabilized on a coaxial injector. The central methane fuel stream can be diluted with N 2 , CO 2 or He. The annular air stream is enriched with a variable concentration of oxygen and can eventually be impregnated with swirl. Former studies have shown that the stoichiometric mixing length of relatively short flames is controlled by the mixing process taking place in the vicinity of the injector outlet. This property is used here to derive scaling laws valid over a broad range of the stoichiometric mixture fractions. It is in particular shown that the same relation can be used to determine the length of methane oxy-flames characterized by small values of the stoichiometric mixture fraction. Flame lengths are determined with OH* chemiluminescence measurements over more than 1000 combinations of momentum ratio, annular swirl level and composition of the inner and outer streams of the coaxial injector. It is found that the lengths of all the methane oxy-flames investigated without swirl collapse on a single scaling law based on the product of the square root of the momentum ratio between the two coaxial stream and the molar stoichiometric mixture fraction. The coefficients of this scaling law correspond to within 15% of flame lengths obtained for fuel and oxidizer streams featuring much larger stoichiometric mixture fractions. This relation is then extended to the case of swirling flames by including the contribution of the tangential velocity in the flow entrainment rate and is found to well reproduce the mixing degree of the two coaxial streams as long as the flow does not exhibit a vortex breakdown bubble. At higher swirl levels, when the flow features a central recirculation region, the flame length is found to also directly depend on the oxygen enrichment in the oxidizer stream. 

Introduction

Many industrial combustors are powered by coaxial injectors in which the oxidizer and fuel streams are injected separately and expand in a large combustion chamber. It is well known that the mixing degree between the two streams controls the flame length and therefore it has been the topic of numerous investigations [START_REF] Becker | Entrainment, momentum flux and temperature in vertical free turbulent diffusion flames[END_REF][START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF][START_REF] Dahm | Blowout limits of turbulent jet dif-References fusion flames for arbitrary source conditions[END_REF]Chen and Driscoll 1991;[START_REF] Driscoll | Nitric oxide levels of turbulent jet diffusion flames : effects of residence time and Damkohler number[END_REF][START_REF] Cheng | Effects of fuel-air mixing on flame structures and nox emissions in swirling methane jet flames[END_REF][START_REF] Favre-Marinet | Near-field of coaxial jets with large density differences[END_REF][START_REF] Villermaux | Mixing in coaxial jets[END_REF][START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF][START_REF] Alexander Schumaker | Mixing properties of coaxial jets with large velocity ratios and large inverse density ratios[END_REF]. The development of technologies such as oxy-combustion needs however to broaden the investigated range of operations and to deepen knowledge of the mixing mechanisms of coaxial jets, in which one of the jets may eventually feature a swirling motion.

It is at this point worth reviewing the current state of knowledge on parameters altering the flame length from coaxial injectors. Regarding diffusion flames, the distance from the injector needed to obtain a stoichiometric fuel and oxidizer mixture well defines the flame length [START_REF] Peters | Scaling of buoyant turbulent jet diffusion flames[END_REF]. The pioneering works from [START_REF] Hawthorne | Mixing and combustion in turbulent gas jets[END_REF] and [START_REF] Peters | Scaling of buoyant turbulent jet diffusion flames[END_REF] have established mixing rules for free single jets exhausting in quiescent atmosphere. For non-buoyant turbulent coaxial jets, mixing is controlled far from the injector by the self-similar behavior of the resulting turbulent jet [START_REF] Dahm | Blowout limits of turbulent jet dif-References fusion flames for arbitrary source conditions[END_REF][START_REF] Weiland | Effects of coaxial air on nitrogen-diluted hydrogen jet diffusion flame length and NOx emission[END_REF]. This so-called far-field approach allows to well reproduce the topology of methane diffusion flames with high impulsion of the fuel inner jet (Chen and Driscoll 1991;[START_REF] Driscoll | Nitric oxide levels of turbulent jet diffusion flames : effects of residence time and Damkohler number[END_REF][START_REF] Cheng | Effects of fuel-air mixing on flame structures and nox emissions in swirling methane jet flames[END_REF]. In this case the stoichiometric mixture fraction z st remains small, leading to long flames far from the inner jet potential core (Chen and Driscoll 1991;[START_REF] Driscoll | Nitric oxide levels of turbulent jet diffusion flames : effects of residence time and Damkohler number[END_REF].

In many applications, like in H 2 -O 2 rocket engines or oxy-combustion, the stoichiometric mixture fraction z st takes relatively large values and the difference between the potential core and stoichiometric lengths reduces. In this regime, another mechanism prevails and mixing is controlled by engulfment of large scale instabilities developing in the shear layer between the central and annular jet streams in the vicinity of the jet potential core [START_REF] Rehab | Flow regimes of largevelocity-ratio coaxial jets[END_REF][START_REF] Villermaux | Mixing in coaxial jets[END_REF]. The developments made with this near-field approach has led to the following scaling law for the stoichiometric flame length L s [START_REF] Villermaux | Mixing in coaxial jets[END_REF][START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF] :

L S d 1 = c 1 (J 1/2 X st ) -1 + c 0 (9.1)
where c 0 and c 1 are positive constants, d 1 is the central injector diameter, X st is the molar stoichiometric mixture fraction and J = ρ 2 u 2 2 /ρ 1 u 2 1 corresponds to the momentum ratio between the two streams. This relation was found to successfully reproduce the stoichiometric mixing length L s of coaxial streams with an air jet in the center surrounded by a co-flow of H 2 or CH 4 in non reacting conditions (Alexander Schumaker and Driscoll 2012).

These results established for cold flows have been extended to consider effects of heat release. The dominant effect of combustion lies in the drop of flow entrainment due to the drop of density in the burnt gases [START_REF] Tacina | Effects of heat release on turbulent shear flows. part 1. a general equivalence principle for non-buoyant flows and its application to turbulent jet flames[END_REF]. [START_REF] Tacina | Effects of heat release on turbulent shear flows. part 1. a general equivalence principle for non-buoyant flows and its application to turbulent jet flames[END_REF] and [START_REF] Dahm | Effects of heat release on turbulent shear flows. part 2. turbulent mixing layers and the equivalence principle[END_REF] found that mixing of the inner fuel and the outer oxidizer streams in reacting conditions is equivalent to the non reacting mixing process of the inner fuel with an equivalent outer oxidizer characterized by an effective higher temperature T eq 2 . Assuming that the density difference between the two streams due to molar weight is small compared to the effect of temperature, the density of the equivalent jet is defined as ρ eq 2 = (T 2 /T eq 2 )ρ 2 [START_REF] Tacina | Effects of heat release on turbulent shear flows. part 1. a general equivalence principle for non-buoyant flows and its application to turbulent jet flames[END_REF]. This method is used in (Schumaker and Driscoll 2009) to collapse data for O 2 /H 2 flames with hydrogen in the outer stream (z st = 0.89, X st = 0.33). Results in non reacting and reacting conditions collapse when the momentum ratio J is replaced by its equivalent J eq defined as :

J eq = ρ eq 2 ρ 1 u 2 2 u 2 1 (9.2)
Scaling laws for the length of methane oxy-flames have been reported so far with contrasted results. Effects of dilution in both the inner and outer streams have not been systematically investigated [START_REF] Sautet | Length of natural gas-oxygen non-premixed flames[END_REF][START_REF] Ditaranto | Structural aspects of coaxial oxy-fuel flames[END_REF][START_REF] Kim | Emission characteristics of the 0.03 MW oxy-fuel combustor[END_REF][START_REF] Kim | Studies on combustion characteristics and flame length of turbulent oxy-fuel flames[END_REF]). In many studies, only heuristic corrections are presented when switching from air to oxygen operation [START_REF] Kim | Studies on combustion characteristics and flame length of turbulent oxy-fuel flames[END_REF] and investigations are often limited to regimes with velocities in the inner fuel stream much higher than in the annular stream (J 1) [START_REF] Sautet | Length of natural gas-oxygen non-premixed flames[END_REF] 266 Chapitre 9 -Scaling relations for the length of coaxial oxy-flames [START_REF] Ditaranto | Structural aspects of coaxial oxy-fuel flames[END_REF][START_REF] Kim | Emission characteristics of the 0.03 MW oxy-fuel combustor[END_REF][START_REF] Kim | Studies on combustion characteristics and flame length of turbulent oxy-fuel flames[END_REF], resulting in long flames where the near-field mechanism does not control mixing. Few studies with higher momentum in the annular stream have been conducted with oxyflames [START_REF] Kim | Emission characteristics of the 0.03 MW oxy-fuel combustor[END_REF] and N 2 -diluted hydrogen flames [START_REF] Weiland | Effects of coaxial air on nitrogen-diluted hydrogen jet diffusion flame length and NOx emission[END_REF]), but no scaling laws are reported. A unified approach consistent with both airand oxy-condition operations is still missing.

This lack of data has motivated this study conducted for a wide set of operating conditions in which the gas composition in the central and annular streams and the momentum ratio can separately be varied. The first objective of this article is to examine the length of coaxial oxy-flames with a large set of dilution rates in the oxidizer and fuel streams. Attempts are then made to collapse the data with theoretical elements. The second objective is to analyze effects of the swirl level in the annular jet and derive a model which accounts for the resulting turbulence enhancement.

Experimental setup

The injector is the coaxial injector presented in Fig. 1.5 without swirling vane in the inner fuel lance. It comprises a central tube of inner diameter d 1 = 6 mm and thickness e = 1 mm, wherein methane is eventually mixed with a diluent (N 2 , CO 2 or He), and an annular injection channel of outer diameter d 2 = 20 mm, with an adjustable O 2 /N 2 gas composition. A swirl motion can be imposed to the annular stream thanks to tangential slits. The axial and tangential volume flowrates injected in the annular channel are designated respectively by Q 2,z and Q 2,θ . Assuming a solid-body rotation, the geometrical swirl number S 2 in the annular channel is given by :

S 2 = π 4 Hd 2 N lL 1 -(d 1 /d 2 ) 4 1 + Q 2,z /Q 2,θ (9.3) 
where H is the distance separating the tangential injection channels from the burner axis, l the width and L the height of the N tangential injection channels. This device was designed to produce geometrical swirl numbers ranging from S 2 = 0 to 1.73 with N = 2 slits. The central fuel stream is not swirled in this study. The coaxial jet exhausts in quiescent air at ambient pressure, above a back plane at room temperature T = 300 K, so as to avoid effects of confinement and heat transfer to the walls. The coaxial injector outlet is elevated 5 mm above the back plane to ease visualization and there is no recess between the central and outer injector outlets. This altitude defines the axial origin z = 0.
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The flame length is defined as the furthest point on the axis with a combustion reaction [START_REF] Hawthorne | Mixing and combustion in turbulent gas jets[END_REF][START_REF] Sautet | Length of natural gas-oxygen non-premixed flames[END_REF]. In many cases, the length of diffusion flames is determined by recording its global emission in the visible band [START_REF] Hawthorne | Mixing and combustion in turbulent gas jets[END_REF][START_REF] Kim | Emission characteristics of the 0.03 MW oxy-fuel combustor[END_REF][START_REF] Kim | Studies on combustion characteristics and flame length of turbulent oxy-fuel flames[END_REF] or the emission of selected intermediate radicals [START_REF] Sautet | Length of natural gas-oxygen non-premixed flames[END_REF][START_REF] Ditaranto | Structural aspects of coaxial oxy-fuel flames[END_REF][START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF]. In these studies, the flame length is commonly correlated to the stoichiometric mixing length L S . Given the large range of operating conditions targeted in this work, it is first worth exploring if the OH* emission signal is a good tracer for the length of oxy-flames and if it is well correlated to the stoichiometric mixing length L S .

Numerical simulations of steady one-dimensional counterflow methane oxyflames were carried out with the GRI-Mech 3.0 mechanism [START_REF] Smith | Gri-mech 3.0[END_REF] in [START_REF] Maruta | Extinction characteristics of CH4/CO2 versus O2/CO2 counterflow nonpremixed flames at elevated pressures up to 0.7 MPa[END_REF]) and completed with OH* chemistry from [START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF]). As presented in section 2.2.2, the OH* peak emission from diffusion oxyflames lies very close to stoichiometry at z = z st for a large range of oxygen enrichments and strain rates. Numerical simulations have also been carried out in this study to verify this property for selected operating points with the same GRI-Mech 3.0 mechanism completed with the chemistry of OH [START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF]. They are provided as supplementary material and confirm that both peaks of temperature and OH* lie close to the flame front at z = z st , when compared to the flame thickness. Self-similar counterflow equations were solved with an in-house code with identical transport and thermodynamics properties as in the CHEMKIN package and similar numerical algorithms.

The OH* images are recorded with a 16 bit intensified CCD camera (ICCD, Princeton, PI-MAX4, 1024 × 1024 pixels) equipped with an UV objective (Nikkor 105 mm) and a 10 nm bandpass filter centered at 310 nm (Asahi XBPA310-Bandpass). Line of sight integrated averaged fields of OH* emission are determined from 30 snapshots each with an exposure time of 200 ms. Statistical convergence of the mean OH* intensity is systematically verified.

The Otsu thresholding method [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]) is chosen here to infer the flame front location from the OH* images as in (Zhang et al. 2014;[START_REF] Wang | Turbulent jet diffusion flame length evolution with cross flows in a sub-pressure atmosphere[END_REF]. This technique is decribed in section 2.2.4. Examples without swirl are shown in Fig. 9.1 and effects of swirl are illustrated in Fig. 9.2. The stoichiometric mixing length L S is determined as the highest point of the Otsu contour, which is found to lie along the burner centerline, except for the highly swirled flames featuring a central recirculation zone. A sensitivity analysis has been carried out to examine changes of L S when varying the image brightness and contrast. Different exposure times and camera apertures were tested. It appears that the largest variations of L S are limited to within 5%. The method is also validated in section 9.4 by comparing the results with the stoichiometric mixing length determined from measurements made with acetone laser induced fluorescence [START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF]; Alexander Schumaker and Driscoll 2012).

Operating conditions

Changes of the flame length are investigated by modifying the momentum ratio J between the two streams and the stoichiometric (molar) mixture fraction X st . This is made by varying the bulk flow velocity u 1 from the central stream and the gas composition of the central and annular streams (see Tab. 9.1). All the following experiments are conducted at high Reynolds numbers Re 2 to get a fully developed turbulent flow in the annular channel. In this case, the flame length L S does not depend on Re 2 [START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF]. The fuel in the central jet is also always the deficient reactant to avoid combustion between the excess of fuel in the burnt gases with ambient air. Therefore, only flames at globally lean conditions are considered here.

Aside from their effect on the flame length, O 2 enrichment and fuel dilution are known to greatly affect flame stabilization. For instance, Watanabe et al. ( 2015) showed that replacing N 2 by CO 2 in twin premixed oxy-flames can increase or decrease the extinction strain rate depending on the equivalence ratio. [START_REF] Chen | Scalar dissipation rate at extinction and the effects of oxygen-enriched combustion[END_REF] showed that increasing the stoichiometric mixture fraction z st drastically increases the extinction limits of counterflow diffusion flames. For these reasons, only flames well attached to the nozzle are considered in this work. This has been achieved with a high degree of O 2 enrichment in the outer stream : X O 2 ,2 ≥ 0.37 (except for D6 dataset), and without using any bluffbody, confinement or pilot flame, as in [START_REF] Kim | Emission characteristics of the 0.03 MW oxy-fuel combustor[END_REF][START_REF] Kim | Studies on combustion characteristics and flame length of turbulent oxy-fuel flames[END_REF]. Two decades of the momentum ratio J are covered in the following experiments. High levels of fuel dilution in the inner stream and various levels of O 2 enrichment in the outer injection channel are examined.

Typical results for non-swirling flames are presented in Fig. 9.1. They all feature a diffusion flame structure attached to the edge of the central injector and their length changes by a factor four. Swirled flames are shorter in Fig. 9.2 and their opening angle widens as the swirl number S 2 increases.

The dimensionless streamwise coordinate ξ F from [START_REF] Becker | Entrainment, momentum flux and temperature in vertical free turbulent diffusion flames[END_REF] based on the mixing length is of the order of 0.5 indicating that buoyancy effects can be neglected for all configurations explored in this work.

Oxy-flames without annular swirl

In the following experiments the swirl level is set to zero S 2 = 0. The momentum ratio J and the methane molar fraction X CH 4 ,1 in the central stream are varied.

The flame length L s deduced from the images is made dimensionless with the central injector diameter d 1 and its evolution is examined as a function of the near-field parameter Φ m = (J eq 1/2 X st ) -1 , where J eq denotes the equivalent momentum ratio from Eq. ( 9.2).

Figure 9.3a shows results from dataset D1 in Tab. 9.1 in which the oxygen enrichment is set to X O 2 ,2 = 0.47 in the annular stream. Data are plotted for fixed methane molar fractions X CH 4 ,1 varying from 0.40 to 0.93 in the inner jet, the fuel being diluted with nitrogen. Effects of the oxygen enrichment in the annular stream with respect to air are examined in Fig. 9.3b for X O 2 ,2 =0.37 to 0.67. The spread of the color legends emphasizes the broad ranges covered by X CH4,1 and X O 2 ,2 in Fig. 9.3.

Flame lengths L S from datasets D1 and D2 all collapse on the same curve in Fig. 9.3 when results are plotted as a function of Φ m . Modifying the composition X st or the momentum ratio J has a distinct influence on L S . Increasing the fraction of nitrogen N 2 in the inner stream or of oxygen O 2 in the annular jet increases the stoichiometric mixture fraction X st , which moves the stoichiometric mixing length L S closer to the potential core of the central jet. Secondly, increasing the annular momentum ratio J increases the level of turbulent diffusion, which reduces the length of the potential core of the central jet and enhances mixing of both streams. These figures confirm that the two mechanisms successfully account for the measured flame lengths through the use of Φ m . The range of stoichiometric mixture fractions 0.09 ≤ z st ≤ 0.43 covered in this study is wider than previous studies [START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF][START_REF] Alexander Schumaker | Mixing properties of coaxial jets with large velocity ratios and large inverse density ratios[END_REF] conducted with H 2 /O 2 and 0.80 ≤ z st ≤ 0.95. The linear relationship of the flame length with Φ m is still valid for the lowest z st value corresponding to X CH 4 ,1 = 1 and X O 2 ,2 = 0.37. Equation ( 9.1) derived with arguments regarding the development of shear layer instabilities near the inner jet potential core, a situation where z st is large [START_REF] Villermaux | Mixing in coaxial jets[END_REF], appears to remain valid for a large range of z st values. This observation deserves further investigations to understand its roots. Figures 9.3a and 9.3b also indicate that the slope of L S /d 1 deviates from the linear behavior when Φ m ≥ 20. The saturation observed at high Φ m values does not appear to be a bias of diagnostic. The OH* emission is not deteriorated for flames 6 and 7 in Fig. 9.1 and the Otsu contour still well delineates the flame reaction front. In the asymptotical regime reached for vanishingly small impulsion ratios J → 0, turbulent mixing is solely controlled by the inner jet velocity u 1 and the flame length does not depend anymore on the velocity ratio u 2 /u 1 .

Part IV -Non-premixed Flames 271 0 10 20 30 40 In this limit case, one recovers the scaling law from a free single jet exhausting in quiescent air [START_REF] Hawthorne | Mixing and combustion in turbulent gas jets[END_REF][START_REF] Peters | Scaling of buoyant turbulent jet diffusion flames[END_REF]. The transition for the relevant shear velocity from u 2 to u 1 was already mentioned in [START_REF] Villermaux | Mixing in coaxial jets[END_REF], but could not be observed in [START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF]; Alexander [START_REF] Alexander Schumaker | Mixing properties of coaxial jets with large velocity ratios and large inverse density ratios[END_REF], where flames smaller than L S /d 1 = 55 are investigated. The deviation from the linear behavior for L S /d 1 ≥ 75 in Fig. 9.3 is attributed to the transition in a regime where mixing is controlled by the inner jet turbulence.

Φ m = (J eq 1/2 X st ) -1 0 
In the linear regime observed for Φ m < 20, a regression of the data D m in 272 Chapitre 9 -Scaling relations for the length of coaxial oxy-flames Figs. 9.3a-b yields :

D m : L S d 1 = b 1 (J eq 1/2 X st ) -1 + b 0 (9.4)
where b 1 = 3.1 and b 0 = 10.7. These results obtained for N 2 -diluted CH 4 /O 2enriched flames are found to be in good agreement with measurements from [START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF] who report b 1 = 2.7 in their H 2 /O 2 configuration, in which the fuel is the annular jet. Besides, they also found that the constant b 0 used to improve the linear fit mainly depends on the injector geometry and therefore cannot be compared. The line D m from Eq. ( 9.4) serves as a reference in the remaining part of this article.

Oxy-flames with annular swirl

Effects of the swirl level in the annular stream are now examined. Results are first presented for the dataset D3 in Tab. 9.1 obtained for a moderate swirl level S 2 = 0.4 and a slight oxygen enrichment X O 2 ,2 = 0.37 of the oxidizer stream. They are grouped in Fig. 9.4. Nitrogen N 2 used to dilute the central jet is here alternatively replaced by CO 2 and He exhibiting large differences in molar weights. The measured flame lengths L s collapse in these cases again on a single curve in Fig. 9.4 when data are plotted as a function of Φ m , which therefore remains the proper parameter to switch from one fuel stream diluent to another. The stoichiometric mixing lengths lie however below the line D m found for the non-swirling flames (S 2 = 0). This means that addition of the swirl S 2 = 0.4 has uniformly reduced the stoichiometric lengths L s of all flames of dataset D3. Swirling the annular stream is indeed known to enhance the mixing rate and reduce the stoichiometric mixing length [START_REF] Ribeiro | Coaxial jets with and without swirl[END_REF][START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF].

Changes of the annular swirl level S 2 are studied in Fig. 9.5 for the dataset D4 in Tab. 9.1 obtained for a fixed O 2 enrichment X O 2 ,2 = 0.37 in the outer stream. Each dataset color corresponds to a different swirl number S 2 . For a fixed swirl level S 2 , the flame lengths L S collapse again on a single curve as J and X st vary, even at high swirl numbers S 2 > 0.6. For a fixed value of the mixing parameter Φ m , the flame length reduces monotonically as the swirl number S 2 increases.

This behavior may be accounted for by considering the azimuthal velocity u 2,θ to estimate the turbulent velocity scale within the annular jet :

u ∼ |u 2 | u 2 1 + (kS 2 ) 2 1/2 (9.5)
where k is defined as u θ,2 /u 2 = kS 2 . The definition of the geometrical swirl number in Eq. ( 9.3) with a solid-body rotation yields k = 2/ 1 + (d 1 /d 2 ) 2 . 0 10 20 30 40
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.4 -Flame lengths from dataset D3 in Tab. 9.1 obtained for X O2,2 = 0.37 and S 2 = 0.4. D m : Eq. ( 4).

This theoretical value is retained in Eq. ( 9.5) to account for turbulence enhancement due to swirl in the outer jet. This allows to define a new mixing variable Φ S 2 :

Φ S 2 = Φ m 1 + (kS 2 ) 2 -1/2 (9.6)
The data in Fig. 9.5b again roughly collapse on D m established for non-swirling flames provided that Φ m is replaced by Φ S 2 in Eq. ( 9.4) :

L S d 1 = b 1 Φ S 2 + b 0 (9.7)
where the values for b 0 and b 1 are left unchanged. These results indicate that the near-field approach [START_REF] Rehab | Flow regimes of largevelocity-ratio coaxial jets[END_REF][START_REF] Villermaux | Mixing in coaxial jets[END_REF] can be extended to the case of swirling flames, in which the main effect of swirl is the enhancement of turbulent mixing between the central and annular jets. A closer look at the data shows that the scaling law worsen for high swirl levels.

Increasing the outer stream swirl number S 2 from small to moderate values leads to an increase of turbulent diffusion between the two jets, but a sudden change of the flow topology appears at higher values due to vortex breakdown with the formation of a central recirculation zone (CRZ). As reported in Chen 274 Chapitre 9 -Scaling relations for the length of coaxial oxy-flames 0 10 20 30 40 [START_REF] Rehab | Flow regimes of largevelocity-ratio coaxial jets[END_REF]; [START_REF] Villermaux | Mixing in coaxial jets[END_REF]. Bottom : New model Φ S2 accounting for the swirl level S 2 in the outer stream. D m : Eq. (4).

Φ m = (J eq 1/2 X st ) -1 0 
and [START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF], the flame length drastically drops down to L S /d 1 = 5 at high swirl levels. This flow transition is examined by considering experiments made for the dataset D5 in Tab. 9.1. In these experiments the mixing parameter Φ m (corresponding to Φ S 2 =0 ) remains constant and only the annular swirl level S 2 is varied. The flame lengths are reported as a function of S 2 in Fig. 9.6 at different fixed values for Φ m . Predictions from Eq. (9.7) are superimposed to the experimental data. Increasing the annular swirl S 2 leads to a decrease of the flame length L S in a nonlinear fashion, which is well reproduced by Eq. ( 9.7) for swirl numbers lower than S 2 ≤ 0.5.

9.7

Figure 9.6 -Flame lengths from the dataset D5 in Tab. 9.1 as a function of the swirl number S 2 for different values of mixing parameter Φ m . Solid lines correspond to predictions from Eq. (9.7). Symbols with thickened contour designate flames in jet-like regime according to [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF].

The extended model Eq. ( 9.7) also well reproduces the stoichiometric mixing length of the highly swirled flames, but only at high Φ m values. When both the annular impulsion ratio J and the swirl number S 2 are high enough, vortex breakdown drastically alters the flame topology with the formation of a CRZ leading to a much shorter flame length. This is exemplified by flame a featuring a CRZ compared to flames d and e remaining in the jet-like regime in Fig. (9.2). This regime transition is in agreement with results from [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF], who mapped the apparition of the CRZ in a (1/J, S 2 ) diagram. They found that for S 2 > 0.7, the transition from a jet-like to a strongly recirculating regime occurs for J > J c 1, and the critical threshold J c depends on S 2 for S 2 < 0.7. This condition is reproduced in Fig. (9.6), where data for flames expected in a jetlike regime are represented by symbols with a thickened black contour. Flames in a regime with a CRZ according to [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF] are drawn with a thin contour. Equation (9.7) reproduces the measured flame lengths only in the jetlike regime. This corroborates that Eq. ( 9.7) well models mixing enhancement in the jet-like regime due to the additional turbulence generated by the rotation of the outer swirling jet, but does not hold in the CRZ regime, in which mixing is mainly controlled by recirculation of the gases in the central region of the flow.

Physics based scaling relations for the flame length in highly recirculating flows have been proposed for methane/air flames by means of velocity measurements in the recirculating vortex [START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF][START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF]). It is found here that fuel dilution and oxygen enrichment further increase the complexity of the mixing dynamics for these flames featuring a central vortex bubble, for 0 5 10 15 20
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0.33 0.37 0.57 which Eq. ( 9.7) fails to reproduce the stoichiometric mixing length.

Complementary measurements corresponding to the dataset D6 in Tab. 9.1 are analyzed for a swirl number S 2 = 0.8. The O 2 enrichment in the annular stream is varied from X O 2 ,2 = 0.33 to 0.57. The central fuel stream is diluted with N 2 with X CH 4 ,1 = 0.30 to 0.90. Flame lengths are plotted in Fig. 9.7 with respect to Φ S 2 , which again appears as a suitable parameter associated to changes of the central fuel jet composition X CH 4 ,1 and momentum ratio J, but the results are found to also depend on the oxygen enrichment X O 2 ,2 in the annular stream. Flames corresponding to β, γ and δ in Fig. 9.7 are displayed in Fig. 9.2. They share the same value Φ S 2 but feature different stoichiometric mixing lengths. Flame β is small and compact in Fig. 9.2, whereas flame δ is much longer. As this feature is left unexplained by the Eq. ( 9.7) developed in this work, modifications of the mixing degree are attributed to the presence of the central recirculating bubble, as mentioned in [START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF]; [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF]. Besides, the diagram established for the CRZ of methane-air flames in [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF] does not account for the following observation with oxy-flames : flame γ has a higher momentum ratio J than flame β, but flame β is smaller than flame γ in Fig. 9.2.

A more detailed description of the interaction between the flow in the CRZ and the oxidizer annular stream is needed to explain the topology of these flames, but the O 2 concentration in the annular stream seems to be an independent parameter that needs to be considered for highly-recirculating flames.

Conclusion

Modifications of the flame length L s of methane oxygen enriched flames stabilized on coaxial injectors have been investigated over a large set of parameters using OH* chemiluminescence measurements. Effects of dilution of the central fuel stream have first been investigated by varying the fuel molar fraction 0.33 ≤ X CH 4 ,1 ≤ 1 and the diluent nature N 2 , CO 2 and He. Secondly, experiments have been reported for momentum ratio J = ρ 2 u 2 2 /ρ 1 u 2 1 covering a broad range 0.2 ≤ J ≤ 16. Third, effects of oxygen enrichment in the annular oxidizer stream have been investigated from 0.37 ≤ X O 2 ,2 ≤ 0.67. Finally, the swirl number of the annular stream has also been varied up to S 2 ≤ 1.5. This parametric analysis enabled to explore the lengths of oxy-flames through more than 1000 combinations.

In the absence of swirl, the relation proposed in [START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF] has been used to successfully reduce the data for the flame lengths L S on a single line as a function of a single dimensionless mixing parameter corresponding to the inverse of the product of the stoichiometric mixture fraction X st and the square root of the equivalent momentum ratio J eq . The slope of this line has been found to match the one reported for O 2 /H 2 flames with 0.80 ≤ z st ≤ 0.95 in [START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF]; Alexander [START_REF] Alexander Schumaker | Mixing properties of coaxial jets with large velocity ratios and large inverse density ratios[END_REF] within 15%. The current experiments validate this relation for oxy-methane flames featuring a smaller stoichiometric mixture fraction 0.09 ≤ z st ≤ 0.43.

With swirl, the same type of relation with a correction taking into account enhancement of turbulent diffusion due to the azimuthal flow component has been found to well reproduce the length of swirling flames before the apparition of a central vortex bubble. At high swirl levels characterized by a central recirculating flow, it has been found that the flame length also separately depends on the oxygen enrichment in the oxidizer stream.

The current work provides a large database for the lengths of coaxial oxyflames. Given the broad range of operating conditions, the extended scaling law Eq. ( 9.7) may be used to ease the design of coaxial injectors from oxyburners, with eventually a slight swirl in outer stream. Furthermore, the data gathered in this work also yields a large validation database for simulation of stoichiometric mixing lengths in oxy-flames. This database has been completed by a characterization of the flowfield generated by a coaxial injector when both the momentum flux ratio and the outer swirl numbers are varied (see Appendix F).

Chapitre 10

Stabilization mechanisms of non-premixed swirling oxy-flames

An experimental study is carried out to analyze effects of swirl on the stabilization of methane non-premixed oxygen-enriched flames above a coaxial injector in which the two streams are eventually swirled. The mean position of the flame and the liftoff height above the injector lips are investigated with OH * chemiluminescence images. The oxygen enrichement, the momentum flux ratio between the two co-flows, the swirl level inside the central jet and the swirl level in the annular jet are varied. In the absence of swirl in the central stream, the flame is always attached to the lips of the internal injection tube. As the inner swirl level increases, the flame front located at the lips of the internal injection tube disappears. When the annular swirl level is high enough to create a central recirculating bubble, the flame detaches from the nozzle rim and remains lifted at a finite distance above the injector. Increasing the oxygen concentration shifts this transition to smaller momentum flux ratios and smaller annular swirl levels. The liftoff distance can be finely tuned and depends on the inner and outer swirl levels, and on the momentum flux ratio between the two coaxial streams. This feature neither depends on the confinement of the injector inside a combustion chamber nor on the heat load exerted by the hot burnt gases on the injector back plane. About 1000 configurations are investigated. All flames can be classified into only four distinct stabilization modes, in which the flame structure is shown to follow a similar pathway when the momentum flux ratio between the two streams, the swirl level in the central and external streams and the quarl angle of the annular stream are varied. It is finally shown how these limits are altered when the oxygen concentration in the annular oxidizer stream is varied from air to oxygen-enriched operation. 

Introduction

Flame stabilization above an injector nozzle is one of the main critical issue for the lifespan of the burner. The injecting device must provide proper conditions for the combustion process but also limit the thermal stress imparted to the burner. In many non-premixed systems, separation of the reactants is achieved by placing an inner fuel tube inside the oxidizer stream. Flame attachment is in this case favored in the wake of the metallic injector components, which are submitted to high temperatures and high thermal loads. This issue is particularly salient for oxy-combustion operations, in which cases the high reactivity of the mixture promotes flame attachment that may damage the injector [START_REF] De Persis | Effects of O2 enrichment and CO2 dilution on laminar methane flames[END_REF].

Oxy-combustion has already proven its economic viability, especially in the glass-industry [START_REF] Baukal | Oxygen-enhanced/natural gas flame radiation[END_REF], and is currently seen as one of the most promising technology for carbon capture and storage (Cieutat et al. 2009a;[START_REF] Toftegaard | Oxy-fuel combustion of solid fuels[END_REF]. Replacement of air by pure oxygen increases the flame temperature [START_REF] De Persis | Effects of O2 enrichment and CO2 dilution on laminar methane flames[END_REF], reduces fuel consumption and the volume of flue gases. In some cases, it may also be used to reduce NOx emissions [START_REF] Ivernel | Etude expérimentale de l'amélioration des transferts convectifs dans les fours par suroxygénation du comburant[END_REF][START_REF] Samaniego | Mechanism of nitric oxide formation in oxygen-natural gas combustion[END_REF].

Increasing the stoichiometric mixture fraction z st drastically extends the extinction limits of counter flow diffusion flames [START_REF] Chen | Scalar dissipation rate at extinction and the effects of oxygen-enriched combustion[END_REF]. The development of new technologies with oxygen enriched air leads to systems operating with highly reactive mixtures [START_REF] De Persis | Effects of O2 enrichment and CO2 dilution on laminar methane flames[END_REF]) and with increased stoichiometric mixture fraction values z st , both leading to a better flame resistance to aerodynamic strain. These conditions favor flame attachment to the injector nozzle in non-premixed conditions. One proven solution used in oxy-burners in the glass industry to avoid flame attachment to the burner lip is to inject apart the fuel and the oxidizer with separated jets [START_REF] Boushaki | The behaviour of lifted oxy-fuel flames in burners with separated jets[END_REF]). The length between the edge of the burner and the root of the flame, also called liftoff height, can be tuned with this type of technology (Yon and Sautet 2012). However, in many systems in which space is limited, coaxial burners are preferred.

Controlling the liftoff height above coaxial injectors operating in the turbulent regime has been the topic of many investigations. The liftoff mechanism has either been explained by the extinction of laminar flamelets [START_REF] Peters | Liftoff characteristics of turbulent jet diffusion flames[END_REF], the formation of turbulent fully premixed flames [START_REF] Vanquickenborne | The stabilization mechanism of lifted diffusion flames[END_REF][START_REF] Kalaghatigi | Lift-off heights and visible lengths of vertical turbulent jet diffusion flames in still air[END_REF] or with the apparition of triple flames [START_REF] Ko | Propagation of unsteady tribrachial flames in laminar non-premixed jets[END_REF], which has led to the edge-flame theory [START_REF] Buckmaster | Edge-flames and their stability[END_REF][START_REF] Karami | Edge flame structure in a turbulent lifted flame : a direct numerical simulation study[END_REF]. It is now established that edge-flames play a fundamental role in non-premixed lifted flames [START_REF] Su | Experimental investigation of stabilization mechanisms in turbulent, lifted jet diffusion flames[END_REF][START_REF] Lyons | Toward an understanding of the stabilization mechanisms of lifted turbulent jet flames : experiments[END_REF][START_REF] Lamige | On preheating and dilution effects in non-premixed jet flame stabilization[END_REF]. This theory implies a certain degree of premixing at the root of the flame accounting for flame propagation. In this description of the liftoff phenomenon, it is commonly assumed that the co-flow velocity remains low and therefore does not play a major role in flame attachment and flame liftoff. However, [START_REF] Brown | Studies on lifted jet flames in coflow : the stabilization mechanism in the near-and far-fields[END_REF] reported that a minor change in the air co-flow velocity u z,2 (u z,2 = 2 m.s -1 ) already alters the trends established compared to a jet flames issuing in quiescent air. The same observations were recently reported for turbulent jet flames exhausting in a high pressure vessel (Guiberti et al. 2019).

In many previous investigations, the co-flow velocity of the oxidizer stream remains small. For air powered injectors, lifted flames are only observed for small values of the air co-flow velocity. [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF] could only operate his coaxial burner with air velocities u z,2 < 0.5 m.s -1 for a central methane stream and with u z,2 < 8 m.s -1 when methane is replaced by hydrogen. Above these values the flames are blown off. It is well-known that air powered flames are difficult to stabilize on a coaxial injector rim when the air velocity exceeds about 10 m.s -1 [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF][START_REF] Kim | Emission characteristics of the 0.03 MW oxy-fuel combustor[END_REF][START_REF] Kim | Studies on combustion characteristics and flame length of turbulent oxy-fuel flames[END_REF]), whereas O 2enriched flames easily withstand these operating conditions. With the growing interest in oxy-combustion, one needs to further investigate how to control flame attachment when the velocities in the oxidizer annular stream are high.

Providing a rotational motion to the annular stream of a coaxial injector is widely used to improve fuel mixing with the oxidizer [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF][START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF][START_REF] Feikema | Enhancement of flame blowout limits by the use of swirl[END_REF]Degenève et al. 2019). Another well-known advantage of a highly swirled flow is the formation of a central recirculation zone (CRZ), which favors flame stabilization downstream the injector thanks to the presence of low velocities and recirculation of hot burned gases (Syred et al. 1971). The height of the stagnation point of the CRZ scales as J -1/2 where J = ρ 2 u 2 z,2 /ρ 1 u 2 z,1 is the momentum flux ratio [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF]).

oxy-flames

The impact of the swirl in the central fuel stream is less well documented. In non-reacting conditions, swirling the inner stream has been shown to push the CRZ upstream [START_REF] Truelove | Flow, mixing and combustion within the quarl of a swirled, pulverised-coal burner[END_REF][START_REF] Dixon | Aerodynamic studies on swirled coaxial jets from nozzles with divergent quarls[END_REF]Mahmud et al. 1987a).

In reacting conditions, [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF] made a detailed analysis of the role of the inner swirl and reported that adding a swirl motion to the central fuel stream alters the flame structure and flame stabilization. His study conducted with H 2 /air and CH 4 /air flames showed that adding a swirl S 1 increases the probability of liftoff and decreases the probability of blowoff. However, flames in [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF] were only investigated in a regime where the velocities u z,2 in the annular stream are one order of magnitude below the inner fuel velocity u z,1 . This leads to flames dominated by the inner jet momentum in the limit J 1.

In many industrial applications, the difference between the velocities in the central and annular streams is not that high while the velocities of the oxidizer annular stream could be high as well. These systems operate at higher values of the momentum ratio J typically larger than J > 0.5. This has motivated the current study, in which the flow injection conditions in both streams are extensively varied to unravel the main parameters controlling flame stablization with high velocities in the annular oxidizer channel.

The article is organized as follows. The experimental setup is described in section 10.2. Experiments are first reported without swirl in the central fuel stream in section 10.3. Effects of the central swirl level are analyzed in section 10.4, followed by effects of confinement in section 10.5. Changes of the injector geometry are examined in section 10.7 by modifying the quarl angle of the annular injector. Influence of the O 2 -enrichment is finally investigated in section 10.8. These experiments are used to identify the mechanisms altering flame stabilization above coaxial swirling injectors.

Experimental setup

The test rig is the Oxytec combustor which has already been used to investigate effects of swirl [START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF]) and of the diverging cup of the burner in chapter 5 on the stabilization of technically premixed flames.

The combustion chamber is represented in Fig. 1.4 and the injector is sketched in Fig. 1.5. The injector comprises a central tube of inner diameter d 1 = 6 mm which conveys the methane flow, and an annular channel of outer diameter d 2 = 20 mm filled with O 2 -enriched air. The thickness of the burner lips is e = 1 mm. In some experiments, the annular channel eventually ends with a quarl angle α (see Fig. 10.10). Rotational motions are provided to both the central and the annular streams. Given the number of parameters considered in this study, it was not possible to investigate co-and counter-rotative swirling vanes. The choice of counter-rotation is indeed as interesting as co-rotation, but the latter choice is retained here. A comparison study is planned to compare co-rotating and counter-rotating operations. The inner stream is swirled with the help of four removable sets of axial twisted vanes with trailing edge angles θ 1 = 0, 30, 50 and 60 • . Assuming a solid-body rotation of the inner fuel stream, the geometrical swirl number S 1 is given by S 1 = 1/2 tan(θ 1 ) =0, 0.29, 0.60 and 0.87. Each swirler is composed of four blades which cover the whole cross section area with a slight overlap as illustrated in Fig. 1.5(c). The inner swirler is set with a recess of 2d 1 upstream the injection plane. The swirling motion in the annular oxidizer stream is generated with four tangential slits as shown in Fig. 1. 5(b). The distribution of the axial Q 2,z and tangential Q 2,θ volume flowrates provides an adjustable swirl level S 2 that can be varied during operation of the injector (Fig. 1.5(a)). With the same solid-body rotation hypothesis on the structure of the annular flow, the geometrical swirl number S 2 in the annular channel is given by :

S 2 = π 4 Hd 2 N lL 1 -(d 1 /d 2 ) 4 1 + Q 2,z /Q 2,θ (10.1) 
where H = 9 mm is the distance separating the tangential injection channels from the burner axis, l = 3 mm the width and L = 10 mm the height of the N = 4 tangential injection channels regularly distributed around the circumference of the outer tube (see Fig. 1.5(b)). This system provides an outer swirl number S 2 ranging from 0 up to 1.23. The inner fuel stream and the oxidizer annular stream are mixed downstream the injector, in the combustion chamber whose main dimensions are given in Fig. 1.4. The injection plane of the coaxial injector is located 5 mm above the back plane of the combustor to ease imaging the flame root and flame liftoff height. This height defines the axial origin z = 0, and there is no recess between the central and the outer injection tube outlets.

Most experiments are conducted with an oxygen mass fraction set to Y O 2 ,2 = 0.40 in the oxidizer stream. Effects of the O 2 -enrichment are examined in section 10.8 in which it is varied from Y O 2 ,2 = 0.23 to simulate air powered flames to Y O 2 ,2 = 0.50. Higher oxygen levels could not be reached with this setup.

Flame shapes and liftoff characteristics are investigated over a large range of operating conditions. One can attempt the following dimensional analysis. The axial and tangential mass flow rates, the pressure, the preheat temperature of the reactants and the geometry of the combustion chamber can be gathered in dimensionless numbers that describe the aerodynamics of the flow. This leads to define a Reynolds number Re 2 = ρ 2 u z,2 D h /µ 2 based on the hydraulic diameter D h = 12 mm of the annular injection channel, the momentum flux ratio J = ρ 2 u 2 z,2 /ρ 1 u 2 z,1 , two swirl numbers S 1 = 1/2 tan(θ 1 ) and S 2 given by Eq. ( 10.1), a confinement ratio C r defined in section 10.5 and the quarl oxy-flames opening angle α of the diffuser. Influence of the aerodynamics on flame attachment constitutes the motivation of this study. Among the physical parameters, the pressure, the temperature of the preheated reactants and the level of O 2enrichment also modify the chemistry, which can be related to a Damköhler number Da = τ t /τ c where τ t is a turbulent characteristic time scale and τ c is a chemical time scale estimated by τ c = δ l /S L where δ l and S L are respectively the flame thickness and the laminar burning velocity of a one-dimensional premixed flame at stoichiometry. The Damköhler numbers have been computed for CH 4 /air flames ranging from ambient conditions to gas-turbine operations. Effects of O 2 -enrichment has also been computed at ambient conditions. It results that pressure, preheating temperature and O 2 -enrichment drastically increase the Damköhler number. This analysis is shown in section 3.1.3 with the chemical time scale. For practical reasons, the influence of chemistry kinetic on flame attachment is therefore approximated in this study by varying the O 2enrichment in the oxidizer annular stream. This enables to vary the Damkölher number over about one order of magnitude at ambient conditions.

The dimensionless numbers controlling the aerodynamics are extensively varied in this study. The inner swirl number S 1 and outer swirl number S 2 both span regimes without and with vortex breakdown. The momentum flux ratio J between the annular and central jets is varied by changing the axial inner fuel velocity u z,1 . The axial velocity in the annular oxidizer stream u z,2 remains fixed to u z,2 = 15 m.s -1 in these experiments. This sets the annular flow in the turbulent regime with an outer Reynolds number Re 2 = 12, 000. The thermal power P and the global equivalence ratio Φ do not depend on S 1 nor S 2 but are correlated to J, varying from P min = 6.6 kW and Φ min = 0.28 when J = 8 up to P max = 22 kW and Φ max = 0.9 when J = 0.75. Tests, not shown here, have been carried out to determine the influence of the outer Reynolds number Re 2 , which is proportional to the thermal power P , for a fixed momentum flux ratio J. In most of the explored cases, increasing Re 2 from 12,000 to 20,000 does not change the flame topology. The topologies detected are altered by the Reynolds number only for small values.

In the following experiments, the non-premixed flames are designated either as attached to the injector rim or lifted further downstream. There is however a range of operating conditions in which the flame can be intermittently stabilized in both regimes. This work does not aim at studying this hysteresis phenomenon [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF], which is not desirable from an industrial perspective. Choice is made here to designate the flames as attached if they lie in the dual state regime. This is done by always starting the burner in a regime where the flame is attached to the injector rim. The flowmeters are then progressively tuned to reach the desired point of interest. The lifted flames presented in this work are therefore the ones which cannot lie in the attached regime. OH * images are recorded with an ICCD camera with a bandpass filter centered on λ = [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]). The gray elements delineate at scale the solid components of the test rig. 310 ± 5 nm (Asahi XBPA310-Bandpass). Images are focused on an axial plane crossing the burner axis and the recording time ∆t=30 ms is long compared to the largest turbulent time scales of the flow. Images are averaged with 100 snapshots. The Otsu thresholding method [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]) is chosen to infer the flame front location from OH * images [START_REF] Wang | Turbulent jet diffusion flame length evolution with cross flows in a sub-pressure atmosphere[END_REF] as in chapter 9. The liftoff height L f is determined as the lowest point of the Otsu contour as presented in section 2.2.4.

Flame stabilization without inner swirl

The flame topologies are first examined without swirl S 1 = 0 in the central fuel stream by removing the axial swirling vane. The momentum flux ratio is varied from J = 0.75 to 8 and the annular swirl number S 2 from 0 to 1.1. It turns out that all these flames can be stabilized on the injector without being blown off. This feature is attributed to the high resistance to strain of the O 2 -enriched flames.

Nine selected flames are presented in Fig. 10.1 with three different outer swirl numbers S 2 =0.6, 0.8 and 1, and three momentum flux ratios J = 8, 3 and 1. In the absence of outer swirl S 2 = 0, the flames feature a jet-like shape. When S 2 increases, the flame shortens and the opening angle of the reaction zone widens, resulting in the formation of a stable CRZ as depicted in Fig. 10.1 for S 2 = 1.

The appearance of the central vortex bubble depends both on the values of J and S 2 , in compliance with the results of Chen and Driscoll [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF]).

When the momentum flux ratio J increases, the flame becomes more compact due to two distinct mechanisms. First, increasing the annular stream velocity compared to the central one enhances turbulent mixing between the reactants, which diminishes the length needed for the fuel and air to reach stoichiometry [START_REF] Villermaux | Mixing in coaxial jets[END_REF]. This mechanism fully determines the length of coaxial non-swirling flames when the momentum flux ratio J is not too low [START_REF] Schumaker | Coaxial turbulent jet flames : Scaling relations for measured stoichiometric mixing lengths[END_REF]Degenève et al. 2019). Scaling laws obtained in this way have been shown to also well describe the length of coaxial swirling flames, provided that they remain in the jet-like regime (see chapter 9). Secondly, when both the momentum flux ratio J and the annular swirl number S 2 are high enough, the flow field is strongly modified with the appearance of a stable CRZ that pushes the reaction zone upstream and makes the flame more compact.

All the investigated flames in this first set of experiments are well attached to the lips of the central tube. This feature is exemplified in Fig. 10.1 showing the OH * emission distribution of nine selected flames. These observations remain valid for all the 91 operating conditions investigated when S 1 = 0, 0.75 ≤ J ≤ 8 and 0 ≤ S 2 ≤ 1.1. Flame images of the OH * emission intensity collected with a short exposure time ∆t = 1 µs, not shown here, always detect OH * light close to the injector lip.

The flame front starts at the edge of the internal injector rim, which is the most upstream point where the methane and the oxidizer meet. For flames obtained with a high outer swirl number S 2 , the OH * peak emission slightly shifts radially above the oxidizer stream, as in the top row images in Fig. 10.1 when S 2 = 1. In these conditions, the CRZ lies just above the central injection tube outlet so that a small fraction of the methane stream is pushed toward the annular channel upstream within the oxidizer flow. This yields a diffusion flame front anchored in the annular stream a few millimeters below the injection plane. This reaction taking place inside the annular channel is not visible from the view angle of Fig. 10.1 due to the surrounding metallic components of the burner, but is clearly visible in images taken from the top view above the injector (not shown here). Though this flame protruding inside the injector is not entirely attached, it cannot be considered lifted either. In all experiments carried out in absence of inner swirl S 1 = 0, it was not possible to lift the oxy-flames with Y O 2 ,2 = 0.40. These flames remain attached to the injector nozzle lip. In this stabilization mode, the injector nozzle is submitted to high thermal stress.

Effect of inner swirl on flame stabilization

A swirl motion is now provided to the central fuel stream with the help of one of the three axial swirling vanes placed in the central tube. The value of the inner swirl number is varied from S 1 = 0 to S 1 = 0.87 depending on the twisted vane which is used. The flames are investigated at the same operating conditions as in section 10.3. The momentum flux ratio is varied from J = 0.75 to 8 and the outer swirl number S 2 from 0 to 1.1. When the swirl level in the annular oxidizer stream is small S 2 < 0.6, flames in the jet-like regime blow off. For higher levels of annular swirl S 2 , changes of flame patterns induced by an increase of the inner swirl number S 1 are presented for three pairs of values oxy-flames J, S 2 in Fig. 10.2. On the left, the OH * signal is integrated along the line of sight. The flames feature a discernible reaction front when stabilized close to the combustor dump plane. This enables to perform a reliable Abel deconvolution of the signal to get the OH * distribution in an axial plane crossing the burner axis. These Abel deconvoluted images help to better estimate the flame front position and are presented on the right in Fig. 10.2.

When an inner swirl S 1 > 0 is imparted to the central flow, the flames are not all attached to the central injector nozzle anymore. In many cases, the reaction layer stabilized at the edge of the central fuel tube disappears and the flame is stabilized further downstream from the injector nozzle outlet. The selected set of images depicted in Fig. 10.2 points out that different values of S 1 are needed to lift the flames depending on both the values of the momentum flux ratio J and the outer swirl number S 2 . At the top in Fig. 10.2, the outer swirl number is high S 2 = 0.85. For this annular swirl level, the only lifted flame is the one featuring the highest inner swirl number S 1 = 0.87. In the bottom row in Fig. 10.2, when the outer swirl is reduced to S 2 = 0.65 and the momentum flux is high in the central stream with J = 1, even a small swirl level S 1 = 0.29 leads to a lifted flame. In this case, the flame is stabilized far away from the injector nozzle outlet at a height L f equal to L f /d 1 = 8. Though the liftoff height is large, fluctuations of the flame position remain relatively weak. These flames remain stable and are not subject to blowoff. In this regime, increasing further the value of the inner swirl number S 1 decreases the liftoff height from L f /d 1 = 13 when S 1 = 0.29 down to L f /d 1 = 8 when S 1 = 0.87. A similar behavior was identified in [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF]).

Impact of the inner swirl on the flame stabilization is now further analyzed with the help of flame images in the visible spectrum. In Fig. 10.3, the same set of flames is displayed as in Fig. 10.2. The flame averaged emission in the visible range is collected with a camera (Nikon 7000D, Sigma lens 70-300 mm) and a long exposure time ∆t = 1 s. In the absence of inner swirl S 1 = 0, flames are in the jet-like regime as in the bottom left corner in Fig. 10.2 and are attached to the nozzle rim. They feature a blue reaction zone at their root, but one sees that they become yellow and orange further downstream. This yellow/orange color indicates soot production. This is also the cases for flames featuring a CRZ at top left corner in Fig. 10.2, even though soot production is reduced. When the inner swirl number S 1 increases, this yellow/orange signal progressively vanishes and the flames feature a deep blue color in the third and fourth rows in Fig. 10.2. These observations indicate that the inner swirl improves mixing for both attached and lifted flames.

The liftoff height has been determined for a large set of momentum flux ratio J and annular swirl number S 2 using the OH * images recorded along the line of sight. This yields the stabilization chart drawn in Fig. 10.4 delineating the operating conditions between flames attached to the central injector rim and the lifted ones. This chart has been determined for the three swirling vanes inserted in the central stream yielding increasing swirl levels S 1 . It clearly appears that flame attachment independently varies with the three parameters J, S 1 and S 2 . Under the covered operating conditions, a necessary condition to lift the flame is that the inner swirl number S 1 differs from zero S 1 > 0. This condition is however not sufficient, and liftoff is obtained either by increasing S 1 above a threshold level, or by decreasing S 2 or J.

The fact that flame detachment highly depends on J is at variance with results from [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF]. In this study where J 1, the author reported that the liftoff transition remains unaltered by the co-flow velocity in the annular injection tube. As underlined in the introduction, this illustrates that the physics controlling flame stabilization above a coaxial injector differs when the annular oxidizer velocity is not small compared to the central fuel velocity. One recalls that the outer swirl and inner swirl are co-rotating in the present study. It is remarkable that in these conditions, swirl needs to be conferred to the central fuel flow in order to detach the flame from the central nozzle rim. This constitutes one important finding of this work. It has been verified that this feature is not due to the insertion of an obstacle in the central tube. A vane with a vanishing blade angle θ 1 = 0 • has been introduced and flames remained all attached to the injector rim in this configuration independently of the values set for J and S 2 .

The position of the flame front is now analyzed in more details with the help of the deconvoluted images on the right side in Fig. 10.2. As described in section 10.3, without inner swirl S 1 = 0, all flames are stabilized in the jet-like regime at the nozzle lip of the central injection tube as shown in Fig. 10.1. This stabilization mode is the same for the jet flames without annular swirl S 2 = 0 and for the swirled flames S 2 > 0. The only difference is that the opening angle of the reaction layer widens with the outer swirl number S 2 . When a swirl motion S 1 > 0 is added to the central fuel stream, the flames feature four distinct topologies which are sketched in Fig. 10.5 in an axial plane through the burner :

• Type A flames are also named ring-stabilized jet flames. The reaction layer is anchored on the lip of the central injector and a diffusion flame develops in the shear layer where the fuel and oxidizer streams meet at stoichiometry. These flames are stabilized in the jet-like regime as in the bottom row in Fig. 10.1 with a round concave flame tip. They may also eventually feature a CRZ as in the top left image in Fig. 10.1. • Type B flames feature two distinct reaction layers. The first reaction layer is the Type A diffusion jet flame stabilized at the rim of the central injector. This first reaction zone is completed at the top by a second reaction layer away from the injector and labeled Type C flame with a V shape. In this second reaction layer, the fuel burns with vitiated hot air. Type B flames remain anchored on the central nozzle lip. • Type C flame is a flame for which the Type A diffusion jet flame front has disappeared. The reaction layer is now only located between the fuel stream and the CRZ where the recirculating hot gases and the oxidizer are mixed. Though the flame is stabilized close to the injector, the flame front is not in contact with any metallic component. The flame is therefore lifted and fully aerodynamically stabilized. In this mode, the liftoff height remains small L f /d 1 < 1. • Type D flame has the same topology as Type C flame, but it is stabilized further downstream from the injector outlet with L f /d 1 > 1. As reported in Fig. 10.2, the liftoff height is in this mode very sensitive to the injection conditions. Transition from Type A to Type B flames is smooth. When type A flames with S 1 = 0 feature a CRZ, the reaction front between methane and the CRZ is diffuse and hardy discernible (see Fig. 10.2). This is attributed to the momentum of the non-swirling inner jet that pushes the reaction zone downstream. For Type A flames featuring a CRZ, the flame front close to the CRZ is diffuse. Conversely, a type B flame features a bright V flame front between the methane stream and the CRZ. The higher swirl level in the inner jet favors vortex breakdown which places the CRZ more upstream. Transition from type B to type C flames is steeper. As soon as the diffusion reaction layer in the shear layer between the two coaxial streams has disappeared, the lifted V flame produces more sound and cannot return back to the type B shape without large modifications of the operating conditions.

Flames are now analyzed with both deconvoluted images to identify where the oxy-flames flame is stabilized and line of sight images which are more representative of the size and volume occupied by the flame. As shown in Figs. 10.2 and 10.3, compactness of the flame is drastically impacted by the inner swirl number S 1 . One must recall that the Reynolds number in the annular stream is kept fixed and equal to Re 2 =12,000 in these experiments. At the top row in Fig. 10.2, the momentum flux ratio is J = 4, only the inner swirl number S 1 differs between the four flames. For these injection conditions, the thermal power P = 9.4 kW and global equivalence ratio Φ = 0.35 are fixed. An increase of the inner swirl number S 1 sharply increases the flame compactness and decreases the flame length. It can be further seen that the gain of compactness is directly correlated to the transition from Type B to Type C regimes. This is also well illustrated in the middle row in Fig. 10.2 for J = 8 and S 2 = 0.8.

A complete characterization of the stabilization mechanism of these flames requires more elaborated diagnostics. At this stage, one may already attempt the following conjecture. In Type A and Type B regimes, a diffusion flame front is anchored to the central nozzle rim. When swirl is high enough, a central recirculation bubble forms in this flow. This CRZ cannot however settle close to the injector outlet due to burned gas acceleration produced in the central flow by the diffusion reaction layer anchored on the burner rim. When this diffusion reaction layer disappears and the flame stabilizes in Type C regime, the CRZ is no longer pushed by the burned gases and can freely protrudes further upstream. This in turn largely shortens the flame length. It is worth mentioning that the inner fuel tube only provides a small amount of the total mass flow rate and axial momentum flux. In these conditions, it has been shown that even small variations of the inner swirl number have a large impact on the flame and flow patterns.

Effect of confinement and thermal environment

It is now worth considering how confinement due to the combustion chamber sidewalls affects the flame topology. A criterion based on the confinement ratio C r = W 2 /(πr 2 2 ), where W = 150 mm is the width of the square combustion chamber and r 2 = 10 mm the outer radius of the annular stream is used to discriminate whether aerodynamics effects caused by the confinement need to be considered [START_REF] Fanaca | Comparison of the flow field of a swirl stabilized premixed burner in an annular and a single burner combustion chamber[END_REF][START_REF] Mongia | Engineering aspects of complex gas turbine combustion mixers part iii : 30 opr[END_REF]. It has been shown in chapter 5 with premixed flames that the Oxytec combustion chamber operates in a freejet regime. Besides, wall temperatures at the injector nozzle lip [START_REF] Juniper | Structure and stabilization of cryogenic spray flames[END_REF], along the combustion chamber back plate and in the outer recirculation zones [START_REF] Chong | Influence of strain and heat loss on flame stabilization in a non-adiabatic combustor[END_REF]Guiberti et al. 2015a) can also affect flame stabilization and the liftoff height by pre-heating the gases.

In order to verify whether the presence of the combustion chamber sidewalls is responsible for the previous observations, experiments are now carried out without any combustion chamber. The same injector is used, but the flames are stabilized in quiescent atmosphere above the same chamber back plane and at the same flow operating conditions as in section 10.4 for a central swirl level S 1 = 0.87. In the absence of combustion chamber, the injection device does not heat up and remains at ambient temperature T 0 = 293 K, except for the tip of the inner tube. This new configuration of the burner prevents (i) the reactants from pre-heating (ii) the formation of an outer recirculation zone filled with hot burned gases and (iii) changes of the gas composition of the flow entrained by the annular oxidizer jet.

Results are shown in Fig. 10.6. Line of sight integrated OH * intensity distributions are represented for nine flames featuring different values of momentum flux ratio J and outer swirl number S 2 . The gray elements delineate at scale the solid components of the test rig. Flames at the same operating conditions are presented without confinement on the left (the dump plane is narrow), and with confinement on the right (the lower half of the combustion chamber is represented). Though the flame topology may exhibit different behaviors downstream the central recirculation zone or at the top of the flame, the main result is that changes of the flame leading edge position are hardly discernible with or without combustion chamber. The stabilization mode of the flame does not depend on the presence of the combustion chamber. Only 9 flames are presented in this figure, but the same features have been observed for a set of 60 flames covering the range of momentum flux ratio 1 ≤ J ≤ 8 and outer swirl number 0.6 ≤ S 2 ≤ 1. It turns out that all the flames investigated could be stabilized without the combustion chamber, and that the leading edge of the flame features exactly the same topology as the ones identified in the confi-oxy-flames ned configuration. The only differences are observed further downstream the injector rim, where confinement strongly modifies the flame topology. It can be further noticed that the similarity of the flame topology with and without confinement remains excellent even for Type D flames when the liftoff height is large L f /d 1 = 8 as at the bottom right corner in Fig. 10.6. The coaxial injector hence confers a swirling flow pattern which stabilizes the flame without being much affected by the external conditions. It is therefore concluded that the impact of the confinement on the flame pattern is very limited at the root of the flame. Neither the presence of an outer recirculating flow with burned gases nor pre-heating of the reactants by the hot solid components of the combustor nor the gas composition of the entrained flow seem to alter flame attachment to the central nozzle lip nor the liftoff height above the injector for these air enriched flames with Y O 2 ,2 = 0.40.

Effect of Reynolds number or thermal power

For a fixed geometry, the injection conditions depend on the outer Reynolds number Re 2 and the momentum flux ratio J. It is recalled that Re 2 is fixed in this study to Re 2 = 12, 000. Impact of the outer Reynolds number Re 2 is now investigated by varying Re 2 in the annular oxidizer stream from 4000 to 20,000 and with 14 couples of J and S 2 values. The inner swirl number is set to S 1 = 0.87. Figure 10.7 shows flame images for three selected cases and five increasing Reynolds numbers. The thermal power being proportional to the product of Re 2 and 1/ √ J, it is varied by changing the values of Re 2 . The value of the thermal power is also reported for each configuration. Three different behaviors are reported. In the first row in Fig. 10.7 for J = 8 and S 2 = 0.95, the flame topology is the same for the five levels of Re 2 or power. In the second row for J = 0.75 and S 2 = 0.70, the flame topology now changes with the Reynolds number. An abrupt transition takes place for injection with a Reynolds at a value slightly below the Reynolds number Re 2 =12,000. The flame topologies do not depend on the Reynolds number once this threshold Reynolds number is reached. This prevails for 12 couples of values (J,S 2 ) among the 14 investigated. This indicates that the influence of the power or the Reynolds number is limited. Among the two remaining couples of values (J,S 2 ), the worst case corresponds to the third row in Fig. 10.7. The flames exhibit a type A regime for Re 2 <12 000, a type C regime at Re 2 =12 000, and a type D regime at Re 2 >12 000. This means here that the Reynolds number, or the power, has an influence on the flame topology. However, this statement needs to be taken with caution. The flame at the bottom right corner looks like a type D flame, but can also be seen as a type C flame due to the OH * signal at the centerline of the flame root. The couple J=4,S 2 =0.70 therefore is close to type C to type D transition, so that small modifications of the injection conditions have a large influence on the flow regime. A transition of flame stabilization at a higher value than Re 2 =12 000 could eventually take place. However, it has been shown that the flame topology is less sensitive to changes of the power or Reynolds number, than changes of the momentum flux ratio J.

Effect of quarl

The effect of replacing the straight annular injection tube by a diverging cup is analyzed in this section. As sketched in Fig. 10.10, the outlet section of the oxidizer annular stream is equipped with a quarl in which the cross section area is increased. The reactants are injected at the same operating conditions as in section 10.4. Choice has been made to keep the same definition for the momentum flux ratio J and the outer swirl number S 2 , which are based on the axial and tangential velocities upstream of the quarl. This allows to operate the system with the same mass flows as in the previous section. Experiments are only conducted here for the axial swirling vane yielding the highest swirl number S 1 = 0.87 in the central fuel stream. This corresponds to configurations where stable flames could easily be lifted with a straight injector. Injectors with three quarl angles in the annular stream were tested with α = 5 Results are compared to the straight annular injector with α = 0 • in Fig. 10.8. Only the Abel deconvoluted OH * intensity emission is presented for nine selected flames. The same topologies as in Fig. 10.2 can be identified when J, S 2 and S 1 vary. The transition between Type B and Type C flame is observed for different values of the quarl angle α depending on the values taken by J and S 2 . This transition is plotted in Fig. 10.9 with respect to J and S 2 for the four values of the quarl angle α. When the quarl increases, the liftoff height decreases and the flame remains attached to the central fuel nozzle lip for a wider range of operating conditions. Along with the outer swirl number S 2 and the momentum flux ratio J, increasing the quarl angle α therefore reduces the liftoff height and strongly promotes flame attachment. It is worth examining whether the impact of the quarl angle α can be explained by the evolution of J or S 2 through the change of cross section area of the annular nozzle. First, it is clear that the axial velocity u z 2 of the oxidizer stream decreases in the annular diffuser while the axial velocity u z 1 of the fuel inside the straight central tube remains unaltered. This for example leads to a drastic oxy-flames decrease of the momentum flux ratio J of about 60% when the quarl angle is set to α = 10 • compared to a straight injector. Secondly, it has been shown in chapter 5 that the swirl number cannot increase when passing through a diverging cup. Increasing the quarl angle α either decreases the swirl number when pressure terms are included in its definition, or it leaves the pressureless swirl number S 2 unaltered when effects of pressure are discarded. As a , increasing the quarl angle α barely changes the outer swirl number S 2 , but leads to a decrease of the momentum flux ratio J.

It has been shown that decreasing J largely promotes flame detachment and increases the liftoff height. As the opening of the quarl angle rather provokes flame attachment, its impact on flame stabilization and flame topology in Fig. 10.8 cannot therefore be correlated with changes of J and S 2 . This makes the quarl angle α a new independent parameter to control the flame liftoff, as already demonstrated for premixed flames in chapter 5. Its impact is interpreted as follows. Flame attachment observed in Figs. 10.8 and 10.9 is attributed to a lower position of the leading stagnation point of the CRZ. When the swirling jet angle widens thanks to an increase of the quarl angle α, the adverse pressure gradient in the quarl increases diminishing the height of the stagnation point (see chapter 5). The position of the flame leading edge lying close to this stagnation point of the CRZ is therefore lowered.

Effect of oxygen enrichment

So far, only the aerodynamic characteristics of the flow inside the combustion chamber were modified. It is finally worth exploring effects of chemistry with the help of a Damköhler number. This number is varied by modifying the level of oxygen enrichment in the annular stream. Impact of the O 2 -enrichment on flame topology is analyzed with OH * deconvoluted images in Fig. 10.11 and with a stabilization regime map in Fig. 10.12. As in the previous section, experiments are reported for a fixed inner swirl number S 1 =0.87. The oxygen mass fraction Y O 2 ,2 ranges from 0.23, corresponding to an air mixture, to 0.5. For a fixed momentum flux ratio J, increasing Y O 2 ,2 leads to a reduction of the global equivalence ratio. It appears that the flames feature the same topologies and the same type of stabilization modes as reported in Fig. 10.5. When the oxygen enrichment increases, the liftoff height reduces and the flames are more difficult to detach from the injector rim. As depicted in Fig. 10.12, transition from Type B to type C flames depends on Y O 2 ,2 . When the O 2 mass fraction is lower than Y O 2 ,2 = 0.30, all the reported flames are lifted. Conversely, when it is increased to Y O 2 ,2 = 0.50, only the flames with a moderate annular swirl S 2 and a high momentum flux in the inner fuel stream are lifted. Between these two limits, the mass fraction Y O 2 ,2 = 0.40 yields the best delineation between the lifted and the attached regimes. This oxygen enrichement allows to easily Further experiments, not reported here, were also conducted at different levels of O 2 -enrichment, but without inner swirl S 1 =0. These flames are all attached to the nozzle rim, except a few flames with air as the oxidizer. All these experiments confirm that adding a swirl motion S 1 to the inner fuel stream confers a high flexible capacity to lift the flame, independently from the O 2 -enrichment in the annular flow.

Conclusion

Impact of swirl on the stabilization of non-premixed oxygen-enriched flames has been investigated above a coaxial injector in which methane is injected in the inner stream which is eventually put in rotation by an axial swirling vane. An oxidizing O 2 /N 2 mixture composed of 40% of oxygen in mass flows into a swirling annular stream generated by an axial-plus-tangential device. Flame topologies stabilized above this injector have been investigated with OH * chemiluminescence images. It has been shown that flame anchoring on the nozzle rim and flame liftoff height mainly depend on the momentum flux ratio J = ρ 2 u 2 z,2 /ρ 1 u 2 z,1 . When the momentum flux ratio J is small, the flame is lifted and the liftoff height is large. Increasing J progressively reduces the liftoff height until the flame anchors to the rim of the central injector. This dimensionless number, disregarded in many studies in which the coflow velocity remains small, is here varied from J = 0.75 to 8 and used to interpret the flame topologies observed above the injector.

It has been found that swirling the annular oxidizer stream or the inner fuel stream yield opposite effects. Without inner swirl S 1 = 0, flames could not be lifted over the range of operating conditions covered in this study. A major finding of this work is that when the central fuel stream is impregnated with swirl S 1 > 0, lifted flames with a stable central recirculating zone can be stabilized over a wide set of operating conditions. In this case, flame stabilization and liftoff characteristics have been found to depend on the inner swirl level S 1 , the outer swirl level S 2 and the momentum ratio J between the two streams. Increasing the tangential outer momentum in the annular channel by increasing the outer swirl number S 2 or decreasing the inner axial momentum flux in the central tube by increasing the momentum flux ratio J lowers the position of the recirculating bubble and favors flame attachment to the central injector rim. Conversely, increasing the tangential inner momentum by increasing the inner swirl level S 1 or increasing the inner axial momentum by lowering the momentum flux ratio J favors flame detachment from the central injector rim.

Changes of the flame topology have been classified in four successive categories depicting the apparition and the position of distinct reaction layers in the flow as the inner swirl level increases. These four topologies are characterized by different thermal stress to the injector rim and different flame compactness. Transitions from one topology to the following follow a similar pathway when S 1 , S 2 and J are modified. These topologies have also been found to be not altered by the combustion chamber sidewalls. This proves that flame stabilization above this injector is not impaired by the presence of outer recirculation zones or by the gas composition of the external entrained flow.

The impact of a diverging cup placed at the outlet of the oxidizer stream has also been characterized. Increasing the quarl angle of the annular nozzle has been shown to greatly alter the flame topology by decreasing the flame liftoff height and promoting flame attachment to the central injector nozzle. Increasing the quarl angle lowers the position of the stagnation point of the central recirculating bubble. This leads to reduced flame liftoff heights independently from the swirl levels in the central and annular streams and the momentum ratio between these streams. These experiments confirm that a quarl is an independent control parameter to adjust the flame liftoff height.

Finally, effects of the combustible mixture reactivity have been analyzed by changing the concentration of oxygen in the oxidizer annular stream. When the O 2 -enrichement increases, lifted non-premixed flames can be stabilized downstream coaxial injectors by increasing S 1 or decreasing S 2 or J. The main parameters allowing to control the liftoff height have therefore been identified. In particular, it has been shown that the use of the inner swirl yields both compact and lifted flames. The lifted flame regime is interesting from an industrial perspective to reduce the size of the equipment while limiting the thermal stress to the injector nozzle. These experiments conducted with a coaxial injector in which the annular oxidizer velocity is not small compared to the central fuel jet velocity is typical of many industrial injectors.

Introduction

Increasing the compactness of a combustor constitutes one of the key objectives in burner design for many industrial processes. This can be achieved by increasing the flame power density, for instance, by pressurizing the vessel. Mastering the flame shape and its position inside the combustion chamber is another way to reach this goal. This is often made possible by conferring a swirling motion to the flow. The swirl increases the burning intensity by increasing the turbulent intensity. If the swirl level is high enough, it also leads to the formation of a central recirculating zone (CRZ) with low velocities that is filled with hot burned gases which favor flame stabilization (Syred et al. 1971). When the fuel and the oxidizer are separately conveyed in a coaxial injector, the reactants need to be mixed prior to combustion. Mixing is again favored by the use of swirl [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF][START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF][START_REF] Feikema | Enhancement of flame blowout limits by the use of swirl[END_REF]Degenève et al. 2019). In a coaxial injector, the outer annular channel is generally filled with the reactant featuring the largest flow rate as, for example, the air in conventional combustion systems [START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF][START_REF] Feikema | Enhancement of flame blowout limits by the use of swirl[END_REF]. In auto-thermal reforming or partial oxidation processes, the dioxygen is injected in the central tube while a mixture of steam and natural gas enters the outer annulus [START_REF] Caudal | Modeling interactions between chemistry and turbulence for simulations of partial oxidation processes[END_REF].

Swirl in coaxial injectors is generally conferred to the annular stream. The effects of swirling the central stream are, however, much less documented. Measurements on a pulverized-coal burner were reported with co-rotating swirls by [START_REF] Truelove | Flow, mixing and combustion within the quarl of a swirled, pulverised-coal burner[END_REF]; [START_REF] Dixon | Aerodynamic studies on swirled coaxial jets from nozzles with divergent quarls[END_REF]; Mahmud et al. (1987b) in cold flow conditions. These authors have shown that adding swirl to the central stream pushes the CRZ upstream and reduces penetration of the inner jet into the CRZ. In reacting conditions, [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF] evidenced that swirl in the central fuel stream alters the flame structure and enables to lift the flame from the burner lips. These latter experiments were, however, carried out with very small velocities of the annular oxidizer stream. In a recent study, the benefits of combining annular and inner swirl have been explored by Degenève et al. (2019). This study was conducted with O 2 -enriched air conditions, for which flame liftoff is a particularly critical issue to limit the thermal stress on the injector lip. Oxy-combustion is widespread among the glass-industry [START_REF] Baukal | Oxygen-enhanced/natural gas flame radiation[END_REF] or the syngas production [START_REF] Dahl | Proven autothermal reforming technology for modern large-scale methanol plants[END_REF]) and remains one of the most viable opportunity for carbon capture and storage (Cieutat et al. 2009a;[START_REF] Toftegaard | Oxy-fuel combustion of solid fuels[END_REF]. A common thread to the combustors operating in oxy-mode is the use of non-premixed injectors to limit safety hazards. Due to their simplicity, many of them are coaxial injectors. This, however, promotes flame attachment to the injector nozzle and often limits the lifespan of the burner. Degenève et al. (2019) found that conferring a swirl level S 1 to the central fuel stream led to flame detachment for a large range of operating conditions, even for highly reactive oxygen-enriched oxidizer mixtures. The flame topology and its liftoff height were, in these cases, shown to be very sensitive to the parameters controlling the structure of the flow inside the combustor. It was also reported that the lifted flame is more compact and is less sooty than the attached ones. These properties are of practical interest when high flame power density is required for non-fully premixed combustion systems, such as gas-turbine, heat boiler, and steam reforming reactor. Flame liftoff is also a desirable feature to reach lower NOx emissions for non-premixed systems, as evidenced by airblast atomizer configurations [START_REF] Fokaides | Experimental investigation of the stability mechanism and emissions of a lifted swirl nonpremixed flame[END_REF]). However, the mechanisms at the origin of the flame liftoff when the swirl S 1 is increased have not been explained so far, and this constitutes the motivation of this study.

Before examining the stabilization modes above the dual swirl injector, it is worth reviewing the current state of knowledge on non-premixed flame stabilization above coaxial injectors in canonical configurations.

Blow-off and liftoff constitute the two major critical states of non-premixed flames stabilized above coaxial injectors. Mechanisms leading to these issues both have been thoroughly investigated in the literature. Some of these studies are listed in Table 11.1, where only gaseous flames stabilized above a coaxial injector are taken into account. Control of the flame liftoff in other burner configurations has, for example, been explored with separated jet injectors [START_REF] Boushaki | The behaviour of lifted oxy-fuel flames in burners with separated jets[END_REF][START_REF] Boushaki | Control of flames by tangential jet actuators in oxy-fuel burners[END_REF][START_REF] Sautet | Flame lift-off height, velocity flow and mixing of hythane in oxy-combustion in a burner with two separated jets[END_REF] or with a radial injection of the fuel stream [START_REF] Merlo | Combustion characteristics of methane-oxygen enhanced air turbulent non-premixed swirling flames[END_REF][START_REF] Zaidaoui | Effects of CO2 dilution and O2 enrichment on non-premixed turbulent CH4-air flames in a swirl burner[END_REF]. As underlined in Table 11.1, one can make a distinction between the studies depending on whether they deal with the fundamental physics on a local scale or report the global flame stability characteristics depending on the injection conditions. Regarding the first category, fundamental studies have used elaborate multi-scalar diagnostics (Rayleigh-Raman/LIF/PIV) or direct numerical simulations to capture the local turbulent field and the complex chemistry of the mixture. These studies enabled to improve the turbulent combustion models and to test numerical simulation tools. For the second category, parametrical studies have used flame visualization based on chemiluminescence, light emission, and eye observation to test a large range of operating conditions [START_REF] Kalaghatigi | Lift-off heights and visible lengths of vertical turbulent jet diffusion flames in still air[END_REF][START_REF] Dahm | Blowout limits of turbulent jet dif-References fusion flames for arbitrary source conditions[END_REF][START_REF] Feikema | Blowout of nonpremixed flames : maximum coaxial air velocities achievable, with and without swirl[END_REF]. The burner lip temperature has also been assessed with thermocouples by [START_REF] Lamige | Burner lip temperature and stabilization of a non-premixed jet flame[END_REF] for non-premixed methane/air flames on a broad range injection conditions. These studies aim at providing scaling laws based on data gathered on many operating points to find the dominant mechanisms leading to liftoff or blow-off and also to deliver a stabilization chart. Provided a good dimensional analysis for scale-up, the output of these work can be directly used in industrial applications. The studies listed in Table 11.1 are also split according to whether a swirl motion is conferred to the inner or the outer stream of the coaxial injector. Regarding the flame liftoff, it has seldom been correlated to swirl, except when placed in the inner fuel stream [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF]Degenève et al. 2019). On the contrary, swirling the annular stream has been shown to largely increase the flame resistance to blow-off [START_REF] Feikema | Enhancement of flame blowout limits by the use of swirl[END_REF][START_REF] Feikema | Blowout of nonpremixed flames : maximum coaxial air velocities achievable, with and without swirl[END_REF].

On a macroscopic level, non-premixed flames are first characterized by their blow-off velocity V f , defined as the maximum velocity in the inner fuel stream where the flame remains stable before blowing off. The velocity V f has been determined for a large range of operating conditions. [START_REF] Wu | Prediction of the liftoff, blowout and blowoff stability limits of pure hydrogen and hydrogen/hydrocarbon mixture jet flames[END_REF] tested different hydrogen and hydrocarbon mixtures with air in the coflow stream. Change of dilution in the methane or in the air stream is reported with a coflow burner by [START_REF] Guo | A numerical study on the effects of CO2/N2/Ar addition to air on liftoff of a laminar ch4/air diffusion flame[END_REF]; Min and Baillot (2012); [START_REF] Lamige | On preheating and dilution effects in non-premixed jet flame stabilization[END_REF]; [START_REF] Marin | Experimental study of the lifting characteristics of the leading-edge of an attached non-premixed jet-flame : Air-side or fuel-side dilution[END_REF]. The impact of the pressure on V f has been explored by Guiberti et al. (2019) for methane/air and ethane/air flames, together with modifications of the central nozzle diameter. The coaxial velocity in most of these mentioned cases is far below the fuel velocity, leading to operation with a very small momentum flux ratio between the outer and inner streams : J 1. However, in presence of swirl in the annular stream, [START_REF] Feikema | Blowout of nonpremixed flames : maximum coaxial air velocities achievable, with and without swirl[END_REF] and [START_REF] Cavaliere | A comparison of the blow-off behaviour of swirl-stabilized premixed, non-premixed and spray flames[END_REF] investigated blow-off under more realistic velocities in the air stream with 0 < J < 1.5.

Transition to blow-off and liftoff for non-premixed flames stabilized above a tube originate from similar mechanisms. [START_REF] Peters | Liftoff characteristics of turbulent jet diffusion flames[END_REF] developed an argument based on non-premixed flamelets submitted to a high scalar dissipation rate at the stoichiometry contour. A more accepted theory was developed at the same time that implies a certain degree of premixing at the root of the flamelet [START_REF] Kalghatgi | Blow-out stability of gaseous jet diffusion flames. part i : in still air[END_REF][START_REF] Broadwell | Blowout of turbulent diffusion flames[END_REF] and this hypothesis led to the development of the edge-flame theory [START_REF] Su | Experimental investigation of stabilization mechanisms in turbulent, lifted jet diffusion flames[END_REF][START_REF] Lyons | Toward an understanding of the stabilization mechanisms of lifted turbulent jet flames : experiments[END_REF]. It was shown that blow-off occurs when the timescale of the flow τ g = δ g /U surpasses the characteristic time of the flamelet τ L = α/S 2 L , where δ g and U are a characteristic length and velocity of the flow, α and S L the thermal diffusivity and laminar burning velocity of the mixture. This criterion amounts to having a Damköhler number Da = τ g /τ L below unity Da < 1. This scaling gave was used when coaxial air is added [START_REF] Dahm | Blowout limits of turbulent jet dif-References fusion flames for arbitrary source conditions[END_REF]. It was found that flame blow-off limits depend on both the velocities in the inner and the annular stream. This was used to demonstrate that, in the absence of swirl, coaxial flames can only remain stable when the annular velocity is low [START_REF] Feikema | Blowout of nonpremixed flames : maximum coaxial air velocities achievable, with and without swirl[END_REF]). In the same work, the criterion from [START_REF] Dahm | Blowout limits of turbulent jet dif-References fusion flames for arbitrary source conditions[END_REF] was extended to take into account the effects of swirl in the coaxial air stream. Thanks to very low strain rates in the central recirculating region, the flame blow-off velocity V f is drastically increased in swirling flows.

For a diffusion flame operated well below its blow-off velocity V f , fast chemistry approximation constitutes a very good framework [START_REF] Feikema | Blowout of nonpremixed flames : maximum coaxial air velocities achievable, with and without swirl[END_REF]. The timescale τ L of chemistry is smaller than the timescale τ g of the flow and the reactants are rapidly consumed close to the stoichiometric contour z = z st , where z is the mixture fraction. The combustion is therefore limited by the mixing process. This regime is favored in oxy-combustion, where the chemical timescale is very low due to the high reactivity of oxygen-enriched mixtures. When the species are injected close to the blow-off velocity, the flame features complex interactions between mixing, flowfield, and chemistry. Such events occur on a local scale but account for the macroscale behavior of the flame, such as blow-off or liftoff. They were analyzed thanks to fast OH-PLIF and thoroughly described by [START_REF] Juddoo | High-speed oh-plif imaging of extinction and re-ignition in non-premixed flames with various levels of oxygenation[END_REF] who identified different steps leading to blow off.

• Local extinctions, or "breaks", occur in the flame front and separate the reacting layer between two edges flames. They are referred as holes in [START_REF] Cavaliere | A comparison of the blow-off behaviour of swirl-stabilized premixed, non-premixed and spray flames[END_REF].

• The edges flames are advected by the turbulent flow and also propagate.

When two edge flames reconnect, the event is called a "closure". [START_REF] Juddoo | High-speed oh-plif imaging of extinction and re-ignition in non-premixed flames with various levels of oxygenation[END_REF] evidenced that advection had a smaller influence than propagation in the re-connection process.

• The last type of event is called "growing kernel". When a pocket of burned gases is isolated and surrounded by fresh gases, re-ignition can occur. The kernel then grows and reconnects with the reacting layer further downstream.

The frequency of these events increases when the flame approaches blow-off.

Closures and growing kernels are always preceded by breaks and prevent total extinction when the flame approaches blow-off. These mechanisms also prevail when the flame is animated with swirl [START_REF] Dally | Instantaneous and mean compositional structure of bluff-body stabilized nonpremixed flames[END_REF] or enriched with oxygen [START_REF] Juddoo | High-speed oh-plif imaging of extinction and re-ignition in non-premixed flames with various levels of oxygenation[END_REF]. [START_REF] Sutton | Imaging of local flame extinction due to the interaction of scalar dissipation layers and the stoichiometric contour in turbulent non-premixed flames[END_REF] evidenced that local extinction occurs when high levels of scalar dissipation rates overlap with the stoichiometric contour z = z st .

This review provides guidance on the way to assess the impact of the inner swirl on the stabilization of non-premixed O 2 -enriched flames above a coaxial injector. It is investigated why changing the inner swirl number S 1 alone as in Degenève et al. (2019) leads to a drastic change of the flame topology, even though the central stream features very small axial and rotational momentum fluxes compared to the annular oxidizer stream. One also wonders whether breakages can be found as an early sign of blow-off as in [START_REF] Juddoo | High-speed oh-plif imaging of extinction and re-ignition in non-premixed flames with various levels of oxygenation[END_REF]. This motivates this study, where the unsteady position of the flame front is investigated with respect to the flowfield. In the present study, a set of reference coaxial oxy-flames is selected based on the results from Degenève et al. (2019).

The set of reference flames is presented in section 11.2 with flame visualization of the OH * radical and in the visible range. The mean gas temperature is assessed in section 11.3. The impact of the inner swirl number on the flame structure is then investigated in section 11.5. Interaction between the flame and the flow pattern is analyzed in section 11.6. Mechanisms leading to flame liftoff are examined in section 11.7 for these O 2 -enriched flames stabilized above the dual swirl injector.

Selection of reference flames

The effect of the inner swirl is investigated for three reference flames at globally lean conditions Φ = 0.40 based on the mass flow rates for fuel and oxidizer injected in the system. This first set is designated as set A. Both A-and B-set of reference flames are investigated for three swirl numbers conferred to the inner fuel stream S 1 = 0, 0.29, or 0.87. This is done by inserting removable sets of axial twisted vane with trailing edge θ 1 = 0, 30, and 60 • . The inner and outer swirl are co-rotating in this study as in [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF]) and (Degenève et al. 2019). Flames are confined inside the Oxytec combustion chamber, as described in chapter 1 of this manuscript. The non-premixed flames are designated either as attached to the injector rim or lifted when they are not anchored on the fuel injector rim. There is a range of injection conditions in which the flame can lie in both regime [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF][START_REF] Cha | Effect of swirl on lifted flame characteristics in nonpremixed jets[END_REF]). The choice is made to consider the flames as attached when they lie in the dual state regime and lifted when they cannot be anchored on the central fuel injector rim.

The burner is ignited when the flame is attached to the fuel injector, and the flowmeters are tuned to reach the desired operating point of interest. The lifted flames shown in this work are, therefore, those that cannot stand in the attached regime. The same experimental procedure is used as in Degenève et al. (2019). These reference flames have been selected because (1) they feature sharp transitions of their topology when varying the inner swirl number S 1 , and (2) the two retained values for the equivalence ratio enable to explore two very different regimes of practical interest. For flames lying close to stoichiometry (set B), the flow velocity in the central tube is higher than in the annular oxidizer stream leading to a regime where J = 0.75. Conversely, when Φ = 0.40 (set A), the reactant in the central tube is in default, yielding a large value for the momentum flux ratio J = 4. Flames lying in regimes with J > 1 are typical of reforming flames where the oxygen in default is injected through the central tube, with the steam and the natural gas flow in the annular injection. As reported by Degenève et al. (2019), the inner swirl has a large impact on the flame pattern in both regimes of momentum flux ratio. Selecting two values for the momentum flux ratio J (J < 1 and J > 1) also allows to explore the flame and flow patterns associated with different penetration of the inner fuel jet in the reverse-flow zone [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF]).

Figure 11.1 shows Abel deconvoluted images of OH * emission for the six reference flames A0-2 and B0-2. It is confirmed that the change of the inner swirl S 1 has a major impact on the flame shape. When S 1 = 0, the flames are anchored to the lips of the central fuel injector rim. A primary diffusion flame front (circled in blue for A0 and A1) is stabilized in the wake of the injector rim.

When S 1 slightly increases to S 1 = 0.29, the flame features a secondary reaction front, circled in green for A1 and A2. This new reaction layer lies between the methane stream and the central recirculation zone (CRZ) filled with hot burned gases and the remaining oxygen that was not consumed by the diffusion reaction layer attached to the nozzle rim. The presence and position of a CRZ are known from PIV measurements that are further examined in section 11.6. The secondary flame front is clearly visible in flame A1 (Φ = 0.40) and harder to discern in flame B1 (Φ = 0.91). In the latter case, close to overall stoichiometry, the fraction of oxygen remaining in the CRZ is low. This configuration is further investigated in section 11.3. When the inner swirl number S 1 is increased to S 1 = 0.87 (A2-B2), the primary flame front stabilized on the rim of the central tube vanishes, and only the secondary flame front remains. This is confirmed by slowly varying the inner swirl level (not shown here). These flames are now stabilized away from the solid components of the burner. The liftoff height is much higher for the B2 flame with J = 0.75 than the flame A2 for J = 4.

Observing these flames in the visible range provides further insight into the impact of inner swirl on the combustion properties. The light emission of the six reference flames is shown in Fig. 11.2. As with the OH * images, only the flames A2 and B2 are lifted. A closer view of flame A2 indicates that the flame root starts on the centerline axis of the injector at the outlet section but is never in contact with the central injector rim. These visualizations integrated in the light of sight evidence that the flame compactness increases with S 1 for the two values of the momentum flux ratio J = 4 (set A, top) and J = 0.75 (set B, bottom). Another impact of the inner swirl number reported by (Degenève et al. 2019) is that the yellowish signal associated with soot radiation is observed for S 1 = 0 but disappears by increasing S 1 to let the flame with an intense blue color which indicates an improvement of the mixing process. The benefits of using inner swirl in a coaxial injector are made clear in Fig. 11.2. A slight modification of the injector geometry enables to lift the flame, to increase its The same conclusions, therefore, prevail as for the measurement set TG1 closer to the burner outlet. The gas temperature in the ORZ from the swirled flames stabilized by the CRZ is correlated with the global equivalence ratio Φ. The only flame lying in the jet-like regime, flame B0, features lower temperatures in the ORZ. These temperature data are now used to estimate the OH concentration which are expected at different location of the flame flow inside the combustion chamber. These estimates based on rough approximations are used to help interpreting the OH-PLIF signal that will be later presented. 

Primary reaction layer

Secondary reaction layer

Oxidizer & burned gases BG-B (T~1800 K) The OH-PLIF technique is used in this work to infer the position of the OH radical, which can be present either in a reacting layer or in the burned gases, but only above a certain temperature. Interpretation of the OH-PLIF signal must, therefore, be handled with care, especially in configuration featuring recirculation regions. The following analysis is made to shed light on this issue for the reference flames. Numerical simulations of 1D-steady laminar counter-flow diffusion flames have been performed for the different operating conditions corresponding to the reference flames for the primary and the secondary reaction layer. The simulations have been carried out with the Agath solver described in chapter 3 and using the GRI 3.0 mechanism. Configurations are sketched in Fig. 11.5. In the wake of the central rim, the primary diffusion flame front is always composed of CH 4 opposed to the injected oxidizing mixture (0.4 O 2 + 0.6 N 2 ) which peaks at T max = 2500 K when a = 100 s -1 . Results for this flame are represented in green at the top of Fig. 11.6 for a fixed strain rate a = 100 s -1 , and at the bottom when a is varied. The composition of the burned gases at equilibrium is then estimated considering that the injected fuel is entirely consumed at the equivalence ratio Φ = 0.40 for flame A and Φ = 0.91 for flame B. This yields the burned gas composition for the A-set of flames (BG-A) with a depleted oxygen mass fraction Y O 2 = 0.23 and Y O 2 = 0.03 for the B-set of flames (BG-B). OH concentration in the burned gases depends on the equilibrium temperature, which is plotted at the bottom in Fig. 11.6 (purple solid and orange dashed lines for the BG-B and BG-A). Due to enthalpy losses in the combustor, the burned gases are cooled down to the temperature that has been measured by the thermocouple. Using data from Fig. 11.4, the burned gas temperature T BG is approximated to T BG ∼ 1200 K for flame A1, and to T BG ∼ 1800 K for flame B1. These points are marked by the cross sign in Fig. 11.6. Finally, flames stabilized in counter-flows have also been simulated when changing the oxidizer part by the burned gas composition for flame A taken at T BG = 1200 K (in orange), or for flame B taken at T BG = 1800 K (in purple). For flame A, the burned gases contain approximately 23% of oxygen and react with the methane, resulting in a temperature peak of T BG = 2354 K when a = 100 s -1 . For flame B, the burned gases reach a higher temperature T BG = 1800 K and with an oxygen mass fraction of about 3% of oxygen, leading to a small increase of temperature. These laminar simulations indicate that the maximum OH mass fraction Y OH,max = 1.5 × 10 -2 is obtained for the CH 4 /(0.4 O 2 +0.6N 2 ) primary flame front (in green). It is closely followed by the secondary flame front of the A-flame (in orange) Y OH,max = 1.0 × 10 -2 . The maximum concentration of OH radical in the secondary flame front of the B-flame (in purple) lies one order of magnitude below with Y OH,max = 2.0×10 -3 . Then comes the OH concentration of the burned gas from flame B (BG-B) at the equilibrium temperature T = 1800 K where Y OH,max = 4 10 -4 . The OH concentration of the burned gases from flame A (BG-A) at the equilibrium temperature T = 1200 K is more than two orders of magnitude below with Y OH,max = 2 × 10 -6 . Two instantaneous OH-PLIF snapshots are presented for flame A1 and B1 in Fig. 11.7 to illustrate the location and the magnitude of the OH-PLIF intensity measured in this burner. The position of the central recirculation zone CRZ deduced from synchronized PIV measurements is superimposed in these snapshots as white contours. In these images, both the primary and the secondary reacting fronts are present at the same time. The two OH-PLIF images feature very different levels of OH-PLIF intensity, displayed in log-scale, which are interpreted with the help of Fig. 11.6. It is considered that the OH-PLIF signal depends on the first order on the OH concentration under the range of investigated temperatures 1200 ≤ T ≤ 2600 K. This rough estimation remains acceptable since the motivation is to qualitatively interpret LIF intensity signal that differs from several orders of magnitude. Correlation between the LIF signal and the temperature is made in Fig. 2.10 of chapter 2. The OH-PLIF normalized intensity I/I 0 shown in Fig. 11.7 for flames A1 (left) and B1 (right) well matches with the OH concentration distributions deduced from the numerical simulations shown in Fig. 11.6. The OH intensity I is maximum in the primary flame front which starts in the wake of the injector rim (green arrows), and is followed by the secondary flame front from A1 with the burned gases as oxidizer (BG-A, orange arrow). The flame front with the burned gases from B set of flames is also ten times lower than the previous ones I/I 0 ∼ 0.15. Finally, the LIF signal from the burned gas lying at equilibrium in the IRZ and the ORZ is only detectable for flame B1 (BG-B) (purple ×), for which the measured temperature is around T BG ∼ 1800 K. For the A set of flames, the burned gases in the IRZ or the ORZ at the temperature T BG ∼ 1200 K feature a too small concentration of OH radical to be detected by the OH-PLIF setup (orange sign ×).

These results enable to determine the origins of the OH-PLIF signal. It has been shown that both flames A1 and B1 feature two diffusion reacting fronts. The secondary flame front between the methane and the burned gases is intense for flame A1 and weak for B1 because the burned gases are depleted in oxygen in this latter case. This difference explains why the secondary flame front is difficult to discern in the chemiluminescence images in Fig. 11.1. Secondly, the presence of the burned gases can only be detected for flames B1 and B2 with the OH-PLIF technique because they are hot enough with T ≥ 1800 K. andB1). This is not the case for the second reaction layer, which is visible in the chemiluminescence images in Fig. 11.1 for A1 and A2 flames but not for flames A0, B0, B1, and B2. For B1 and B2 flames shown in Fig. 11.9, the secondary reaction zone between the fuel stream and the CRZ is well confirmed by OH-PLIF measurements. It is not visible on the chemiluminescence images in Fig. 11.1 because it lies close to the centerline axis with reduced intensity. This explains why the B2flame appears away from the injector when observed in the visible range in Fig. 11.2 or with the OH * chemiluminescence in Fig. 11.1. In contrast, the OH-PLIF measurements in Fig. 11.9 well reveal a reacting interface close to the injector on the centerline axis. For B2 flames, the major part of heat release lies away from the injector, but these flames also remain well stabilized with a root located close to the burner outlet on the centerline axis with a low level of fluctuations in its position (Fig. 11.9 top and bottom). The analysis proceeds with the instantaneous LIF images of the swirling flames, presented at the top in Figs. 11.8 and 11.9. Observation of the 500 snapshots taken for each reference flame reveals that neither the primary nor the secondary reaction layer are submitted to global extinction. Only fragmentation of the primary flame front is observed for A1 and B1 flames. This problem is further discussed at the end of this section. Regarding the flame stability, the primary flame front features small levels of fluctuations of its position around its averaged value. The secondary flame front exhibits higher levels of fluctuation depending on the swirl number S 1 . The impact of S 1 on the unsteady position of the secondary flame front is analyzed by determining the flame front leading edge z f of the secondary reaction layer. This point is located on the centerline axis of the injector for each of the 500 images of the reference flames. Results are shown by plotting Fig. 11.10 the probability density function (PDF) of z f for the flames A0, A1, A2, B1, and B2. It results that, when S 1 increases, the secondary flame front is pushed upstream, and its stability increases. For S 1 = 0.29 (A1), the mean flame root lies at z f /d 1 = 1.8 with a root-meansquare value z f,rms /d 1 = 0.35. For the highest swirl S 1 = 0.87 (A2), the PDF of z f /d 1 features a narrow peak close to the injection plane : z f /d 1 = 0.2 and z f,rms /d 1 = 0.08. This indicates that the position of the lifted flames is very stable along time.

It is recalled that, when S 1 = 0, the flame root position directly depends on the momentum flux ratio J as observed by [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF] and confirmed in the present study with flame A0 and B0. It is noticeable in Fig. 11.10 that, when S 1 > 0, z f and z f,rms depend much more on the inner swirl level S 1 . Despite the large difference of equivalence ratio between the flames A (J = 4) and the B set (J = 0.75), flames A1 and B1 feature the same PDF for z f when S 1 = 0.29 and flames A2 and B2 feature also the same PDF for z f when S 1 = 0.87. It was shown by Degenève et al. (2019) that the momentum flux ratio still has an influence on z f for operating points featuring different swirl numbers S 2 . The flame in Figs. 11.8 and 11.9 feature small-scale structures which interact with the flow. These structures are not visible in the time-averaged images. When S 1 = 0 (see A0 and B0), the flame front forms a closed contour delineating the zone where the reactants meet at stoichiometry, at the bottom with the oxidizer exhausting the annular injector stream (primary flame front) and at the top with the burned gases (secondary flame front). Due to the higher axial momentum J = 0.75 for flame B0, the top of the flame protrudes outside of the measurement volume. Without internal swirl S 1 = 0, the reaction front is thin close to the injector rim, and wrinkles appear further downstream, leading to large scale structures at the top of the flame. Examination of other instantaneous OH-PLIF images confirms that the flame front is always continuous for this value of the inner swirl level and not subject to breakage.

When the inner swirl number is increased to S 1 = 0.29, the primary flame front is preserved but fragmented (see A1 and B1 instantaneous snapshots in Figs. 11.8 and 11.9). The secondary flame front is for these flames well less wrinkled than the primary one. This feature is illustrated for flame A in Fig. 11.11, where the OH-PLIF mean intensity and the fluctuations of the axial velocity u z,rms are represented at the height z/d 1 = 2. This figure shows that fluctuations of the axial velocity are maximum close to the primary flame front u z,rms 5.5 m.s -1 . Conversely, the secondary flame front lies inside the CRZ region where u z,rms is minimum u z,rms 3.5 m.s -1 . Reduction of the wrinkling is therefore attributed to a laminarization of the flow caused by an increase of the kinematic viscosity ν in the CRZ region filled with burned gases.

For the highest swirl number S 1 = 0.87 in the inner fuel stream, the primary flame front is absent from all the instantaneous snapshots (as illustrated in Figs. 11.8 and 11.9). The fuel is only consumed in the secondary flame front, which is pushed upstream and stabilizes directly at the outlet of the injector. This secondary flame front is significantly thicker, and wrinkles develop further downstream. Isolated pockets of hydroxyl radical can be observed along with the primary reaction layer of flames A1 and B1 for S 1 = 0.29. The breakages observed for S 1 = 0.29 separate the flame fronts into different segments. They can originate from (i) out-of-plane three-dimensional flame patterns (ii) large structures associated with unmixed fuel pockets (iii) local extinctions of the flame front. Though OH-PLIF does not allow to firmly conclude on the nature of these pockets when cadenced at 10 Hz, it is shown in the following that certain breakages are attributed to local extinction of the primary reaction layer. A closer view of these breakages is shown in Fig. 11.12 for three instantaneous snapshots of flame A1. The colormap is in logscale to emphasize the LIF signal normalized intensity I/I 0 when the flame front disconnects. This is acceptable because the camera used to collect the OH-PLIF has a 16-bit dynamic range. Between the two edges where the reaction layer is broken, the normalized OH-PLIF signal I/I 0 sometimes takes a moderate value I/I 0 0.15 well above the detection limit of the camera. This indicates the presence of OH radical lying at a smaller concentration than in the flame front that connects the two flame edges. The instantaneous flowfield is superimposed to the images in Fig. 11.7. The flow remains roughly parallel to the flame front and does not show evidence of large transverse structures to the reaction layer that would yield disconnection of the flame front due to highly heterogeneous mixing. For these reasons, the drop of the OH-PLIF signal along the reaction layer is attributed to the local extinction of the flame front. These local extinction events along the flame branch indicate that this branch is close to blow off, as explained in [START_REF] Masri | The structure of turbulent nonpremixed flames revealed by raman-rayleigh-lif measurements[END_REF][START_REF] Juddoo | High-speed oh-plif imaging of extinction and re-ignition in non-premixed flames with various levels of oxygenation[END_REF]. Indeed, this diffusion reacting layer is blown off when S 1 is further increased. A1 and B1 flames, therefore, constitute an interesting state where the primary diffusion layer is close to blow-off and where local extinctions are observed. The impact of the inner swirl on the flame and the flow pattern is now investigated with a synchronized PIV and OH-PLIF setup, as described in 2. Results are shown for the A-flames (J = 4), in Fig. 11.13. They are shown for the Bflames (J = 0.75) in Fig. 11.14. The superimposition of the instantaneous flame and flow patterns enables to track the unsteady position of the flame front with respect to the position of the recirculation zones. When the flame features only a single reaction layer, it lies close to the CRZ. This situation prevails when S 1 = 0 (A0, B0) with the primary reaction front anchored to the central fuel injector rim. This is also the case when S 1 = 0.87 (A2, B2), where the secondary lifted flame burns on both sides of the CRZ. On the contrary, when the flame features both the primary and secondary flame fronts (A1, B1), the CRZ is comprised between the two flame fronts, and close to the secondary flame front but further downstream. These observations made with the instantaneous snapshots are confirmed with the averaged fields. It underlines that the flame topology is largely piloted by the structure of the flowfield.

Results are first examined when S 1 = 0. When the inner stream is not swirled, the presence of the CRZ depends on both J and S 2 [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF]. When the CRZ is present, the height of its stagnation point z SP , defined as the most upstream point along the burner axis where u z = 0, is very sensitive to the momentum flux ratio J [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF]. This is consistent with the selected reference flames A0 and B0. The CRZ lies at z SP = 10 d 1 for J = 4 but is absent for J = 0.75. In this case, penetration of the central fuel jet is increased and destabilizes the CRZ. Velocimetry measurements, not shown here, have also been performed in non-reacting conditions with the same injected mass flowrates. The annular jet has, in this case, a higher density that increases the entrainment rate compared to the reacting case. The CRZ therefore lies at z SP = 1.9 d 1 for the cold jet experiments with J = 4 and this distance increases to z SP = 5 d 1 for the jet with J = 0.75.

When S 1 = 0 and J = 0.75 (B0 flame), though the axial momentum in the central jet is too high to sustain a CRZ, the flowfield in Fig. 11.14 features two symmetrical recirculation region in the wake of the inner shear layer. The recirculating region on the right of the burner axis has a clockwise direction. It conveys the fuel to the reacting flame front zone and also brings hot burned gases to the fuel stream. The instantaneous snapshots at the top in Fig. 11.14 shows that the flame front lies in the vicinity of these vortical structures and rolls up around them. This configuration is similar to the flames investigated by [START_REF] Elbaz | Conical quarl swirl stabilized nonpremixed flames : flame and flow field interaction[END_REF] with a conical quarl. These authors report that these structures are at the origin of the wrinkling of the reacting flame front. In the present case, flamelet wrinkling also coincides with the presence of these structures. This phenomenon is observed for almost all the instantaneous snapshots. Increasing the inner swirl number to S 1 = 0.29 has a major impact on the flowfield for both the A-and B-set of reference flames. When J = 0.75, conferring swirl to the inner fuel stream leads to the formation of a CRZ (S 1 = 0.29, flame B1) which is not present for S 1 = 0 (flame B0). The penetration of the inner fuel jet is totally annihilated by a small increase of S 1 . When the flames already lie in the CRZ-regime in the absence of inner swirl (flame A0, J = 4), the stagnation point is drastically pushed upstream. For both flames A1 and B1 operated at S 1 = 0.29, the mean position of the stagnation point is very close to the dump plane z SP < 0.5 d 1 . These results are consistent with previous measurements made on a coal burner for which the addition of a high swirl in the inner fuel stream S 1 = 0.6 was seen to bring the CRZ upstream in non-reacting conditions [START_REF] Truelove | Flow, mixing and combustion within the quarl of a swirled, pulverised-coal burner[END_REF][START_REF] Dixon | Aerodynamic studies on swirled coaxial jets from nozzles with divergent quarls[END_REF]Mahmud et al. 1987b). The present work evidences that this feature remains valid in reacting conditions, and also with a much lower swirl number S 1 = 0.29 lying below the vortex breakdown limit S 0 ≤ 0.6 for a single jet of swirl number S 0 .

For the highest swirl number S 1 = 0.87, the CRZ protrudes inside the central injector leading to a blockage of the inner fuel stream at the injector outlet. The relatively fixed position of this point on the instantaneous images indicates that the CRZ remains stable along time. The penetration of the inner fuel stream into the CRZ is known to drastically alter the flame property [START_REF] Feikema | Blowout of nonpremixed flames : maximum coaxial air velocities achievable, with and without swirl[END_REF]. In the present study, the inner swirl number S 1 constitutes another independent parameter to push the CRZ upstream and impede the fuel stream from penetrating into the CRZ. As already observed with the LIF images in section 11.5, the momentum flux ratio J has a large impact on the flow field and the position for the CRZ only in the absence of inner swirl S 1 = 0 (see flame A0 and B0). When swirling the inner fuel stream, the position and shape of the CRZ are very similar between flames A1 and B1 (S 1 = 0.29) and between flames A2 and B2 (S 1 = 0.29).

Reduction of the distance z SP observed on the dual swirl injector is typical of a swirling flow issuing from a straight tube (see for example [START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF]). One can therefore wonder whether the observed reduction of z SP in Figs. 11.13 and 11.14 could be attributed to the increase of a global swirl number S 1+2 . The swirl number S 1+2 defined here includes the contribution of both the inner and the outer streams from the coaxial injector. This quantity is determined with the axial and tangential profiles measured in non-reacting conditions and presented in Fig. 11.15 for the three inner swirl numbers S 1 = 0, 0.29 and 0.87 :

S 1+2 = r 2 0 ρu z u θ dA r 2 r 2 0 ρu 2 z (11.1)
It is recalled that the outer geometrical swirl number is here fixed to S 2 = 0.85. The results for the jets with different values for S 1 yield a very similar value for the global swirl number S 1+2 0.79. This shows that an increase of the inner swirl number S 1 leaves the global swirl number S 1+2 roughly unaltered. The contribution of the central stream on the momentum flux G z,i = A i ρu 2 z dA can be estimated using G z,2 /G z,1 = JA 2 /A 1 9.3J, where A 1 and A 2 are the cross-section areas of the inner and annular channels of the injector. Hence, the axial momentum flux G z,1 from the inner stream is negligible compared to the annular stream momentum flux G z,2 because J > 0.75. The same reasoning can be made with the tangential momentum flux. The global swirl number S 1+2 is, therefore, not at the origin of the large impact of the inner swirl number S 1 on the flame and flow patterns.

The impact of the inner swirl level on these patterns is further investigated by examining the velocity close to the injector outlet in Fig. 11.15. The axial component of the mean velocity is represented for the A-(top, J = 4) and the Bset of reference flames (bottom, J = 0.75). The spatial resolution δ x = 1.2 mm of the PIV measurements correspond to the spacing between the dots. The velocity peaks are amplified when J = 0.75, but the following remarks apply for both cases. For S 1 = 0, the axial velocity features a profile with three maximum peaks, separated by two distinct inner shear layers (ISL) with local minima of axial velocity where the fuel and the oxidizer meet at stoichiometry at the radial distance r r 1 . The location of the velocity minima is emphasized by arrows in Fig. 11.15. The ISL region is outlined in gray. The high reactivity of the O 2 -enriched mixture, therefore, yields a diffusion flame front stabilized in the ISL region of low velocities. Increasing S 1 to 0.29 disrupts the flow field around the outlet of the injector. However, a closer examination of the axial profiles in Fig. 11.15 shows that the local minimum of axial velocity in the ISL region are still present at r/d 1 = 0.75 (see arrows) and this explains why the flames A1, B1 remain attached to the central rim in Fig. 11.1. When the inner swirl number is further increased to S 1 = 0.87, the ISL with low velocities downstream the central injector has reduced and is replaced by the CRZ. Conservation of the negative velocity peak when the flames are attached (A0, A1, B0, and B1) has been verified by performing the same measurements in non-reacting conditions with a better spatial resolution δ x = 0.6 mm. These results are not shown here. These experiments yield the same velocity profiles and confirm that the ISL is fully replaced by the CRZ when S 1 = 0.87. Since the volume flow rates are well captured when S 1 = 0, the differences observed for S 1 > 0 may only have two origins. i) The methane has been pushed in the radial direction at a high speed u r between the injection outlet at z = 0 and the measurement line at z = 1.5 mm above the injection plane. A rough estimate using mass balance yields the radial velocities u r,th to convey all the methane flow in the radial direction. One finds u r,th = 10 m.s -1 for A-flames and 23.5 m.s -1 for B-flames. The radial velocities could not be measured close to the burner outlet for z < 1 mm, but remain small at the height z = 1.5 mm where u r < 5 m.s -1 for flame A2 and u r < 10 m.s -1 for flame B2. Hence, deviation of the flow alone cannot account for the difference between Q exp and Q th in Table 11.3. ii) It is experimentally very challenging to measure with precision high velocity gradients at a small scale. First, the PIV diagnostic is performed at a spatial resolution δ x = 1.2 mm, which filters local peaks of velocities between the CRZ and the central injector rim. Secondly, the seeded particles may not follow the gas stream in the presence of small vortical structures or high velocity gradients. For these reasons, it is likely that high velocities could not be measured with the current PIV setup at z < 1.5 mm.

Discussion on the liftoff process

Deviation of the methane stream in the radial direction (i) and high velocity peaks close to the dump plane (ii) are considered in the following developments to explain the flame detachment from the central fuel injector. These two phenomena are sketched in Fig. 11.16.

S 1 =0

CH 4 ox S 1 =0.87 1. Elimination of the internal shear layer (ISL observed when S 1 = 0.87 constitutes a first explanation of the liftoff process. The blockage of the flow forces the fuel stream to expand radially at the outlet of the injector. This leads to very high radial velocities in the vicinity of the injector rim. The ISL with low velocities downstream the rim of the central fuel injector is replaced by the CRZ. This explains why the primary reaction layer cannot stabilize for flames A2 and B2 (see Fig. 11.1). The reactants do not meet at stoichiometry in a low-velocity region leading to the disappearing of the primary reaction layer. Instead, the reactants are rapidly mixed and react with the burned gas of the CRZ [START_REF] Truelove | Flow, mixing and combustion within the quarl of a swirled, pulverised-coal burner[END_REF]. The combustion reaction is, in this case, located in the vicinity of the CRZ, which is designated in this work as the secondary reaction layer. This yields a compact flame with a certain degree of premixing and no soot signal, as illustrated in Fig. 11.2.

2. The flame liftoff due to blockage of the central fuel streams can also be explained with the blow-off velocity V f . For a flow velocity U , blowoff is known to occur for non-swirling flames when the flow timescale τ g = δ g /U surpasses the characteristic time of the flamelet τ L = α/S 2 L [START_REF] Kalghatgi | Blow-out stability of gaseous jet diffusion flames. part i : in still air[END_REF][START_REF] Broadwell | Blowout of turbulent diffusion flames[END_REF][START_REF] Feikema | Blowout of nonpremixed flames : maximum coaxial air velocities achievable, with and without swirl[END_REF]. When the CRZ is pushed upstream for S 1 = 0.29, the reduction of the cross-section area forces the fuel to flow at a high velocity. The velocity U approaches the blow-off velocity V f and breakages of the flame front occur as shown in Fig. 11.12 for S 1 = 0.29. This has been attributed to local extinction as in [START_REF] Cavaliere | A comparison of the blow-off behaviour of swirl-stabilized premixed, non-premixed and spray flames[END_REF]. When S 1 reaches its maximal value S 1 = 0.87 and the CRZ protrudes inside at the outlet of the injector, the velocity at the burner outlet further increases and leads to the total extinction of the primary reaction front. In the case of a jet-like flame, this would lead to blow-off, but the fuel is instead consumed in the secondary flame front, and this yields a lifted flame.

Flame detachment from the fuel injector rim and its liftoff height are therefore correlated with the blockage of the inner fuel stream, which disrupts the flow field. An increase in the magnitude of the velocity vectors at the outlet of the fuel injector causes local extinctions of the flame front stabilized in the wake of the injector rim, whereas changes in the direction of the velocity vectors through the expansion of the flow removes the ISL and destabilizes the flame. It has previously been reported that the O 2 -enriched flames stabilized above the dual swirl injector feature a low sensitivity to the Reynolds number up to Re 2 = 20, 000 in the annular jet, but a high dependency to the parameters controlling the structure of the flow : momentum flux ratio J and swirl numbers S 1 and S 2 (Degenève et al. 2019). This feature differentiates from a jet diffusion flame for which blow-off directly depends on the bulk velocity [START_REF] Dahm | Blowout limits of turbulent jet dif-References fusion flames for arbitrary source conditions[END_REF][START_REF] Feikema | Blowout of nonpremixed flames : maximum coaxial air velocities achievable, with and without swirl[END_REF]. Imposing a CRZ by the use of swirl yields a large flow timescale τ g = δ g /U due to small velocities in the recirculating region [START_REF] Feikema | Blowout of nonpremixed flames : maximum coaxial air velocities achievable, with and without swirl[END_REF]. Conversely, O 2 enrichment drastically reduces the chemical timescale τ L = α/S 2 L due to flame speed increase. A combination of outer swirl S 2 and O 2 -enrichment, therefore, yields a flame very resistant to extinction for which τ g τ L . In this case, changing the Reynolds number will only have a limited effect because the small velocities are far from the blow-out velocity. When Y O 2 ,2 = 0.40, Degenève et al. (2019) found that S 1 > 0 is a necessary condition to lift the swirling flames. The blockage of the inner fuel stream leads to much larger velocities, which can indeed destabilize the primary flame front and lift the flame.

Additional measurements have been performed to investigate the effects of the thermal state of the combustor on the flame and flow pattern. They are shown in Annex G. The same measurements as in Fig. 11.13 have been carried out without the quartz windows and the exhaust gas converging pipe. As previously observed with OH * chemiluminescence images in Fig. 10.6 from chapter 10, the presence of the combustion has no effect on the flame and flow patterns close to the injector outlet. The stabilization mechanisms and the liftoff process revealed in this chapter do not, therefore, depend on the presence of the combustion chamber and remain unchanged when removed. Confinement, however, increases the size of the CRZ further downstream.

The influence of the sidewall temperature has also been investigated in Annex G. The same measurements as in flame B2 from Fig. 11.13 have been made directly at ignition when the combustion chamber is cold, and when 80 or 95 % of the thermal equilibrium is reached. It is found that the temperature of the quartz windows has no effect neither on the flame front position nor on the flow field for the investigated flame.

Central injector rim temperature

The temperature at the lips of the central injector is now investigated with LIP measurements. The experimental test-rig, the calibration and post-processing of the data are described in section 2.7. The surfaces of interest are coated with phosphorescent Mg 3.5 FGeO 5 :Mn powder mixed with a high-temperature binder. A deposit of thermographic phosphor is applied to the nozzle rim of the inner fuel lance. A snapshot of the phosphorescence signal collected on the injector rim is shown in Fig. 11.17. The phosphor is excited with the same Nd :YAG laser as in chapters 2 and 7. The laser beam features a shallow angle to increase the measurement volume. This allows to excite and collect the phosphorescent signal over the entire surface of the central tube. When the flame is attached to the injector nozzle rim, it has been verified that the phosphorescent signal filtered at the wavelength λ = 660 nm is not altered by the flame spontaneous emission. Thermographic phosphor is also deposed on the internal surface of the quartz window as in chapter 7. It is worth noticing that the temperature on the nozzle injector for the attached flame A1 and B1 is very similar T 660 K despite the large difference of thermal power at which the flames are operated. Similarly, an increase of the combustor thermal load for the lifted flame from P th = 9.4 kW (flame A2) to 21.7 kW (flame B2) does not alter on the temperature measured at the surface of the metallic injector.

The temperature on the internal surface of the quartz window is represented in Fig. 11.19 for flames A1 and A2 featuring the lowest thermal power P th = 9.4 kW. The temperature distributions along the quartz window are similar for the attached flame A1 and for the lifted flame A2. At the height z = 0, the wall temperature starts from T i = 775 K, and reaches T i 1160 K where the burned gases impinge the quartz window at the height z/d 1 = 10. The wall temperature decreases down to T i = 800 K downstream the flame region at z/d 1 = 25. As already described in chapter 7, the standard deviation of the wall temperature is high for the highest temperature T rms 48 K at z/d 1 = 13 and very small T rms 12 K at z/d 1 = 5. It has been shown that lifting the flame does not affect the temperature distribution along the quartz window. The temperature at the surface of the central fuel lance however drastically depends on the presence of the anchored reaction layer close to the nozzle rim. Lifting the flame with an inner swirling flow has been shown to considerably reduce the thermal stress on the injector.

Conclusion

An experimental study has been conducted to investigate the impact of swirl conferred to the inner stream of methane in a coaxial injector on the stabilization of non-premixed oxy-flames. The annular channel of the coaxial injector is filled with an O 2 -enriched air mixture swirled by an axial-plus-tangential entry swirling device. Experiments have been reported for oxygen-enriched mixtures with 40% of oxygen in mass in the oxidizer stream, yielding flames with a high resistance to aerodynamic strain. Six reference flames have been selected fea-turing three levels of inner swirl numbers and operated at high and moderate thermal power. Increasing the swirl number in the inner fuel stream detaches the flame from the injector rim and led to a more compact flame. Transitions of the flame structure from one pattern to another have been analyzed with a synchronized PIV and OH-PLIF setup. Gas temperature measurements have also been performed along radial profiles to interpret the OH-PLIF signal. It has been shown that the flame topologies are governed by the presence of an internal shear layer above the rim of the central fuel injection tube, which favors flame stabilization. An increase of the inner swirl number S 1 leads to a partial blockage of the flowfield, destabilizing this internal shear layer by pushing the fuel in the radial direction. Local breakages of the reaction layer have been identified for the flames attached to the nozzle rim and featuring an intermediate swirl level. When the swirl is further increased, the progressive reduction of the ISL with low velocities downstream the injector has been shown to lead to flame liftoff. Impact on the flame liftoff on the thermal behavior of the combustor has finally been investigated with Laser-Induced Phosphorescence. When the flame is anchored to the nozzle rim, the injector lip features a high temperature. When the flame is lifted away from the burner lips, the injector is at thermal equilibrium with the injected fresh gases.

Chapitre 12

Role of co-and counter-rotating swirl

Controlling the flame shape and its liftoff height is one of the main issues for oxy-flames to limit heat transfer to the solid components of the injector. An extensive experimental study is carried out to analyze the effects of co-and counter-swirl on the flow and flame patterns of non-premixed oxy-flames stabilized above a coaxial injector when both the inner fuel and the annular oxidizer streams are swirled. A swirl level greater than 0.6 in the annular oxidizer stream is shown to yield compact oxy-flames with a strong central recirculation zone that are attached to the rim of central fuel tube in absence of inner swirl. It is shown that counter-swirl in the fuel tube weakens this recirculation zone leading to more elongated flames, while co-swirl enhances it with more compact flames. These results obtained for high annular swirl levels contrast with previous observations made on gas turbine injectors operated at lower annular swirl levels in which central recirculation of the flow is mainly achieved with counter-rotating swirlers. Imparting a high inner swirl to the central fuel stream leads in this study to lifted flames due to the partial blockage of the flow at the injector outlet by the central recirculation zone that causes high strain rates in the wake of the injector rim. This partial flow blockage is more influenced by the level of the inner swirl than its rotation direction. A global swirl number is then introduced to analyze the structure of the flow far from the burner outlet where swirl dissipation takes place when the jets mix. A model is derived for the global swirl number which well reproduces the evolution of the mass flow rate of recirculating gases measured in non-reacting conditions and the flame liftoff height when the inner and outer swirl levels and the momentum flux ratio between the two streams are varied. 

Introduction

Conferring a rotational motion to the flow is widely used to extend the operational range of industrial injectors and increase flame compactness. A wellknown advantage of a swirled flow is the formation of a central recirculation zone (CRZ) above a swirl threshold level. The CRZ favors flame stabilization downstream the injector thanks to low velocities and recirculation of hot burned gases (Syred et al. 1971).

In non-premixed systems, swirl is also known to improve mixing between a fuel jet injected in the center of a swirled annular oxidizer stream [START_REF] Chigier | Velocity and static-pressure distributions in swirling air jets issuing from annular and divergent nozzles[END_REF][START_REF] Tangirala | Effect of heat release and swirl on the recirculation within swirl-stabilized flames[END_REF][START_REF] Chen | The role of the recirculation vortex in improving fuel-air mixing within swirling flames[END_REF][START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF][START_REF] Feikema | Enhancement of flame blowout limits by the use of swirl[END_REF]Degenève et al. 2019). Swirl can also be conferred to the central fuel stream [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF][START_REF] Cha | Effect of swirl on lifted flame characteristics in nonpremixed jets[END_REF]Degenève et al. 2019b). Adding inner swirl was shown to help lifting CH 4 -air and H 2 -air flames from the injector rim [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF]. It was also used to control the liftoff height of C 3 H 8 -air flames [START_REF] Cha | Effect of swirl on lifted flame characteristics in nonpremixed jets[END_REF]. In these studies, the outer-to-inner momentum flux ratio between the two streams is small J 1. The way compact non-premixed swirled lifted flames could be stabilized above a coaxial injector was studied in chapter 9 for a large range of momentum flux ratios 0.75 ≤ J ≤ 3, inner and outer swirl levels and mass fractions of O 2 in the annular oxidizer stream 0.23 ≤ Y O 2 ,2 ≤ 0.5. It was shown that the inner S 1 and outer S 2 swirl numbers are two independent parameters that can be tuned to adjust the flame liftoff height and flame shape. In these previous studies, swirl in the central and annular streams is conferred in co-rotating direction. The present study aims at covering counter-rotating configurations to reveal how the flow and flame structures are altered with respect to co-rotating operation.

Counter-swirl coaxial injectors are used in gas turbines operating in stratified premixed conditions [START_REF] Vu | Flow measurements in a model swirl combustor[END_REF][START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF][START_REF] Ramos | Swirling flow in a research combustor[END_REF][START_REF] Mehta | Mean velocity and turbulent flow-field characteristics inside an advanced combustor swirl cup[END_REF] or in rocket engines with non-premixed flames [START_REF] Hardalupas | Characteristics of sprays produced by coaxial airblast atomizers[END_REF][START_REF] Soltani | Spray characteristics of a liquid-liquid coaxial swirl atomizer at different mass flow rates[END_REF]. Counter-swirl increases the shear stress in the wake of the central injector rim [START_REF] Vu | Flow measurements in a model swirl combustor[END_REF][START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF][START_REF] Ramos | Swirling flow in a research combustor[END_REF][START_REF] Mehta | Mean velocity and turbulent flow-field characteristics inside an advanced combustor swirl cup[END_REF]) which favors mixing and atomization when the inner stream is liquid fuel or liquid O 2 (Hardalupas and Whitelaw 1994).

For moderate swirl levels S 2 < 0.6 in the annular stream, it was established that counter-swirl in the central stream S 1 enhances gas recirculation in the CRZ for non-reacting jets [START_REF] Vu | Flow measurements in a model swirl combustor[END_REF][START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF][START_REF] Ramos | Swirling flow in a research combustor[END_REF][START_REF] Mehta | Mean velocity and turbulent flow-field characteristics inside an advanced combustor swirl cup[END_REF]. Conversely, the CRZ disappears [START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF] or weakens [START_REF] Vu | Flow measurements in a model swirl combustor[END_REF][START_REF] Mehta | Mean velocity and turbulent flow-field characteristics inside an advanced combustor swirl cup[END_REF] when the same experiments are repeated without inner swirl S 1 = 0 or with an inner co-rotating swirler. Counter-swirl configurations therefore help the formation of a compact swirl-stabilized flame, when the inner S 1 and outer swirl S 2 levels are moderate [START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF]. Too large swirl levels lead to flashback or unacceptable pressure drop through the injector of gas turbines.

Many other industrial burners operate at a higher swirl level S 2 ∼ 1 in the annular channel and feature a distinct behavior [START_REF] Truelove | Flow, mixing and combustion within the quarl of a swirled, pulverised-coal burner[END_REF][START_REF] Dixon | Aerodynamic studies on swirled coaxial jets from nozzles with divergent quarls[END_REF]Mahmud et al. 1987a). In these cases, a large CRZ prevails above the coaxial injector even in absence of inner swirl S 1 = 0. In co-rotating conditions, gas recirculation is enhanced and the CRZ is pushed further upstream because the inner swirl reduces the penetration of the central jet in the CRZ [START_REF] Dixon | Aerodynamic studies on swirled coaxial jets from nozzles with divergent quarls[END_REF]Mahmud et al. 1987a). The same trends are reported in reacting conditions [START_REF] Truelove | Flow, mixing and combustion within the quarl of a swirled, pulverised-coal burner[END_REF]. A co-rotating inner swirler leads to a better mixing between the central fuel stream, the annular oxidizer swirled stream and the recirculating burned gases [START_REF] Dixon | Aerodynamic studies on swirled coaxial jets from nozzles with divergent quarls[END_REF]. More recently, a counterrotating swirler was shown to alter the shape of the CRZ of highly swirled flames stabilized above a coal burner [START_REF] Sung | Non-intrusive optical diagnostics of co-and counter-swirling flames in a dual swirl pulverized coal combustion burner[END_REF]. This short literature review highlights how the flow produced by co-and counterrotating swirlers leads to opposite effects on flow recirculation when a coaxial injector is operated at a moderate S 2 < 0.6 or at a high annular, say S 2 > 0.8, swirl number. These previous studies focus on a combustion region lying close to the injection plane z/d 1 < 2, where z denotes the axial coordinate along the combustor centerline axis and d 1 the diameter of the central fuel injector. Nonpremixed flames are often anchored to the fuel nozzle rim z/d 1 = 0, but in many cases they may also stabilize further downstream z/d 1 > 6 [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF][START_REF] Cha | Effect of swirl on lifted flame characteristics in nonpremixed jets[END_REF]Degenève et al. 2019b). Turbulent non-premixed methane/air swirling flames are almost never attached to the injector rim at ambient conditions [START_REF] Kim | Emission characteristics of the 0.03 MW oxy-fuel combustor[END_REF]), but O 2 -enriched flames exhibit a wider variety of topologies (see chapter 10). These two features have motivated this study in which the impact of co-and counter-rotating swirl on the flame and flow patterns is characterized both at the outlet of the injector z/d 1 = 0 and further downstream up to z/d 1 = 15 with the help of optical diagnostics.

Experimental setup

Experiments are carried out on the Oxytec combustor, already used to investigate scaling relations for the length of non-premixed swirling oxy-flames in chapter 9 and the effects of inner co-swirl on flame stabilization in chapters 10 and 11.

The combustion chamber is presented in Fig. 1 Rotation is provided to both the central (1) and the annular (2) streams. Two swirl numbers S i , i = 1, 2, are defined as S i = 2G i,θ /(d i G i,z ), where G i,θ and G i,z are the tangential and axial momentum fluxes in the axial direction. These fluxes are determined by integration of the axial u z and azimuthal u θ velocities over the cross sections areas A 1 and A 2 of the central tube and of the annular channel : G i,z = A i ρu 2 z dS is always positive, whereas G i,θ = A i ρru θ u z dS is positive when u θ > 0 (counter-clockwise rotation), and negative when u θ < 0 (clockwise rotation).

The injection plane of the coaxial injector is located 5 mm above the back plane of the combustor to ease imaging the flame root and flame liftoff height. This injection plane defines the axial origin z = 0, and there is no recess between the central and the outer injection channel outlets. Four tangential slits generate a swirling motion, with swirl number S 2 , in the annular oxidizer stream, as shown in Fig. 1. 5(b). The distribution of the axial Q 2,z and tangential Q 2,θ volume flow rates provides an adjustable swirl level S 2 . Assuming a solid-body rotation of the flow and a uniform axial velocity, the geometrical swirl number S 2 in the annular channel is given by S 2 = S m /(1 + Q 2,z /Q 2,θ ), where S m = 1.23 is deduced from geometrical considerations as shown in chapter 4. The inner stream is swirled with the help of seven removable sets of axial twisted vanes with trailing edge angles θ 1 = -60, -50, -30, 0, 30, 50 and 60 • , as illustrated in Fig. 1.5(c). The central fuel and annular oxidizer streams are counter-rotating when θ 1 < 0 and co-rotating otherwise. With the same hypotheses on the velocity profiles as in the annular channel, the geometrical swirl number S 1 in the central tube is given by S 1 = 1/2 tan(θ 1 ).

The operating conditions covered in this study are reported in Table 12.1. The oxygen mass fraction is set to Y O 2 ,2 = 0.40 in the oxidizer stream as in chapters 10 and 11. This oxygen concentration leads to a broad range of liftoff transitions and changes of flame topology.

Except for dataset D 4 , the momentum flux ratio J between the annular (2) and central (1) streams is set to J = ρ 2 u 2 z,2 /ρ 1 u 2 z,1 = 0.75, which is achieved by fixing the axial velocity in the inner fuel stream to u z,1 = 23.3 m.s -1 and the axial velocity in the annular oxidizer stream to u z,2 = 15 m.s -1 . This sets the thermal power P th = 21.7 kW, the global equivalence ratio φ = 0.91 and the annular flow in the turbulent regime with a Reynolds number Re 2 = ρ 2 u z,2 D h /µ 2 = 12, 000 based on the hydraulic diameter D h = 12 mm. The swirl number in the central fuel stream is systematically varied from S 1 = -0.87 to 0.87. The swirl number in the annular channel is initially fixed to S 2 = 0.85.

These conditions are used to investigate the structure of the flow with Particle Image Velocimetry (PIV) with liquid (dataset D 1 ) and solid particles (dataset D 2 ). The spatial resolution of the PIV measurements is δ x = 0.6 and 1.2 mm for the non-reacting and reacting conditions, respectively. A sensitivity analysis, not shown here, has been carried out to verify that the velocity measurements and the position of the CRZ are left unchanged when slightly modifying the seeding of the flow and the duration time between the two laser impulses. For measurements in non-reacting conditions, the O 2 -enriched mixture is replaced by air, but the inner stream is filled with methane to keep approximately the same gas density ratio as in reacting conditions. In reacting-conditions, PIV is synchronized with OH-PLIF measurements to track the unsteady position of the CRZ and the flame front (D 2 ). The Q 1 (6) band of the hydroxyl radical is excited at λ = 282.93 nm with a laser delivering a 20 mJ energy pulse cadenced at 10 Hz. A full description of the optical diagnostics and image post-processing can be found in chapter 2.

A broader set of flames (dataset D 3 and D 4 ) has been investigated with OH * chemiluminescence to determine the flame liftoff height z f with respect to the nozzle rim when the inner swirl S 1 , the outer swirl S 2 and the momentum flux ratio J are parametrically varied. The OH * intensity is collected at the wavelength λ = 310 nm, and the recording time ∆t = 30 ms is long compared to the largest turbulent time scales of the flow. Images are averaged over 100 snapshots. The Otsu thresholding method [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]) is chosen to infer the flame front location from images [START_REF] Wang | Turbulent jet diffusion flame length evolution with cross flows in a sub-pressure atmosphere[END_REF]Degenève et al. 2019) as presented in section 2.2.4. The flame liftoff height z f is determined as the lowest point of the Otsu contour. The standard deviation of the liftoff height z f,rms is limited to 10 % of its mean value z f . A sensitivity analysis has been carried out to verify that the Otsu contour is left unaltered when the image brightness and contrast are varied. Finally, numerical simulations of one-dimensional flames have been performed to ensure that the temperature and OH * peaks both lie close to the reaction layer at z = z st (see Fig. 2.4 in chapter 2).

12.3 Impact of S 1 on the non-reacting flow -r * u z rdr, where r * denotes the radial coordinate where the axial velocity is zero : u z (-r * ) = u z (r * ) = 0. This flowrate is determined at the heights z/d 1 = 1 and 6, represented as white dashed horizontal lines in Fig. 12.1. Results are shown in Table 12.2.

Results are first analyzed close to the injector outlet, at height z/d 1 = 1. The recirculating flowrate Q r increases with the swirl number S 1 for both coand counter-rotating directions, indicating that the inner swirl locally favors stabilization of the CRZ at the outlet of the injector. This feature highlighted here for a fixed annular swirl number S 2 = 0.85 contrasts with the dynamics observed above a gas turbine injector operated at a lower swirl level S 2 0.5 [START_REF] Vu | Flow measurements in a model swirl combustor[END_REF][START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF][START_REF] Ramos | Swirling flow in a research combustor[END_REF][START_REF] Mehta | Mean velocity and turbulent flow-field characteristics inside an advanced combustor swirl cup[END_REF]. In this latter case, the CRZ is enhanced only with counter-swirl flow and disappears in co-rotating direction. The origin of this difference is discussed at the end of the section.

Figure 12.1 also shows that the impact of S 1 on the flow-field is totally different further downstream away from the injector outlet. In the far-field, the presence of a CRZ and the magnitude of the recirculating flowrate Q r also depend on the rotation direction of the two swirling jets. At z/d 1 = 6, Q r is maximum for co-swirl when S 1 = 0.87 and decreases with S 1 until the CRZ vanishes for a counter-swirl at S 1 = -0.87.

The far-field structure of the swirling flow may be interpreted with the help of a global swirl number S 1+2 = 2G 1+2,θ /(d 2 G 1+2,z ) when the inner and outer jets have mixed. Noting that G 1+2,k = G 1,k + G 2,k for k = z, θ and that the axial momentum fluxes are linked by G 2,z /G 1,z = J(A 2 /A 1 ), the global swirl number S 1+2 therefore only depends on S 1 , S 2 and J and may be written as :

S 1+2 = d 1 d 2 αS 1 + (1 -α)S 2 (12.1)
where α = (1 + JA 2 /A 1 ) -1 lies between 0 and 1. The tangential momentum flux G 1+2,θ measured at the height z/d 1 = 4 is reported in Table 12.2. It is found that G 1+2,θ is minimum for counter-rotating swirls at S 1 = -0.87 and maximum for co-rotating direction when S 1 = 0.29 or 0.87. In agreement with previous studies [START_REF] Vu | Flow measurements in a model swirl combustor[END_REF][START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF][START_REF] Sung | Non-intrusive optical diagnostics of co-and counter-swirling flames in a dual swirl pulverized coal combustion burner[END_REF], the swirling motion decreases more rapidly for counter-swirl jets. This evolution leads to the disappearance of the CRZ at z/d 1 = 6 for S 1 = -0.87 after the jets have mixed in Fig. 12.1.

The global swirl number S 1+2 predicted by Eq. (12.1) is also reported in The main observations are synthesized. In the present study S 2 = 0.85 is high, swirling the inner stream leads to two distinct near-field and far-field behaviors.

(i) At the injector outlet, inner swirl promotes the formation of a CRZ depending on the absolute value of S 1 . Change of the jet rotation direction barely alters the CRZ in the near-field region. (ii) Further downstream, the inner jet also affects stabilization of the CRZ. In this region, the rotation direction has a major influence on the CRZ, which is well captured by considering the global swirl level S 1+2 defined by Eq. ( 12.1).

The mechanisms leading to the formation of the CRZ above a coaxial injector are now further scrutinized by reporting the results from Fig. 12.1 together with results from past studies in a diagram shown in Fig. 12.2. Rise of the adverse pressure gradient ∂p/∂z on the centerline axis in a swirling flow originates from the decay of the azimuthal velocity given by [START_REF] Vu | Flow measurements in a model swirl combustor[END_REF][START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF][START_REF] Tangirala | Effect of heat release and swirl on the recirculation within swirl-stabilized flames[END_REF] :

∂p ∂z r=0 -2 R 0 ρ |u θ | r ∂|u θ | ∂z dr (12.2)
where r = R is the radial position at the sidewalls.

A first configuration leading to the formation of a CRZ in Fig. 12.1 is associated to a high value of the inner swirl number |S 1 | > 0.6. This region is noted I in Fig. 12.2. Decay of u θ in the central stream is sufficient to increase the adverse pressure gradient in Eq. (12.2) leading to a CRZ located at the outlet of the central tube. This mechanism prevails in [START_REF] Sung | Non-intrusive optical diagnostics of co-and counter-swirling flames in a dual swirl pulverized coal combustion burner[END_REF] or in Fig. 12.1 with S 1 = ±0.87. Another combination is when |S 1 | < 0.6. If S 2 is high enough, the tangential momentum remaining after mixing of the central and the annular jets can generate a CRZ. This second mechanism takes over further downstream the injector outlet and is well predicted by the global swirl number S 1+2 defined by Eq. (12.1). A rough limit is defined by S 1+2 0.7 that is added in Fig. 12.2 and delineates region II. This situation is observed when S 1 = 0 in [START_REF] Tangirala | Effect of heat release and swirl on the recirculation within swirl-stabilized flames[END_REF][START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF]), for S 1 ≥ 0 in [START_REF] Truelove | Flow, mixing and combustion within the quarl of a swirled, pulverised-coal burner[END_REF][START_REF] Dixon | Aerodynamic studies on swirled coaxial jets from nozzles with divergent quarls[END_REF]Mahmud et al. 1987a) or in Fig. 12.1 for S 1 ≥ 0. The last situation corresponds to coaxial jets with moderate swirl levels S 1 and S 2 ∼ 0.5 that produce a CRZ only when they are counter-rotating. In this configuration, noted III in Fig. 12.2, the decay of the azimuthal velocity ∂|u θ |/∂z is faster for counter-swirling jets, leading to the formation of a CRZ [START_REF] Vu | Flow measurements in a model swirl combustor[END_REF][START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF].

The three regimes identified in Fig. 12.2 enable to report the results from many past studies in which a CRZ has been obtained for different swirl levels in the inner or outer streams, and with different swirler geometries. This diagram highlights that coaxial jets with moderate swirl levels feature an intense CRZ when counter-rotating [START_REF] Vu | Flow measurements in a model swirl combustor[END_REF][START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF][START_REF] Ramos | Swirling flow in a research combustor[END_REF][START_REF] Mehta | Mean velocity and turbulent flow-field characteristics inside an advanced combustor swirl cup[END_REF]) and a weak [START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF] or no CRZ [START_REF] Vu | Flow measurements in a model swirl combustor[END_REF][START_REF] Mehta | Mean velocity and turbulent flow-field characteristics inside an advanced combustor swirl cup[END_REF]) when co-rotating. The experiments conducted in this study with a high swirl level in the annular jet indicate that swirling the inner jet in counter-and co-rotating direction leads to the formation of a CRZ and that its position directly depends on the values of |S 1 | and S 1+2 . Figure 12.3 shows that combustion has disrupted the flow field. In the absence of inner swirl S 1 = 0, the CRZ is pushed downstream compared to non-reacting operation in Fig. 12.1. The flame lies in this case in the jet-like regime in agreement with results from Chen et al. [START_REF] Chen | A comparison of bluff-body and swirl-stabilized flames[END_REF]). When the inner swirl level slightly increases to |S 1 | = 0.29, the flame features a CRZ for both co-and counter-rotating directions. In these cases, the width and length of the CRZ are drastically enhanced compared to non-reacting conditions in Fig. 12.1. Enhancement of gas recirculation is also in agreement with previous studies reporting that the heat release pushes the CRZ of swirl-stabilized flames more upstream [START_REF] Gouldin | Velocity field characteristics of a swirling flow combustor[END_REF][START_REF] Tangirala | Effect of heat release and swirl on the recirculation within swirl-stabilized flames[END_REF]. The inner swirl level therefore has a considerable impact on the flame topology. A slight increase of |S 1 | in Fig. 12.3 leads to the transition of the flame from a jet-like regime for S 1 = 0 to a CRZ regime when |S 1 | = 0.29 but the flame remains anchored on the central tube. It can be noticed that flame with S 1 = -0.29 is not perfectly symmetric. This is attributed to a small tilting of the inner tube with respect to the axis of the outer channel. This asymmetry remains however small. When the inner swirl is further increased to |S 1 | = 0.87, the CRZ is pushed closer to the injector outlet, and the reaction layer becomes detached from the central injector rim. an example where the rotation direction changes the liftoff transition is displayed in Fig. 12.5 with OH * chemiluminescence images (D 3 dataset). In this case, the flame is lifted above the injector for S 1 = 0.29 and anchored to the nozzle rim for S 1 = -0.29.

12.5 Impact of S 1 for lifted flames Impact of inner swirl S 1 in co-and counter-rotating directions is now investigated only for the lifted flames stabilized downstream the coaxial injector. Three of them are represented in Fig. 12.5 showing that the flame leading edge position z f is very sensitive to the rotation direction, and therefore to the amount of swirl remaining after the jets have mixed. The value of the global swirl number S 1+2 indicated in Fig. 12.5 shows a very good correlation with the evolution of the liftoff height z f . When S 1 is counter-rotating, S 1+2 decreases and the flame is pushed downstream, whereas S 1+2 increases and z f decreases when S 1 is co-rotating.

The analysis proceeds by plotting the flame liftoff height z f /d 1 with respect to S 1+2 in Fig. 12.6 for all the lifted flames investigated when z f /d 1 > 0.4. This corresponds to a series of 190 flames obtained for different values of S 1 , S 2 and J. The flames operated at S 1 = 0 or -0.29 could not be lifted and are therefore discarded. Data colored by the value of the inner swirl number S 1 collapse on a single curve in Fig. 12.6 for both co-and counter-rotating configurations. The liftoff height z f /d 1 decreases when S 1+2 increases.

Analysis of Eq. ( 12.1) for S 1+2 is used to get further insight on the structure of flow exhausting from a dual swirl coaxial injector. A first order perturbation analysis yields δS

1+2 = (d 1 /d 2 )αδS 1 + (1 -α)δS 2 + βα 2 A 2 /A 1 δJ, with β = (S 2 -d 1 /d 2 S 1
). The ratio A 2 /A 1 is often large for coaxial injectors (9.3 in the present study) leading to small values for α when J is not too small. In this case, changing the outer swirl number S 2 has a much bigger impact on S 1+2 than changing S 1 . This explains why variations of the inner swirl number from S 1 = -0.87 to 0.87 in Fig. 12.5 only reduce z f /d 1 from 8.0 to 4.5. In configurations with a small annular velocity, α is equal to unity : the coaxial jet is governed by the inner swirl number S 1 , as in [START_REF] Yuasa | Effects of swirl on the stability of jet diffusion flames[END_REF][START_REF] Cha | Effect of swirl on lifted flame characteristics in nonpremixed jets[END_REF].

For all the investigated lifted flames, the parameter β is positive β > 0. Increasing the momentum flux ratio J therefore reduces S 1+2 , leading to a reduction of the flame liftoff height z f /d 1 . By noticing that S 2 -S 1+2 = αβ, the relationship between the inner and the outer swirl numbers β > 0 also shows that the global swirl number is smaller than the one in the annular channel, S 1+2 < S 2 . This number S 1+2 must however not be used to interpret detachment of the flame front from the central injector rim. In Fig. 12.5, the flame is lifted for S 1+2 = 0.62, 0.67 and 0.69 but anchored for S 1+2 = 0.65 and 0.66. Liftoff of O 2 -enriched flames is controlled by the value of S 1 leading to a partial blockage of the fuel stream at the outlet of the central injector as described in the previous section.

The global swirl number S 1+2 therefore constitutes a useful dimensionless number to determine the evolution of the flame liftoff height z f /d 1 of oxy-flames exhausting from a dual swirl injector. It models the influence of S 1 , S 2 and J relying on the hypothesis that the inner and outer jet momentums have mixed.

Conclusion

Impact of co-and counter-rotating directions of swirl in a coaxial injector has been investigated for O 2 -enriched air methane diffusion flames with a parametric approach and the help of optical diagnostics in reacting and non-reacting conditions. It has been found that the dynamics of a counter-rotating swirl injector with a high annular swirl number exhibits a different behavior than the flow obtained from injectors with a moderate annular swirl number. In this work, counter-swirl in the inner fuel stream weakens the central recirculation zone while co-swirl enhances it. One major outcome of this study is to separate near-field effects occurring at the outlet of the injector from swirl dissipation happening further downstream after the jets have mixed.

At the outlet of the injector, transition to liftoff for O 2 -enriched flames is caused by the partial blockage of the inner fuel stream when a central recirculation zone settles in this region. This flow blockage leads to high transverse velocities and high strain rates in the wake of the central fuel injector rim leading to flame liftoff. This flow blockage is more influenced by the magnitude of the inner swirl number |S 1 | than its rotation direction.

Further downstream, after the inner and outer jets have mixed, the liftoff height z f /d 1 of the non-premixed oxy-flames exhausting from a dual swirl injector has been shown to scale with a global swirl number S 1+2 defined by Eq. (12.1) for a large range of operating conditions -0.87 ≤ S 1 ≤ 0.87, 0.6 ≤ S 2 ≤ 1.1, 0.75 ≤ J ≤ 3, for both co-and counter-swirl configurations.

Conclusion

The stabilization, structure, and thermal behavior of turbulent methane oxyflames have been investigated in premixed and non-premixed injection conditions when swirl is eventually conferred to the flow. The analysis combines experiments, theoretical developments, and numerical flow simulations. The experimental part of this work encompasses parametrical analysis conducted over a broad range of operating conditions and detailed flow, flame, and heat transfer characteristics for a set of reference flames with laser diagnostics. This work has been completed with numerical investigation performed with highfidelity computational tools. This has led to the derivation of several models used to predict the evolution of the flame and flow patterns as some flow or geometrical parameter of the injector is varied. The main outcome can be summarized as follows. When a change occurs in the fuel or oxidizer composition, thermal power, or in the injector nozzle geometry, adjusting the swirl motion conferred to the reactants can be used to retrieve the same flame structure and stabilization regime before the modification.

The main findings of this work for swirling premixed flames are listed below :

-A theoretical analysis has been performed to examine whether changes of the swirl level could explain the position of the central recirculation zone (CRZ) as the diffuser cup angle is varied. Expressions for changes of the swirl level through a diffuser were derived with and without considering pressure effects the definition of the swirl number. A model has been developed for the CRZ position as the quarl angle varies and has shown very good agreement with experiments. -A procedure has been developed based on OH-PLIF images to deduce the three-dimensional flame surface density and flame wrinkling factor from swirling flames. It has been shown that the swirl level has a significant impact on the flame structure and that the wrinkling process differs between a moderately swirled flame featuring intermittency in the reaction layer position and a highly swirled flame protruding inside the injector featuring a flame brush. It has also been shown that CO 2 dilu-tion has a low impact on the flame surface density and flame wrinkling factor. -A Laser-Induced Phosphorescence test-bench has been developed to measure elevated wall temperatures at the surface of the solid components of the combustor. The thermal environments of a methane-air and a CO 2diluted methane oxy-flame sharing the sale thermal power and adiabatic flame temperature have been investigated with this diagnostic. Both flames were found to feature similar wall temperatures and conductive heat fluxes along the combustor sidewalls. A low order model has been developed to qualitatively explain the origin of the heat flux and show how convective heat transfer is supplemented by radiative heat transfer when switching from air to CO 2 -diluted oxy-combustion. -A numerical analysis has also been performed to examine the thermal behavior of the Oxytec combustor when powered by a CO 2 -diluted oxyflame. The reacting flow is solved with Large Eddy Simulation and coupled with a Monte Carlo solver for the radiative field. The numerical setup has been tuned to carry out the calculations at an affordable computational cost. A satisfying agreement has been found with the measurements of the flame and flow patterns. It has been shown that considering the radiative heat transfer in a coupled simulation has a moderate effect on the velocity field and flame position but a tremendous impact on the gas temperature and heat flux distribution inside the combustor. By performing energy balances inside the combustor, a quantitative model has been derived that allows to predict the gas temperature and the heat flux distribution along the walls of the coupled simulation by only considering data from the non-coupled simulation.

Flame stabilization, structure, and thermal behavior have also been investigated for non-premixed oxy-flames stabilized above a dual swirl coaxial injector. The main outcomes of this work are the following :

-The length of methane oxy-flames has been thoroughly investigated for about 1000 operating conditions featuring different combinations of momentum ratio, annular swirl level, and composition of the inner and outer streams of the coaxial injector. It has been found that a relation derived for short flames featuring a high stoichiometric mixture fraction can be extended to oxy-flames operated at a much smaller stoichiometric mixture fraction. The lengths of all the flames investigated without swirl in the annular stream have been seen to collapse on a single scaling law based on the stoichiometric mixture fraction and momentum ratio between the two streams. This relation has been extended to the case of flames featuring a swirl in the annular oxidizer stream. -Another major outcome of this work is to show that swirling the inner fuel stream may be used to detach the flame reaction layer from the fuel nozzle rim and maintains the flame in a stable lifted position above a coaxial injector. The liftoff distance can be finely tuned and depends on the inner and outer swirl levels and the momentum flux ratio between the two coaxial streams. About 1000 configurations have been investigated and classified into only four distinct stabilization patterns. Increasing the tangential outer momentum in the annular channel by increasing the outer swirl number or decreasing the inner axial momentum flux in the central tube by increasing the momentum flux ratio lowers the position of the recirculating bubble and favors flame anchoring to the central injector rim. Conversely, increasing the tangential inner momentum by increasing the inner swirl level or increasing the inner axial momentum by lowering the momentum flux ratio favors flame detachment from the central injector rim. Changes associated with a modification in the oxygen concentration in the annular oxidizer stream and the quarl angle have also been characterized. -The liftoff process occurring when swirling the inner fuel stream has further been scrutinized by analyzing the structure and thermal behavior of non-premixed swirling oxy-flames with the help of optical diagnostics. It has been shown that an increase of the inner swirl number leads to a partial blockage of the fuel flowfield by a central recirculation zone that pushes the fuel in the radial direction. This leads to local breakages of the reaction layer for the flames attached to the nozzle rim and featuring an intermediate swirl level. When the swirl is further increased, this process leads to flame liftoff. The flame liftoff's impact on the combustor's thermal behavior has finally been investigated with Laser-Induced Phosphorescence. When the flame is anchored to the nozzle rim, it has been shown that the injector features a high temperature. When the flame is lifted away from the burner lips, the injector is at thermal equilibrium with the injected fresh reactants. -Variation of the inner swirl level and direction has also been investigated for both co-and counter-rotating directions. It has been shown that counter-swirl weakens gas recirculation while co-swirl enhances it. These local effects occurring at the injector outlet differ from the swirl dissipation happening further downstream after the jets have mixed. A model has finally derived for the latter mechanism, enabling the description of the flame root position's evolution correctly. This model has been validated with experiments carried out for 190 lifted flames.

The models derived in this thesis and the mechanisms identified open new perspectives which can be pursued in various directions :

-A database of oxy-flames in premixed and non-premixed conditions has been created with a detailed characterization of the flame and flow patterns and completed with wall temperature measurements along metallic surfaces and quartz windows. These data are left at the disposal for simulations of these configurations. The non-premixed oxy-flames stabilized in a lifted and compact stable position features an appealing flame topology. Reproducing the liftoff process caused by the partial blockage of the inner fuel stream also constitutes an interesting challenge for future numerical simulations. -The low-order models derived in this work have been tested for a broad range of operating conditions in a combustor operating at atmospheric pressure. The impact of pressure has not been investigated. It would be worth verifying whether the developed models correctly predict the impact of pressure on flame stabilization, flame structure, and thermal behavior. -The experimental developments made on the electronic and real-time acquisition chain of the LIP test-rig has enabled to detect phosphorescence signal featuring a short decay time of about 50 ns. Adapting the test rig to other thermographic phosphors constitutes an appealing opportunity to extend the range of temperatures that can be measured with the same test rig. -The scaling laws that were developed for the length of swirling methane O 2 -enriched flames may eventually be extended to coaxial flames featuring a variable composition of hydrogen in the central fuel stream. -As demonstrated in this work, it is possible to detach non-premixed oxyflames from the injector nozzle rim by swirling the inner fuel stream. This finding should be further investigated for flames featuring a higher fraction of oxygen in the oxidizer stream and to any configuration where the flames are attached to the injector nozzle. -It has been found that swirling the inner fuel stream may not only lift the flame but also remove the flame visible soot signal. It was conjectured that an additional inner swirl improves the premixing degree of the flame. Further analysis is needed to shed light on this issue.

Annexe A

Sensitivity analysis for Particle Image Velocimetry

An extensive analysis has been carried out to assess the accuracy of the PIV measurements presented in this work. Effects of seeding of the flow has been presented in chapter 2. In this Appendix, it is first shown how the flowfield has been measured at a very close distance from the injector outlet. Effects on the duration between the two laser impulses are then discussed, followed by the influence of the substitution of vectors. The convergence of the results is then discussed as a function of the number of samples. Finally, the peak-locking effects obtained in the PIV measurements is discussed.

A.1 Position of the laser sheet

It is paramount to control the position of the PIV laser sheet in compliance with the zone of interest. In a coaxial jet, mixing is made in the shear layer in the wake of the injector lip of thickness δ =1 mm. It follows that the distance between the injector outlet lying at z = 0 and the bottom of the laser sheet, noted z LS must be minimized. This constraint comes with a risk of unwanted laser reflection which can severely damage the camera sensor. Solutions which were found to mitigate this problem during this thesis are sketched in • The camera is placed so that the optical axis is parallel to the combustor back plane. The center of this image therefore coincides with the center of the injection plan. This prevents the laser beam reflecting at the injector surface from striking the CCD sensor. A major drawback of this technique is that the bottom part of the image is outside the region of interest. This technique is however compulsory to position the laser sheet at the outlet of the injector with a standard camera, as seen in The two solutions minimize reflections. Secondary reflections however cannot be avoided, either coming from any metallic components of the combustion chamber, or from light scattered by the quartz windows. These additional reflections remain sufficient to burn the camera pixels. The three following points enables to mitigate their effect.

• The overall Oxytec combustor has been mounted on a three-axis movement manual control. This enables to tune with a high precision the position of the injector with respect to the laser sheet.

• The metallic surfaces which are exposed both to the camera and the laser sheet have been painted in black with a spray resistant to high temperature. This considerably reduces the intensity of the reflected beams. • The ultimate safety barrier was to start each day of experiments with a closed lens cover, a small seeding and to gradually increase the lens aperture and the laser power. In addition, this fine tuning has been done with a dual screen to control the signal-to-noise ratio in real time. Only this configuration enables to measure the velocity in the wake region behind the inner lips of the injector or close to the burner axis when the central fuel stream is highly swirled. All measurements presented for PIV in this work were obtained with the setup in configuration c.

The images displayed in

A.2 Duration between the two laser impulses

The time duration ∆t between the two laser impulses must also be carefully chosen. If ∆t is small the particles displacement tends to zero in the region fea- However, when the duration is set to ∆t = 30 µs, the velocity field features high discrepancies. The highest axial velocities are highly underestimated whereas the fluctuating velocities are overestimated. These error originates from a too large displacement of certain particles outside of the interrogation window. In this case where ∆t 2∆t th , the particles with the highest velocities u max feature a pixel displacement of two third of the interrogation window. This leads to failure of the PIV cross-correlation algorithm and the highest velocities are discarded from the statistics. It is therefore concluded that the theoretical estimation of ∆t th based on the maximum velocity yields good results, and that taking a duration time 5 µs below or above the theoretical only induces a very limited error.

It can be further noticed that the results shown in the previous senstivity analysis where the particle density and the duration time between the laser impulses have been tested also show an excellent repeatability of the experiments.

A.3 Validation of vectors and influence of substitution of vectors

The PIV post-processing algorithm used in this work relies on cross-correlations through the interrogation window. Let us consider a pixel displacement vector n i = (i x , i y ). A value is assigned A n i based on the cross-correlation of the original interrogation window with its translation of (i x , i y ) pixels. Let n 1 and n 2 denote the two displacement vectors which give the two maximum crosscorrelations A n 1 and A n 2 . To be validated, the displacement n 1 must satisfy the following criteria, A n 1 > τ A n 2 , where τ is a constant. Otherwise, the velocity vectors is discarded. It can either be substituted by the displacement of the surrounding pixels, or the interrogation window can be left empty. Selectivity of the measurement increases with the threshold τ . In this case, only the best displacement determined by auto-correlation are validated. This can increase the accuracy of the measurements, but also lowers the validation rate. In this study, τ has been set to τ = 1.8, which is slightly above the recommended value 1.5.

A good understanding of the algorithm yielding the substituted vectors made by the PIV commercial software is crucial when evaluating the mean and the fluctuating components of the velocity field. A routine has therefore been developed in Matlab ® to evaluate the mean and fluctuating components of the velocity fields depending on whether the substituted vectors are taken into account or discarded. It has been verified that the results obtained with our routine give exactly the same values as the software for the axial and radial In order to decipher whether the substituted vectors must be included in the statistics, the mean and fluctuating components of the velocity flow field have been evaluated with the homemade routine for three different configurations :

(1) only the validated vectors are averaged, (2) only the substituted vectors are Conversely, the fluctuating component features a very high discrepancy between the statistics gathered with the validated or the substituted vectors. The values of u θ,rms estimated with the substituted vectors is drastically lower than the results obtained only with the validated vectors. This discrepancy is explained as follows. When a vector is not validated, it is replaced by a substituted vector based on the average value of the surrounding displacement vectors. This substitution lessens the variations of velocity, and therefore lowers the value of u θ,rms when based on the substituted vectors.

For this reason, it is chosen in this work to discard the substituted vectors and to estimate the mean and fluctuating components of the velocity field only with the validated vectors. The number of snapshots needed to converge the mean tangential velocity u θ is low N avg = 100. For the fluctuating component u θ,rms , the velocity profile collapses for N avg ≥ 500. It is therefore concluded for our experiments that the flow field is fully converged by taking N avg = 1000 pairs of PIV snapshots. This value is retained for all the results presented in the manuscript.

The PIV technique is known to require a large amount of disk memory, and a long time to post-process the images. In order to avoid unusable data and lost of computer process unit time, all the operating points were first verified with a very small amount of double frames during the experiments (typically around N avg = 50). This has enabled to ensure in real time that the seeding, the laser sheet thickness and intensity were optimized. 

A.5 Peak-locking effect

The PIV technique aims at finding the pixel displacement n 1 which best correlates through the interrogation window of two consecutive snapshots. On a first approach, n 1 is therefore a vector of integers whose component δ i are mostly comprised between -N pix /3 < δ i < N pix /3. Peak-locking occurs when the velocity vectors preferentially take discrete values u = s • n 1 with n 1 ∈ Z * , where s = 21.3 pixels.mm -1 is the calibration factor. Advanced PIV post-processing methods can extract the sub-pixel displacement between two frames. Considering one PIV snapshot, the position of one particle corresponds to an intensity peak of several pixels. The pixel intensities are fitted with a polynomial function. With this technique, displacement of less than one pixel are tested to correlate the two frames [START_REF] Christensen | The influence of peak-locking errors on turbulence statistics computed from piv ensembles[END_REF][START_REF] Chen | Elimination of peak-locking error in piv analysis using the correlation mapping method[END_REF]. This technique yields continuous values for u. This refined method requires from the particle to occupy several pixels on the camera CCD sensor so as to increase the accuracy of the fitting procedure. The spots delineating the seeding particles on a PIV raw image are generally less than one pixel. A common solution is to use the Annexe A -Peak-locking effect camera with a large depth of field and to defocus the images. This procedure has been adopted for all the PIV measurements in this work to mitigate the peak-locking effect. The peak-locking effect is investigated with PIV measurements performed in reacting conditions and with solid particles as tracer. A Probability Density Function (PDF) of the pixel displacement δ x is made on 500 instantaneous PIV fields. The probability is shown in Fig. A.9 on a logarithmic scale. The pixel displacements well lie in the expected range -N pix /3 < δ x < N pix /3. This feature is a verification that the particles with high velocities do not leave the interrogation window. Secondly, the distribution is high when |δ x | is small and decreases when |δ x | increases. This feature is specific to the investigated configuration where the coaxial jet only occupies a small part of the measurement volume compared to the burned gases in a quiescent state. Lastly, probability peaks are observed when the pixel displacement is close to an integer value. This distribution evidences that peak-locking has occurred during the post-processing procedure. It is verified in the following to what extent measurements are impaired by peak-locking.

Let s x = δ x -δ x be the sub-pixel displacement, where δ x is the integer part of δ x . The analysis proceeds by analyzing the probability density function of s x , shown in Fig. A.10. It results that the PDF of s x is not perfectly flat. First, the probability of a sub-pixel displacement s x is higher around 0 and 1. Secondly, the PDF also feature several peaks, especially at s x = 0.34. Though these peaks have a large amplitude, they also feature a small half-width. It has been verified by integration of the PDF that the probability for a sub-pixel to belong to these peaks is less than 10 %. Peak-locking constitutes a well-known bias of PIV experiments. Despite the efforts made to defocus the image and to increase the depth of field, peak-locking could not be completely avoided during this work. It has however been shown that its effects remain limited. It must also be noticed that the present analysis has been conducted on the most severe operating conditions in a reacting case.

Annexe B

Laser Induced Phosphorescence Tin this Appendix, the algorithm developed for the LIP measurements is described. Real time measurements enable to adapt the sampling rate of the diagnostic to increase the spatial resolution of the experimental test-rig. The benchmark of phosphorescent material is then briefly presented.

B.1 Real time adaptation method of the sampling rate

The second feature which allows to increase the performance of the experimental setup is to adapt the sampling rate of the signal in real time. Contrary to the maximum sampling frequency f Tmax , the acquisition duration ∆t T min is determined by the lowest temperature that needs to be determined. This duration must be sufficiently long to record the entire LIP signal from the photomultiplier. The period ∆t T min is estimated to N 2 = 5 τ , with τ is the delay of the LIP signal issuing from the thermographic phosphor at ambient temperature. This duration corresponds here to ∆t T min = N 2 τ (T=300K) = 0.01 s. In this example where the sampling frequency is set to f Tmax = 250 MHz, 2.5 million samples would be collected at each laser impulse. This method would require large storage capacities that would induce latency in the acquisition chain and in the post-processing procedures.

The above example shows that a setup with a fixed sampling rate f s over the whole range of investigated temperature is not an adapted solution to reach the desired dynamic range. One solution is to adapt in real time both the sampling rate f s and the acquisition duration ∆t s . At each laser impulse i, the recorded signal features a decay time τ i of the phosphorescence signal. The method to adapt the sampling rate in real time is as follows :

f s i+1 = N 1 /τ i ∆t s i+1 = N 2 τ i (B.1)
In these expressions N 1 and N 2 are two constants. Typical values are N 1 = 25 and N 2 = 5. The implemented method consists in optimizing the signal quality and the performance of the acquisition chain over the whole range of investigated temperatures. The acquisition cards allow to impose the sampling rate and the acquisition time, and so do certain oscilloscopes. Furthermore, for each laser impulse i, the method requires to known the decay time of the thermographic phosphor τ i , which must therefore be determined in real time at each collection of the phosphorescence signal. Determination of τ i must not induce latency in the entire acquisition chain which is cadenced at 3 Hz. The development realized on Laser-Induced Phosphorescence have concentrated on a single material Mg 3 .5FeO 5 . All the improvements obtained with this phosphor equally prevail with other phosphors. The selected phosphor enables to measure a very large range of temperatures from T =300 to 1200 K. During all the measurement campaigns of this work, it has been possible to infer all the wall temperatures with the current setup and phosphor. It was therefore not necessary to use other phosphors.

Other phosphors have been selected and tested to reach higher temperatures with the same postprocessing technique. The phosphor YAP :Eu and YAG :Eu, listed in table B.1 were retained because they feature higher decay times for T > 1100 K. However they have not been fully characterized in this thesis. Their properties are indicated in Fig. 2.32.

Annexe C

Momentum balances inside a diverging cup

Details of the calculations from chapter 5 are presented in the following. The velocity profiles are set dimensionless with the shape factors f z j and f θj that respectively designate the dimensionless profiles of the axial and tangential velocities, with j = 1, 2 : u z j (r) = f z j (r)U z j u θj (r) = f θj (r)U θj (C.1)

where U z j and U θj are the area-averaged axial and tangential velocities shown in Fig. 5.6. They are defined as U ij A j = A j u ij (r) dA. f ij (r) complies with

A j f ij (r) dA = A j , for i = z, θ and j = 1, 2.

The mass, momentum and energy balances are written with respect to the factor shapes.

Mass conservation

U z,1 A 1 A 1 f z 1 dA A 1 = U z 2 A 2 A 2 f z 2 dA A 2 (C.2)
Momentum conservation

U θ1 U z 1 R 3 1 A 1 r R 1 f θ1 f z 1 dA A 1 = U θ2 U z 2 R 3 2 A 2 r R 2 f θ2 f z 2 dA A 2 (C.3)
Mecanical energy conservation

p 1 -p 2 1 2 ρU z 2 1 = k + ( A 1 A 2 ) 2 A 2 (1 + U θ2 f θ2 U z 2 f z 2 2 )f z 3 2 dA A 2 - A 1 (1 + U θ1 f θ1 U z 1 f z 1 2 )f z 3 1 dA A 1 (C.4)
Swirl number definition

S i = U θi U z i A i r R i f θi f z i dA A i A i f z 2 i dA A i + p i -p∞ ρUz 2 1 (C.5)
The analytical solution is derived assuming the shape factors of a solid-body rotation f z j = 1 and f θj = (3/2)(r/R) at the inlet (j = 1) and outlet (j = 2) of the diffuser, as Gupta and Lilley [START_REF] Gupta | Swirl flows[END_REF]) did in their model Eq. ( 5.1). With u θ = Ωr, one has : ΩR = (3/2)U θ .

The system is then expressed as follows :

       U z 1 A 1 = U z 2 A 2 U z 1 U θ1 R 3 1 = U z 2 U θ2 R 3 2 p 2 -p 1 ρUz 2 1 /2 = (1 + 2 Ω 1 R 1 2Uz 1 2 ) -( A 1 A 2 ) 2 (1 + 2 Ω 2 R 2 2Uz 2 2 ) -k (C.6)
The resolution of the system leads to the pressure coefficient C p = (p 2p 1 )/(ρU z 2 1 /2) and the pressure-dependent swirl number S :

               Uz 2 Uz 1 = R 2 R 1 2 U θ 2 U θ 1 = R 2 R 1 Ω 2 Ω 1 = R 2 R 1 2 C p = (1 -x -2 ) x -2 + 1 + 2 S 1 2 -k (C.7)
and

S 2 S 1 = x 1 + k 2 + 1 2 (x -2 -1) x -2 + 1 + 2 S 1 2 (C.8)
where x = R 2 /R 1 and S 1 = Ω 1 R 1 2Uz 1 designates the pressure-less swirl number, and Ω 1 the upstream angular velocity.

Annexe D

OH-PLIF post-processing method

D.1 Determination of the progress variable c

As already indicated, the progress variable c of a combustion reaction is a parameter equal to c = 0 in the fresh gases and c = 1 in the burned gases. The interface between these gases is noted c = c * for some value 0 < c * < 1. The method used to determine the c-contours makes use of OH-PLIF images.

A sensitivity analysis is first carried out on the values selected for the threshold level τ i of the OH-PLIF signal to consider the presence of burned gases, i.e. c = 1. As shown in Fig. 6.3, when the delineation between the fresh and burned gases is sharp, results of the binarization algorithm are not affected by the value selected for τ i . In this case, the contours colored in green, red and blue are superimposed. But this is not the case for the contours in the outer recirculation regions of the flow (point C for example). The result of the binarization algorithm is very sensitive to the selected threshold level τ i . The three colored contours differ in Fig. 6.3. This sensitivity in the outer recirculation regions of the flow on the selected threshold value justifies the choice to use different values for τ i to determine the progress variable c from OH-PLIF signals.

An iterative algorithm has been developed that converts the OH-PLIF signal into an instantaneous field of the progress variable c. It relies on different binarization threshold levels τ i that iteratively increase. Let A i be the binarized image of the OH-PLIF raw signal with τ i the associated threshold value. At each step i, a new field Ω i = A i ∪ B i is built from the union of A i using an increasing value for τ i and a matrix B i = f (A i , Ω i-1 ) which uses the previous iteration. The operator f used to determine the matrix B i is described in the next section. This algorithm well delineates the contours of the OH-PLIF signal associated to regions in the central flow, but also in the outer recirculation regions of the flow. It was found to yield a sharp interface after 5 to 6 iterations.

The progression of the algorithm is depicted in Fig. D.1. At the first iteration i = 1, the threshold value τ 1 is low. The binarized image Ω 1 includes regions with burned gases recirculating in the outer zone of the flow, where the OH-PLIF signal is weak close to the dump plane and at the sidewalls of the combustion chamber. In the images obtained for the next iterations, as the value of τ i increases, the interface between black and white regions in the center of the flow becomes sharper. It also becomes sharper in the outer recirculation regions of the flow featuring a weak OH-PLIF signal that require a small threshold value. The image obtained at iteration 6 barely changes compared to that obtained at iteration 5. Details on the construction of matrix B are now presented in the following. 

D.2 Description of the iterative procedure

In the homemade algorithm previously described, the binarized image A i of the OH-PLIF raw signal is determined with τ i the threshold value. A new field Ω i = A i ∪ B i is then built at each step. The matrix B i = f (A i , Ω i-1 ) relies on the operator f which is described in the following. The iterative procedure to calculate Ω i is sketched in In the first step, the OH-PLIF raw signal A LIF is binarized with the constant τ i . One obtains matrix A i which captures the OH-PLIF signal only where τ i .

The second step is also a binarization between the elements of matrix Ω i-1 and A i .One obtains the matrix D i which represents the signal selected in matrix Ω i-1 and not selected in A i . Two regions of the field D i are circled in Fig. D.2. In the green region, the white area is binarized with a low threshold value τ i (this corresponds in this case to the ORZ). In the red region, the white area must be binarized with a high τ i . The objective of the entire algorithm is to build a matrix Ω i with the signal of Ω i-1 in the green region (low τ i ) and the signal of A i in the red region (high τ i ).

In the third step, filters are applied to A i to discard only the region around the flame front. The Gaussian filter used to obtain matrix Âi is first applied with a filter size ∆ = 20 pixels. The Sobel filter operator is then applied to detect the region of high intensity gradients. The Gaussian and Sobel filter operators are used with Matlab ® routines. The matrix M i is finally deduced by binarization. One obtains a matrix which is equal to zero in the region close to the countour of A i .

In the fourth step, intersection of the matrices D i and M i is performed. This enables to select only the region previously circled in green obtained for a lower τ i . Residual pixels must be removed and this is done by applying a Gaussian filter and another binarization procedure. This yields matrix F i which is a mask equal to 1 in the region of low τ i to keep the signal from Ω i-1 , and equal to zero to keep the signal from A i . The matrix B i = f (A i , Ω i-1 ) = F i ∩ Ω i-1 is the intersection of the mask F i with the iteratively defined matrix Ω i-1 . Eventually, the matrix Ω i = A i ∪ B i is obtained by performing a union of matrix A i and B i .

The overall algorithm is initiated with Ω 0 = A LIF > τ 0 where τ 0 is the lower thresholding value. As shown in Fig. D.1, five steps are successively performed to obtain a converged mean progress variable Ω 5 .

Step 2:

𝑠 is the Sobel filter operator to detect the high gradients.

Step 4: With the intersection between 𝑀 𝑖 and 𝐷 𝑖 , only the interface in the ORZ is kept. Step 3: መ 𝐴 𝑖 is the gaussian filter applied to matrix 𝐴 𝑖 Ω 𝑖-1 is the result of the procedure at the iteration 𝑖 -1.

A LIF designs the OH-PLIF snapshot

Residual pixels are removed in this step.

The ORZ is kept and the flame front is removed.

In the resulting image Ω 𝑖 , the bright region in the center is obtained with a high threshold value 𝜏 𝑖 , and the ORZ is iteratively obtained with the previous threshold 𝜏 𝑖-1 < 𝜏 𝑖 .

Step 2 

D.3 Discrimination between mixing and reactive interfaces

To infer the flame surface density, the contours corresponding to interfaces without combustion reaction need to be eliminated. The method is illustrated on an example. The contour of the binarized progress variable c in Fig. 6.4 is first extracted and shown on the left in Fig. D.3. This contour corresponds both to the flame front and the non-reactive mixing layer between the fresh and the burned gases. It appears that this contour is also biased by the position of the laser sheet which delineates the field of view. When the interface c = c * is not correlated with the flame front presence, the delineation yields a noisy signal made of isolated and scattered pixels. A method is needed to discriminate between the burned gas interface that is correlated with heat release from the burned gas interface associated with a non-reactive mixing layer.

A first possibility is to select a region of interest in the flow for which the interface would always be accounted as a flame front. This method can directly be discarded for the following reasons : (1) the region of interest is fixed arbitrary ;

(2) it depends on the flame topology ; (3) a turbulent swirled flame is intermittent. The reacting front would easily fall outside the selected frame of interest. An alternative has been prefered in which the contour is browsed to remove the pixels located where the interface features a noisy delineation. In frame a covering a region with a flame front, the wavelength of the distorsions of the front is larger than the pixel size. Following this contour associated to a reaction layer, the length scale over which a pixel changes its direction remains low. This feature is emphasized here with the values taken by the Freeman encoding along the front in frame a. Along the mixing layer interface highlighted in frame b, distorsions of the interface have about the same order of magnitude as the size of a pixel. Changes in direction of each pixel of this contour appear also over a shorter scale and their values are more erratically distributed between 1 and 8. This is illustrated for example by the colors along the interface associated to the directions 3 and 7 or 1 and 5. Close to the burner axis, there is no ambiguity. The contour is always counted as a flame front. Moving away from this axis in the radial direction, the choice becomes slightly more arbitrary and discrimination between the flame front and the mixing layer interface might depend from one human observer to another. This constitutes a limit of this method.

The algorithm developed is however a versatile tool and provides an efficient substitute to the eye selection process. It allows to process automatically a large number of images. In the following, all OH-PLIF images are treated with the same algorithm. This allows to compare flame contours obtained for different operating conditions. The parameters N = 20 and κ = 6 were therefore kept constant. Furthermore, the detection of the flame front made by the algorithm has been cress-checked by human observation by randomly verifying that the discrimination was correct for 5% of the images of all the investigated conditions.

Annexe E

Transient heat transfers

The temporal evolution of the numerical simulation performed in chapter 8 is described in this Appendix. It is recalled that the numerical setup presented in chapter 3 was designed to feature an affordable computational cost for both the non-coupled and the coupled configurations. A significant issue encountered at the early stage of the simulation was that the flame was stabilized inside the injector. The reaction layer lies in this case inside the diverging cup and is stabilized close to small local recirculation zones that emerge inside the injector. After a duration of about ∆t 200 ms, the central recirculation zone is pushed downstream and vanishes. Anchoring of the reaction layer inside the diverging cup is in this case in disagreement with the experimental data. Analysis of the OH-PLIF images conducted in chapter 6 for a swirl number S = 0.75 showed that the reaction layer, though intermittent, is on average located downstream the injector outlet. It is conjectured that the anchored flame obtained in the numerical simulation leads to swirl dissipation inside the diverging cup, and is at the origin of the decline of the CRZ.

Many attempts have been performed to detach the flame from the injector. For example, the equivalence ratio has been lowered from Φ = 0.95 down to Φ = 0.75. It was found that the flame eventually took back its initial position.

A patch of non-reactivity has therefore been prescribed inside the volume of the injector.

The procedure used to simulate the transient thermal regime while keeping the central recirculation zone in a stable position is described in the following.

Given the unsteady nature of the turbulent flow, a metric must be chosen to monitor the numerical simulation and evaluate when the thermal steady-state regime is reached. The temperature is averaged both spatially and temporally as follows : let T cc denote the temperature averaged over the combustion chamber volume V cc and during the time ∆t = 30 ms : . This stable regime is used for the analysis presented in chapter 8. Secondly, the CRZ is pushed downstream and subsequently vanishes. The same behavior was also reported by [START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF] at the end of the simulation with a more refined mesh.

T cc = 1 V cc ∆t Vcc
The numerical setup designed in chapter 3 does therefore not enable to correctly predict the complex fame pattern of a swirling flame stabilized away from the injector in a steady-state regime. The approach presented in this Appendix allows enables retrieve the flame and flow pattern with an acceptable agreement with the experimental data (see chapter 8). This also enables to analyze in chapter 8 the impact of radiative heat transfer on the thermal behavior of a swirling CO 2 -diluted oxy-flame.

Annexe F

Characterization of the flowfield generated by the coaxial injector

The velocity field issuing from the coaxial injector has been characterized for a large range of momentum flux ratio J and swirl number S 2 conferred to the outer stream. Measurements are carried out in non-reacting conditions. The central tube is filled with methane, and there is no swirl provided to the inner fuel stream. Air is conveyed in the annular channel with an outer swirl number S 2 ranging between S 0 = 0 and 1.1. The Reynolds number in the outer stream Annexe G

Impact of thermal load on the structure of non-premixed swirling oxy-flames

In this Appendix, it is verified that the thermal environment of the Oxytec combustor does not affect the results presented in chapter 11 on the flame and flow pattern.

Waiting for the combustion chamber to reach a perfect thermal equilibrium is experimentally challenging when performing PIV measurements. The solid particles used for seeding of the flow rapidly accumulate on the quartz window and the dump plane. This causes two major issues : i) transparency of the quartz is partially lost, which drastically decreases the signal-to-noise ratio of the optical diagnostics (PIV and OH-PLIF in the present configuration) ii) the laser sheet is partially deviated when passing through the quartz and the particle deposit, leading to unwanted light exposition. For these reasons, the particle seeders must be by-passed during all the thermalization process, and only active during the recording of OH and PIV images. 
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 1 Figure 1 -Global greenhouse gas emissions by economic sector based on global emissions from 2010, reproduced from IPCC (2014).

Figure 3 -

 3 Figure 3 -Schematic of the main applications for the combustion of CH 4 . Processes with the conventional air combustion are represented in black. Oxy-combustion systems are represented in green. The opportunity to decarbonize the industry are represented in dashed-lines.

Figure 6 -

 6 Figure 6 -Oxygen concentration represented as a function of the strain rate for counterflow diffusion flames where the fuel is either CH 4 or C 3 H 8 and the oxidizer is a N 2 /O 2 mixture. This figure is reproduced from[START_REF] Puri | Extinction of diffusion flames burning diluted methane and diluted propane in diluted air[END_REF] 
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 7 Figure 7 -Swirl motion conferred to the flow by an industrial swirled injector. Reproduced from (Guyot et al. 2010).

Figure 8 -

 8 Figure 8 -Sketch representing swirl as an additional degree of freedom to provide fuel flexibility for new combustion systems.

  Chapter 4 : Degenève et al. (2019), Effects of inner swirl on flow and combustion patterns from non-premixed oxygen enriched flames above coaxial injectors. In 9th European Combustion Meeting. -Chapter 5 : Degenève et al. (2019b), Effects of a Diverging Cup on Swirl Number, Flow Pattern, and Topology of Premixed Flames. Journal of Engineering for Gas Turbines and Power, 141(3). -Chapter 7 : Degenève et al. (2019a), Analysis of wall temperature and heat flux distributions in a swirled combustor powered by a methane-air and a CO2-diluted oxyflame. Fuel, 236, 1540-1547. -Chapter 9 : Degenève et al. (2019), Scaling relations for the length of coaxial oxy-flames with and without swirl. Proceedings of the Combustion Institute, 37(4), 4563-4570. -Chapter 10 : Degenève et al. (2019), Effects of Swirl on the Stabilization of Non-Premixed Oxygen-Enriched Flames Above Coaxial Injectors. Journal of Engineering for Gas Turbines and Power, 141(12). -Chapter 12 : Degenève et al. (2021), Impact of co-and counter-swirl on flow recirculation and liftoff in oxy-flames above a coaxial injector. Proceedings of the Combustion Institute, accepted.
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Figure 1

 1 Figure 1.1 -Oxytec combustor in its partially-premixed configuration.

Figure 1 . 2 -Chapitre

 12 Figure 1.2 -Photograph of the Oxytec combustor. Left : injector and close view of the axial-plus-tangential swierl. Left : combustion chamber.

Figure 1 . 3 -

 13 Figure 1.3 -Sketch of the Oxytec injector for technically premixed conditions. (a) Axial cut. (b) Transverse cut through the swirler.

Figure 1 . 4 -

 14 Figure 1.4 -Schematic of the Oxytec test rig in non-premixed conditions with the new elements that have been added compared to the technically premixed version shown in Fig. 1.1 highlighted in red.

Figure 1 . 5 -

 15 Figure 1.5 -Sketch of the dual swirl coaxial injector. (a) Axial cut. (b) Transverse cut through the annular swirler. (c) Isometric view of the axial inner swirler.

Figure 1 . 6 -

 16 Figure 1.6 -Photograph of the central fuel lances with the inner swirlers. θ 1 denotes the trailing edge angle of the swirlers. Most experiments in non-premixed conditions are conducted with an oxygen mass fraction set to Y O 2 ,2 = 0.40 in the oxidizer stream. Effects of the O 2enrichment are examined in chapters 9 and 10 where it is varied from Y O 2 ,2 = 0.23 to simulate air-powered flames to Y O 2 ,2 = 0.70. Higher oxygen levels could not be reached with this setup.

Figure 1 . 7 -

 17 Figure 1.7 -Photograph of the axial-plus-tangential swirler together with a selection of diverging cups. α denotes the half-angle of the quarl.

Figure 1 . 8 -

 18 Figure 1.8 -Sketch of the parametric studies conducted in non-premixed configurations.

Figure 2 . 1 -

 21 Figure 2.1 -Image of the flame emission taken in the visible range over a medium exposition time. The flames are operated with a mass fraction of oxygen in the annular stream set to Y O2,2 = 0.40. The central stream is filled with pure CH 4 . Left : oxy-flames attached on the injector nozzle rim. Right : lifted oxy-flame. Credit to Cecile Oriot (CentraleSupelec, Communication department)

Figure 2 . 3 -

 23 Figure 2.3 -Chemiluminescence images of non-premixed oxy-flames for three archetypes. Top : Line integrated averaged OH * intensity. Bottom : Abel deconvolution of the OH * emission. The grey elements indicate the solid components of the combustor.

Figure 2 . 4 -

 24 Figure 2.4 -Numerical simulation of steady one-dimensional counterflow methane/oxy-flames, with GRI-Mech 3.0 mechanism completed with OH * chemistry. Comparison between the location of the peak value of intermediate radical OH * with the line z = z st . Strain rate is 40 s -1 . Fuel (left side) and Oxidizer (right side) are diluted with N 2 . At X = -0.01 m, X CH4 =1 (top) / 0.54 (bottom). At X = 0.01 m, X O2 =0.80 (top) / 0.37 (bottom).

Figure 2 . 5 -

 25 Figure 2.5 -Calibration procedure which converts raw images into calibrated images. The calibration grid is represented on two scales. The first lies in the combustion chamber (left). The second is a close up view (right).

Figure 2 . 6 -

 26 Figure 2.6 -Otsu thresholding method illustrated on Guernica Picassos's painting.

Figure 2 . 7 -

 27 Figure 2.7 -Otsu thresholding method illustrated on an OH * flame image. The flame is not swirled, unconfined, and operated at Y O2,2 , J = 3 and Re 2 = 12, 000. Left : mean OH * intensity field. The Otsu contour is superimposed as a thickened white contour, together with the flame length L s . Middle : probability density function of the gray level intensity. Right : within-class variance σ 2 w .

  2.8. The OH * intensity of a swirling oxy-flame issuing from a coaxial injector has been collected with different optical setting parameters. The lens aperture ranges from f /32 to f /4.5 and the exposure time from τ = 1/200 s to τ = 1/5 s. The maximum intensity I 0 of the flame image shows large variation when the optical settings are changed. The flames represented in Fig. 2.8 are normalized by the maximum intensity I 0 . The Otsu contour has been superimposed to Fig. 2.8, together with the flame length corresponding to the white dashed-lines.

Figure 2 . 8 -

 28 Figure 2.8 -OH * mean flame images for different optical acquisition parameters. Sensitivity analysis for a swirling flame in the jet-like regime where the focal length f and the aperture time τ are varied. The Otsu contour is represented in thicken white contour and the flame length corresponds to the white dashed line.

Figure 2 . 9 -

 29 Figure 2.9 -OH fluorescence emission. Reproduced from[START_REF] Cessou | Planar laser induced fluorescence measurement of OH in the stabilization stage of a spray jet flame[END_REF].

Figure 2

 2 Figure 2.10 -Absorption and OH LIF emission signal with a spectral resolution δ = 1 nm, obtained with Lifbase (Luque and Crosley 1999). Spectra are shown for the flame front temperature T f = 2656 K and the burned gas temperature T bg = 1824 K of a diffusion reference oxy-flame at Φ = 0.4 and Y O2 = 0.4. The system is assumed thermalized.

Figure 2 . 11 -

 211 Figure 2.11 -Absorption of the OH radical with a spectral resolution δ = 0.01 nm, obtained with Lifbase (Luque and Crosley 1999). Spectra are shown for a flame front temperature T f = 2656 K of a diffusion reference oxy-flame at Φ = 0.4 and Y O2 = 0.4.

Figure 2 . 12 -

 212 Figure 2.12 -Experimental setup for the LIF experiments.

Figure 2 . 13 -

 213 Figure 2.13 -Histogram of the LIF setup.

Figure 2 . 14 -

 214 Figure 2.14 -Typical OH-PLIF image of non-premixed oxy-flames featuring an outer swirl number S 2 = 0.85 and a global equivalence ratio Φ = 0.91.

  Typical OH-PLIF snapshots are represented in Fig. 2.14. The flames are operated at S 2 = 0.85, J = 0.75, Re 2 = 12, 000, at a global equivalence ratio Φ = 0.91. The flames are briefly shown to illustrate the result of the OH-PLIF setup used in this work. A full characterization of the mechanisms at the origin of flame stabilization is made later in chapter 11. The flame on the left is operated without swirl in the central stream S 1 = 0. The reaction layers start in this case in the wake of the injector central nozzle, and delineates the boundary between the fuel and oxidizer streams. The OH-PLIF technique then enables to detect wrinkles of the reaction layer which develop further downstream. There is no LIF signal in the outer recirculating region or just above the central and annular stream of the coaxial injector.

Figure 2 Figure 2 . 16 -

 2216 Figure 2.15 -PIV principle.

Figure 2 . 18 -

 218 Figure 2.18 -Configuration retained for the PIV experiments with the camera positioned with a shallow angle. Left : schematic representation. Right : Mie scattering from oil droplets.

Figure 2 .

 2 Figure 2.19 -Communication photo of the PIV experiments taken in the visible range. The coaxial jets are unconfined and the seeding is saturated with ZrO 2 solid particles to visualize the structures of the flow. Left : swirling flow. Right : non-swirling flow without seeding in the central stream. Credit to Cecile Oriot (CentraleSupelec, Communication department).
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 - Experimental and numerical tools 63 rization. ZrO 2 (Zirconium dioxide) particles, which melt at 2988 K, are best suited for oxy-combustion operations. They are therefore used for the reacting conditions, with a particle diameter of d p = 1 µm (Alfa Aesar 1314-23-4). Estimation of the Stokes number has been made for oil droplets and ZrO 2 solid particles. Results are represented in Table2.1. Calculations have been made for two values of the time scale t g of the flow field. The lowest timescale of the flow field t g = 4.10 -4 s has been measured in the inner shear layer close to the injector outlet. This timescale is used to estimate the highest Stokes number Stk max = 0.2 for both reacting and non-reacting conditions. This value is considered as acceptable and validate the choice made for the seeding of the flow. The quality of seeding of the flow is represented in Fig.2.20 with the two frames separated by ∆t = 20 µs.

Figure 2 .

 2 Figure 2.20 -Two consecutive snapshots of the oil droplets seeding the central and the annular streams. Left : integral field of view. Right : closer-view at the outlet of the injector.

Figure 2 .

 2 Figure 2.21 -Axial velocity field of a coaxial swirled jet recorded with different quantities of seeding injected in the inner fuel stream.

  PIV and PLIF measurementsPIV and OH-PLIF may advantageously be combined to investigate the flame structure, its topology and the corresponding flow field. As turbulent combustion is unsteady by nature, only the mean component of the flow field and the mean OH-PLIF emission can be compared if these diagnostics are not synchronized. The position of the reaction layer is very sensitive to the velocity flow field and particularly to the position of the recirculating regions. Investigating the instantaneous structure of flow-field together with the flame front position constitutes a significant improvement to understand their interactions. This is achieved in this work by synchronizing the PIV and the OH-PLIF test rigs. The lasers and the cameras are tuned to follow a predefined timing sequence and collect simultaneous information on the reacting flow.

Figure 2 .

 2 Figure 2.22 -Communication photo of the PIV experiments taken in the visible range. The seeding is saturated with ZrO 2 solid particles to visualize the structures of the flow, superimposed with a lifted oxy-flames. Credit to Cecil Oriot (CentraleSupelec, Communication department).

Figure 2 . 23 -

 223 Figure 2.23 -Experimental setup for synchronized PIV and LIF measurements.

Figure 2 .

 2 Figure 2.24 -Synchronization of the two cameras using the Mie-scattered signal.

2. 5 . 3

 53 Figure 2.25 -Example of the PIV/OH-PLIF synchronized measurements made on a swirling non-premixed oxy-flames at equivalence ratio Φ = 0.40. The OH-PLIF intensity is shown in color scale and the flow field obtained with PIV is shown with white arrows. The central recirculation zone delineated as the thickened white contours corresponds to a zero axial velocity u z = 0.

Figure 2

 2 Figure 2.26 -Sketch of a thermocouple in its thermal environment. The convective ϕ cv and radiative ϕ rad heat fluxes are represented at the edge of the thermocouple.

Figure 2 .

 2 Figure2.27 -Estimation of the temperature difference between the gas T g and the thermocouple bead T b for different wall temperatures T w . The gas temperature is set to T g = 1400 K and the velocity is set to u = 2 m.s -1 .

Figure 2 .

 2 Figure2.30 -Estimation of the coefficient C RRE for different gas velocities u. The gas temperature is set to T g = 1400 K and the wall temperature is set to T w = 800 K.

  2.31 and compared to a onedimensional counter-flow diffusion flame of strain rate a = 40 s -1 . A sketch of the thermocouple device is superimposed to the figure. The thermocouples feature two wire (bead) diameters d w,1 = 450 (1000) µm and d w,2 = 200 (500) µm and are separated by a distance e 1 mm. They are inserted in a ceramic tube of diameter d c = 2.3 mm.

Figure 2

 2 Figure 2.31 -Temperature profile of a 1-D diffusion flame submitted to a strain rate : a = 40 s -1 . The fuel on the left is methane and the oxidizer on the right is a O 2 -enriched air mixture : Y O2 = 0.4. The double bead thermocouple is represented on scale to compare the size of the device with respect to the fame length scale.

Figure 2 .

 2 Figure 2.32 -Emission (solid line) and absorption (dashed line) spectrum of the phosphor Mg 3.5 FGeO 5 :Mn. Manufacturer data from Phosphor Technology.

Figure 2 .

 2 Figure 2.33 -Experimental apparatus and acquisition chain for LIP.

Figure 2 .

 2 Figure 2.34 -Phosphorescence signal of the thermographic material Mg 3 .5FGeO 5 :Mn at the wavelength λ = 660 nm for a temperature T = 300 K. Solid line : raw signal recorded by the oscilloscope. Shaded region : temporal window used for the fitting procedure which determines the lifetime τ . Dashed line : interpolated exponential decay.

Figure 2 .

 2 Figure 2.35 -Heating source for the calibration of the temperature measuring system with thermographic phosphor. Left : electrical heater. Right : methane-air premixed flame.

Figure 2 . 36 -

 236 Figure2.36 -Calibration curve : evolution of the decay time τ from the thermographic phosphor Mg 3,5 FGeO 5 :Mn with respect to its temperature for three values of the resistance resistor load.

Figure 2 . 37 -

 237 Figure 2.37 -Sensitivity analysis of the constant c 1 and c 2 used for the fitting algorithm. Left : mean decay time τ . Right : normalized rms fluctuations of the decay time τ rms /τ . Statistics are made on N s = 100 phosphorescence signals collected at the temperature T = 700 K.

Figure 2 . 38 -

 238 Figure 2.38 -Pictures of the four thermocouples used for the sensitivity analysis of the deposit layer thickness.

Figure 2 . 39 -

 239 Figure 2.39 -Decay time of the thermographic phosphor with respect to the temperature at the bead of the four investigated thermocouples with different thickness of phosphor coating.

Figure 3 . 1 -

 31 Figure 3.1 -Validation of OH * mechanism. Comparison of 1D calculations between AGATH and results from De Leo et al. (2007). Both simulations rely on the augmented GRI-Mech 3.0 (OH * ) chemical kinetic mechanism (see Tab. 3.1). Parameters are set to a = 40 s -1 , X O2 = 0.8 at Z = 1 and pure CH 4 at Z = 0. AGATH results are presented for both axisymmetric and two-dimensional counterflow configurations.

3. 1 . 3

 13 Example 2 : Parametric analysis of the characteristic chemical time scale of air and O 2 -enriched flames.

Figure 3 . 2 -

 32 Figure 3.2 -Chemical time scale τ of CH 4 /air laminar premixed flames simulated for different operating pressures and preheat reactant temperatures. Chemical time of oxy-flames simulated at ambient conditions are added in red.

3 . 3 .Figure 3 . 3 -

 3333 Figure 3.3 -Comparison of the two-steps mechanisms CM2 (in green), JB2 (in blue), and the GRI-Mech 3.0 (in red) and Aramco (in orange) mechanisms for onedimensional laminar flames. The adiabatic flame temperature T ad (at the top) and the laminar burning velocity S L (at the bottom) are represented with respect to the equivalence ratio Φ.
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 - Experimental and numerical tools 101 ment with the GRI-Mech 3.0 and Aramco mechanisms for the adiabatic flame temperature and the laminar burning velocity for lean conditions (Φ ≤ 1). This result constitutes a first validation for the numerical simulation of the studied oxy-flame, featuring an equivalence ratio fixed to Φ = 0.95.

Figure 3 . 4 -

 34 Figure 3.4 -Sketch of the axial-plus-tangential swirler with the injected fuel and oxidizer streams. Left : real geometry, the methane stream is as a series of small jets in the cross-flow of oxidizer. Right : simplified geometry used for the numerical simulations : the methane is mixed with the tangential stream.

Figure 3 . 5 -

 35 Figure 3.5 -Comparison of the mean axial velocity u z (top) and the methane mass fraction Y CH4 (bottom) between the original configuration (left) and simplified (right) configuration.

Figure 3 . 6 -

 36 Figure 3.6 -Top : instantaneous field of the heat release rate. The CRZ is delineated in solid white line. Bottom : probability density function of the equivalence ratio Φ with respect to the Heat release rate. The colorscale features a logarithmic scale.

Figure 3 . 7 -

 37 Figure 3.7 -Visualization of the mesh grid through a two-dimensional cut of the numerical domain along a longitudinal plane of the combustor. On the right, a closer view is made at the injection outlet where the cell size is minimum.

Figure 3 . 8 -

 38 Figure 3.8 -Temperature field prescribed at the numerical domain boundaries based on the wall temperature measurements shown in chapter 7.

Figure 3 . 9 -

 39 Figure 3.9 -Left : cut of the test rig where temperature measurements have been carried out. Left : sketch of a quartz window with the notations used for the extrapolation of the one-dimensional temperature profiles.

  (3.7) is exact where the temperature data are available. The temperature T (x, z) = θ(x, z) + T (0, z) is finally deduced on the entire surface of the quartz window. Results for the two-dimensional temperature field prescribed as thermal boundary conditions for the AVBP and RAINIER solvers are shown in Fig.3.8.The material radiative properties have been deduced from the manufacturer data with the same procedure as in[START_REF] Palluotto | Quasi-Monte Carlo computation of radiative heat transfer in coupled Large Eddy Simulation of a swirled premixed flame[END_REF]. Only the main elements are recalled. The back plane and the convergent at the outlet of the combustor are made of stainless steel 316L. This material is opaque. Based on the data from[START_REF] Hunnewell | Total hemispherical emissivity of ss 316l with simulated very high temperature reactor surface conditions[END_REF], the global emissivity is set to ε = 0.28 for the combustor back plane and to ε = 0.32 for the convergent. The quartz windows are made of fused silica VI 942. The radiative properties of this semi-transparent material are assessed with the same procedure as in[START_REF] Rodrigues | Modélisation multiphysique de flammes turbulentes suitées avec la prise en compte des transferts radiatifs et des transferts de chaleur pariétaux[END_REF].

Figure 3 .

 3 Figure 3.10 -Transmissivity of fused silica VI 942 slab of thickness 10 mm as a function of the wavelength λ.

Figure 3 . 11 -

 311 Figure 3.11 -Slab absorbance A slab λ , reflectance R slab λ and transmittance T slab λ as predicted by Eq. (3.5) shown in solid line. The predictions of the band model are shown as dashed lines.

Figure 3 . 13 -

 313 Figure3.13 -Sensitivity analysis to the mesh computational domain for the computation of the radiative power.

Figure 3 . 14 -

 314 Figure 3.14 -Scheme of coupling between the fluid solver, AVBP, and the radiation solver, Rainier, exchanging data at every iteration of the fluid solver (top) and every N ite iterations of the fluid solver (bottom). Reproduced from (Palluotto 2019).

Figure 3 .

 3 Figure 3.15 -Sensitivity analysis of the number of iterations N ite performed with the AVBP solver during two RAINIER iterations.

Chapitre 3 -

 3 Numerical tools -Multiphysics simulation of the turbulent flow and radiative fields The coupled simulations have been performed on the super-computer OC-CIGEN, equipped with Intel E5-2690V3 processors, provided by CINES and GENCI. The non-coupled simulations have been performed on the cluster Irene from CEA, equipped with Intel Xeon Phi 7250.
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 41 Figure 4.1 -Sketch and notations for the theoretical analysis.

Figure 4 . 2 -

 42 Figure 4.2 -Sketch of the velocity vector at the outlet of the inner injector.

Figure 4 . 3 -

 43 Figure 4.3 -Sketch of the velocity profile used to estimate the swirl number in the annular injection channel.

Figure 4 . 4 -

 44 Figure 4.4 -Mean azimuthal (top) and axial (bottom) velocity profiles of the cold flow for increasing annular geometrical swirl numbers S 2 .The velocity in the central stream is set to zero. The profiles are taken at the height z = 1.5 mm above the injector outlet. In the bottom graph, the axial profiles are not shown for S = 0.4, 0.6, and 0.8 to improve readability.

Figure 4 . 5 -

 45 Figure 4.5 -Measured swirl number S plotted with respect to the geometrical swirl number S for the central and the annular streams. The swirl number S is deduced from the mean velocity profiles shown in Fig. 4.4. The total swirl number of the flames A0, A1 and A2 is superimposed in white.

Figure 4

 4 Figure 4.6 -Axial (top) and tangential (bottom) components of the velocity field at the height z = 1.5 mm above the coaxial injector for the inner swirl number S 1 = 0, 0.29, and 0.87.

Figure 5 .

 5 Figure 5.1 -OH* intensity distribution as a function the diverging cup angle α. Grey elements indicate solid components of the combustor. Dimensions are in millimeters.

Figure 5

 5 Figure 5.2 -Top : Probability of presence of the flame front deduced from OH-PLIF measurements in an axial plane with the overlaid velocity fields. The grey lines delineate the positions where the flame front is present 20% and 10% of the time. Bottom : Velocity field colored by the velocity magnitude |ū| = (ū 2 z + ū2 x ) 1/2 obtained by PIV. The black contour delineates the position of the IRZ where the axial velocity ūz is zero.

Figure 5 . 3 -

 53 Figure 5.3 -Angle β (black disks) of the swirling jet flow at the injector outlet and position of the IRZ leading edge stagnation point z SP /r 0 measured (empty diamonds) and predicted by Eq. ( 5.18) (continuous line) as function of the diffuser cup angle α.

Figure 5

 5 Figure 5.4 -IRZ leading edge position z SP /r 0 in non-reacting (black squares) and reacting (empty diamonds) flow conditions, and flame leading edge position z f (black disks) as a function of the injector diffuser cup angle α.

Figure 5 . 5 -

 55 Figure 5.5 -Laser Doppler Velocimetry measurements of the cold swirling flow for α = 0, 5, 10 and 30 o . S 0 = 0.85, Re= 18 000. (a) Mean axial velocity. (b) Mean azimuthal velocity. (c) rms axial velocity fluctuation. (d) rms azimuthal velocity fluctuation.

Figure 5

 5 Figure 5.6 -Model for the theoretical analysis. Right : the swirl number increases in a converging nozzle because p Σ > p ∞ (C F < 0). Left : the swirl number decreases in a diffuser because p Σ < p ∞ (C F > 0) provided the pressure loss is not too large.
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 57 Figure 5.7 -Swirl number ratio S 2 /S 1 for different inlet pressure-less swirl number S 1 , with k = 0.

Figure 5 . 8 -

 58 Figure 5.8 -Schematic of the swirled flow pattern depicted as a stagnation flow between the injector quarl and the internal recirculation zone.

Figure 6

 6 Figure 6.1 -Left : flame front normal vector determined on one OH-PLIF image from Zhang et al. (2015). Right : Notations for the vectors relative to flame front and to the laser sheet.

Figure 6 . 2 -

 62 Figure 6.2 -OH PLIF images from Kobayashi et al. (2007) describing the steps to determine the mean progress variable.

Figure 6 . 3 -

 63 Figure 6.3 -OH-PLIF intensity images of a premixed Methane/Air flame with S = 0.72 and Φ = 0.95. Left : raw signal of the OH-PLIF emission. Right : OH-PLIF image with superimposition of three binarization threshold corresponding to 5% (green), 15% (blue) and 30% (red) of the normalized intensity.

Chapitre 6 -

 6 Flame Surface Density and Wrinkling -Point A at the center bottom close to the nozzle : the OH-PLIF interface is sharp, the red and blue thresholds well delineate the interface c = c * , which corresponds to a flame front. -Point B in the upper left region of the burned gases : a pocket of fresh gases enters in this region in the burned gases. The blue threshold is the one which captures the best the interface c = c * . The red threshold is too high and does not match with the interface c = c * . Point B also corresponds to a reaction front. -Point C in the left region of the swirling jet in contact with the outer recirculating region : the interface between the fresh and burned gases is blurred and cannot be easily determined with the OH-PLIF images.

Figure 6 . 4 -

 64 Figure 6.4 -Instantaneous c-field resulting from the iterative binarization method. The white color indicates the region where c = 1.

  between n (r,z) and e r has therefore been computed on every pixel where the flame front is present. The developed procedure starts from the reacting contour represented on the right in Fig.D.3. For a given pixel i, the normal to the flame front is determined based on the positions of the three pixels pertaining to the flame front on both sides of pixel i. The result is represented in Fig.6.5.

Figure 6 . 5 -

 65 Figure 6.5 -Representation of the angle θ made between the flame front normal vector n (r,z) and the radial component e r based on the contour shown in Fig. D.3. a) Overview b) A zoomed view.

Figure 6 . 6 -

 66 Figure 6.6 -Probability of presence of the flame front used to determine the normal flame front vector component.

Figure 6 . 7 -

 67 Figure 6.7 -Flame and flow patterns for the investigated flame featuring a swirl number S 0 = 0.75. Left : OH * intensity emission. Right : axial component of the flow field. The CRZ is delineated in thicken white contour.

Figure 6 . 8 -

 68 Figure 6.8 -Mean progress variable c. The iso-lines are represented for c=0.2 (white), 0.5 (gray) and 0.8 (black). The white dashed-lines delineate the region of interest where the data are extracted for the scatter plots presented later.

Figure 6 . 9 -Figure 6

 696 Figure 6.9 -Projection of the mean flame front normal vector with the axial (left) and radial component (right).

Figure 6 . 11 -

 611 Figure 6.11 -Fluctuations of the flame front normal vector for the axial (left) and radial component (right).

  Fluctuations of the flame front normal vector n (r,z) are represented in Fig.6.11 by examining the variance m axial and radial components of the flame front normal vector. Both components feature high fluctuating levels and the fluctuations are higher for the radial component than for the axial component m

Figure 6 .

 6 Figure6.12 -Flame surface density distributions Σ (r,z) measured in the laser sheet plane (left) and Σ calculated with Eq. (6.13) (right).

Figure 6 . 13 -

 613 Figure 6.13 -Comparison of the flame surface densities. Left : two-dimensional flame surface density Σ (r,z). Right, conditional averages are performed : Σ (r,z) (in blue diamond) is the two-dimensional flame surface density. The three-dimensional flame surface density is estimated with Eq. (6.9) (in red circle), Eq. (6.11) (in green lower triangle), Eq. (6.13) (in orange upper triangle), Eq. (6.14) (in purple square).

6. 5

 5 Impact of swirl on the flame structureA set of flames featuring the same injection conditions, but different swirl levels are analyzed to determine changes in their turbulent structure. Images of these flames are shown in the first row in Fig.6.14. The equivalence ratio is fixed to Φ = 0.95, yielding an adiabatic flame temperature T ad = 2200 K. The bulk velocity in the injector is set to u 0 = 15.7 m.s -1 leading to a thermal power P th = 14.6 kW. The burner is equipped with a diverging cup with angle α = 10 • . Only the geometrical swirl number S 0 is varied from 0.7 to 1 by modifying the axial and tangential mass flowrates injected in the burner, while the total mass flowrate remains constant. These flames are stabilized aerodynamically away from the solid components of the burner and have already been studied in[START_REF] Jourdaine | Effect of quarl on N2-and CO2-diluted methane oxy-flames stabilized by an axial-plus-tangential swirler[END_REF];[START_REF] Jourdaine | A comparison between the stabilization of premixed swirling CO2-diluted methane oxy-flames and methane/air flames[END_REF] and[START_REF] Jourdaine | Stabilization mechanisms of swirling premixed flames with an axial-plus-tangential swirler[END_REF].
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 614 Figure 6.14 -OH * intensity emission of the investigated flames. Top : methane/air flames (N 2 ). Bottom : CO 2 diluted oxy-methane flames.

Figure 6 .

 6 Figure 6.15 -Mean progress variable c determined for the selected operating conditions. The iso-lines are represented for c=0.2 (white), 0.5 (gray) and 0.8 (black).

Figure 6 . 16 -

 616 Figure 6.16 -Radial component of the mean flame front normal vector n (r,z) r S = cos(θ) S for the four investigated swirl numbers. The background where no flame front has been detected is left empty.

Figure 6 .

 6 Figure 6.17 -Axial (black), radial (red) and tangential (blue) velocity profiles at z/r 0 = 0.5 for swirl numbers S 0 = 0.7, 0.85 and 1.0. Figure extracted from Jourdaine et al. (2018).

Figure 6 .

 6 Figure 6.18 -3D flame surface density Σ reconstructed with Eq. (6.13) for the four operating points. The velocity vectors measured by PIV in the axial plane are superimposed for S 0 = 0.72, 0.85 and 1.00. The CRZ and the ORZ are represented in thicken black contours.

Figure 6 .

 6 Figure 6.19 -Conditional averages of the flame surface density plotted with respect to the mean progress variable c represented for six values of the swirl number S 0 .

  S L and then reaches a plateau for u /S L 10 above which the turbulent intensity has no effect on flamelet wrinkling. This has been confirmed up to high[START_REF] Gülder | Flame surface densities in premixed combustion at medium to high turbulence intensities[END_REF][START_REF] Yuen | Dynamics of lean-premixed turbulent combustion at high turbulence intensities[END_REF] and extreme[START_REF] Wabel | Turbulent burning velocity measurements : Extended to extreme levels of turbulence[END_REF]) levels of turbulence. Based on these experimental results, it is expected that the increase in turbulent intensity imparted by increasing the swirl level has a small effect on the magnitude of the flamelet wrinkling process. To shed light on this issue, the wrinkling factor Ξ = Σ/|∇c| is represented in Fig.6.20 for the four investigated flames. The distribution of the wrinkling factor is characterized by two zones featuring different magnitudes for Ξ :-Region A : The flame brush region starts at the outlet of the injector and extends further downstream with a V shape. In this region of the flow, the wrinkling factor remains moderate below Ξ < 5. This region lies where Σ is high, mainly for S 0 ≥ 1. The value taken by Ξ is mainly determined by the flamelet wrinkling process. The flame front locally interacts with small eddies which increase its surface density Σ. -Region B : This region is below the CRZ along the centerline axis or at the top of the flame. The wrinkling factor in region B features high values Ξ > 5. This zone is intense for S 0 ≤ 0.85 or at the top of the flame for the four investigated points. The flame front is highly intermittent and the flame is less stable in region B. The value taken by the flame wrinkling factor is in this case attributed to large-scale intermittent eddies.

Figure 6 .

 6 Figure 6.20 -Flame wrinkling factor Ξ = Σ/|∇c| for the four operating points.

  Fig.6.21 result from the dynamics of the central recirculating bubble above the injector on the swirled-flame topology. The position of the stagnation point z SP associated to the leading edge of this CRZ has been studied in chapter 5. When the swirl level increases, this height reduces leading to a flame brush that becomes better and better delineated as discussed previously. This eventually results in an increase in the gradient of the mean progress variable |∇c|. Increasing the swirl level hence mainly modifies the mean flame topology by imposing the position of the CRZ. The position of leading edge of the central recirculation bubble z SP has been found to be weakly sensitive to non-reactive or reactive conditions in chapter 5. The non-reacting flow topology is determinant for the flame structure mechanism because it yields larger |∇c| for increasing swirl in reacting conditions.

Figure 6 . 21 -

 621 Figure 6.21 -Scatter plot of the flame surface density Σ estimated in three dimensions according to Eq. (6.13) plotted with respect to |∇c|, and colored by the wrinkling factor Ξ = Σ/|∇c| for the four investigated swirl numbers.

Figure 6 .

 6 Figure6.21 shows that Σ and |∇c| become more correlated when the swirl number increases. For S 0 = 0.72, the flame surface density is almost independent of the gradient of the progress variable, corresponding to region B. The flame wrinkling factor is high because the flame is highly intermittent and |∇c| is low. For S 0 = 1.1, the flame surface density increases with |∇c| in the flame brush region, corresponding to region A. In this latter case, the location where Σ is maximum matches with the highest gradient of the mean progress variable.

Figure 6 .

 6 Figure 6.22 -Instantaneous OH-PLIF signal illustrating fluctuations of the flame position for S 0 = 0.72 (a, b, c and d) and S 0 = 1.1 (e, f, g and h). The dashed lines represents the mean value of the progress variable for c=0.2 (dotted line), 0.5 (dashed line) 0.8 (solid line).

Figure 6 . 23 -

 623 Figure 6.23 -Probability density function (PDF) of α Σ for the swirl numbers S 0 = 0.72 and S 0 = 1.1.

Figure 6 .

 6 Figure 6.24 -One dimensional numerical simulation of reference flame with detailed radiative properties. The radiative power (left) and temperature profiles (right) are shown for the N 2 -diluted flame (red dashed line) and the CO 2 -diluted flame (black solid line). Reproduced from (Palluotto 2019).

Figure 6 .

 6 Figure 6.25 -3D flame surface density Σ reconstructed with Eq. (6.13) for the N 2and the CO 2 -diluted flames operated at S 0 = 0.75 (left) and S 0 = 1 (right).

Figure 6 .

 6 Figure 6.26 -Conditional averages of the flame surface density plotted with respect to the mean progress variable c represented for the four investigated flames.

Figure 6 .

 6 Figure 6.27 -Flame wrinkling factor Ξ = Σ/|∇c| for the four operating points.

Figure 7

 7 Figure 7.1 -OH* intensity distributions of the N 2 -and CO 2 -diluted CH 4 /O 2 swirling flames at equivalence ratio Φ = 0.95, swirl number S 0 = 0.75 and thermal power P = 14.6 kW. Grey elements indicate solid components of the combustor.

Figure 7 . 2 -

 72 Figure 7.2 -OXYTEC atmospheric test-rig.

  ; Lemaire and Menanteau 2017) and in chapter 2 of this manuscript. As sketched in Fig. (7.2), probes are introduced in the burned gases at the combustor outlet (TC1 at z 1 = 205 mm and TC4 at z 4 = 110 mm) and inside the outer recirculation zone of the swirling flow (TC2 at z 2 = 15 mm and TC3 at z 3 = 40 mm).

Figure 7 . 3 -

 73 Figure 7.3 -Calibration curve for LIP plotting the phosphorescent signal decay time of the Mg-phosphor as a function of its temperature. Results were obtained with an electrical heater (losanges) and a flame (circles). Each of the 1100 losanges represents a laser shot and the circles represents the mean value averaged over 70 shots.

7. 3

 3 Figure 7.4 -Cut of the test rig with the temperature distributions measured by LIP for Flame A (N 2 -diluted). The OH* chemiluminescence intensity is superimposed to appreciate the distribution of the combustion reaction within the combustion chamber volume with respect to the temperature profiles along the walls. Internal (T i ) and external (T e ) temperatures of the quartz windows. T BP : temperature of the combustion chamber dump plate. Note that T BP is measured on both sides of the injector, but is only represented here in a corner.

Figure 7 . 5 -

 75 Figure 7.5 -Top : Temperature evolution along the internal T i (z) (squares) and external T e (z) (circles) surfaces of the quartz window as a function of the height z. Bottom : Temperature evolution along the combustor dump plane T BP (x) as a function of the transverse coordinate x. N 2 -diluted flame A : dark symbols. CO 2 -diluted flame B : bright symbols.

Figure 7 . 6 -

 76 Figure 7.6 -Distribution of the conductive heat flux through the quartz window as a function of the height z. The standard deviation is indicated at z/r 0 = 3.0, 8.0 and 12.5.

Figure 7 . 7 -

 77 Figure7.7 -Spectral characterization of the quartz window. Dashed green line : spectral absorbance of the quartz window computed for a thickness e = 8 mm. Solid line : CO 2 emissivity spectrum at 1300 K, X CO2 = 0.14 as in the burned gases in flame A (blue), and X CO2 = 0.83 as in flame B (red). Emissivity is calculated with line by line model, using HITEMP 2010 database[START_REF] Rothman | Hitemp, the hightemperature molecular spectroscopic database[END_REF], with a gas column of l = 8 cm and a resolution of 25 cm -1 . Dotted orange line : black-body radiation at 1300 K.

Figure 7 . 8 -

 78 Figure 7.8 -Separation of the combustion chamber volume in different zones to model the heat transfer to the sidewalls.

Figure 7 . 9 -

 79 Figure 7.9 -2D velocity fields in an axial plane in reacting conditions. Φ = 0.95, P = 14.6 kW, S 0 = 0.75 and T ad = 2200 K. The IRZ and ORZ are delineated by the black and grey thick contours and correspond to u z = 0.
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  Results are first presented without considering radiative heat transfer. Only the AVBP numerical flow solver is used. The thermal equilibrium is reached and the statistics are accumulated over a duration ∆t = 200 ms. See the discussion in Fig. E.1 in Appendix E.

Figure 8 . 1 -

 81 Figure 8.1 -Mean axial velocity on a longitudinal cut for the non-coupled numerical simulation (left) and for the velocimetry measurements (right).

Figure 8 . 2 -

 82 Figure 8.2 -Schematic representation of the sensitivity of the stagnation point position z SP of the CRZ to the quarl angle α.

Figure 8 . 3 -

 83 Figure 8.3 -Mean field of heat release rate in non-coupled LES (left) and averaged Abel transform of OH * imaging from experiments (right).

Figure 8 . 4 -

 84 Figure 8.4 -Mean axial velocity on a longitudinal cut for the non-coupled numerical simulation (left) and for the coupled simulation (right). The recirculation zone is delineated by the white solid line.

Figure 8 . 5 -

 85 Figure 8.5 -Velocity profiles along the radial coordinate r/r 0 for the non-coupled and coupled simulations, and for the experimental data. The axial and radial components of the flow are represented on the left for the mean value. On the right, only the root-mean-square of the axial component of the flowfield is shown.

Figure 8 . 6 -

 86 Figure 8.6 -Longitudinal cut of the averaged field of heat release rate for the noncoupled simulation (left) and for the coupled case (right).

Figure 8 . 7 -

 87 Figure 8.7 -Averaged gas temperature in a transverse plane at the height z/r 0 = 4 above the combustor back plane. The outer recirculating region is delinated by the thick black contour. The flow inside the black contour features a positive axial velocity.

8 . 8 .

 88 The isolines of temperature are represented for T = 1250, 1500, and 1750 K. The combustor solid components are represented in gray, and a white dashed line delineates the CRZ. The non-coupled simulation features a quite homogeneous high temperature in the flame T f > 1750 K and in the CRZ region where T CRZ > 1750 K. For the coupled simulation, the temperature is in turn very different between the flame T f > 1750 K and the CRZ region T CRZ < 1750 K. It has been previously shown for the current operating conditions that the coupled and non-coupled simulations feature similar flame and flow patterns. Therefore, the change in Part III -Premixed Flames 241 thermal behavior between the two cases is mostly due to a different nature of heat transfer taking place inside the flow. This point is investigated in the following. When radiative heat transfer is taken into account, additional heat losses occur between the burned gases and the quartz window, leading to a sharp decrease in the gas temperature. Burned gases loose enthalpy when passing between the CRZ and the sidewalls of the combustor. The CRZ subsequently brings back upstream a part of the cooled gases back to the flame region.

Figure 8 . 8 -

 88 Figure 8.8 -Mean gas temperature in a longitudinal cut for the non-coupled simulation (left) and the coupled one (right). The iso-line are represented for the temperature T = 1250 K (in white), 1500 (in gray) K and 1750 K (in black).

Figure 8 .

 8 Figure 8.10 -Mean gas temperature in a longitudinal cut for the non-coupled simulation (left) and the coupled one (right). The iso-lines are represented for the temperature T = 1250 K (in white), 1500 (in gray) K and 1750 K (in black).

Figure 8 . 11 -

 811 Figure 8.11 -Wall heat flux distribution in the quartz window with respect to the height in the combustor z/r 0 . The conductive heat flux ϕ cd is based on temperature measurements as in Fig. 7.6. Empty diamonds denote positions where the temperature on the outer surface of the quartz windows is lacking. The conductive flux is in this case extrapolated with data gathered for the N 2 -diluted flame. The convective heat flux ϕ cv is determined with the AVBP solver.

Figure 8 .

 8 Figure 8.12 -Wall heat flux distribution in the quartz window with respect to the height in the combustor z/r 0 . The conductive heat flux ϕ cd in orange diamond is based on temperature measurements as in Fig.7.6. The convective heat flux in blue solid line ϕ cv is determined with the AVBP solver. The radiative heat flux in red-dashed line is obtained with the RAINIER solver.

Figure 8 . 13 -

 813 Figure 8.13 -Sketch of the combustor and control volume retained for the energy balance (left) and the radiative power balance (right).
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Figure 9 .

 9 Figure 9.1 -OH* intensity distribution of selected flames from dataset D2 in Tab. 9.1 and increasing Φ m values. Numbers refer to Fig. 9.3b. White contours indicate the Otsu threshold used to determine L S .

Figure 9 .

 9 Figure 9.2 -OH* intensity distribution of selected flames from datasets D5 and D6 in Tab. 9.1 with high annular swirl levels S 2 . Latin letters refer to data shown in Fig. 9.6. Greek letters make references to data shown in Fig. 9.7. White contours indicate the Otsu threshold used to determine L S .

Figure 9 . 3 -

 93 Figure 9.3 -Flame lengths from datasets D1 (top graph) and D2 (bottom graph) in Tab. 9.1 obtained without swirl S 2 = 0. D m : Eq. (4).

Figure 9 . 5 -

 95 Figure9.5 -Flame lengths from dataset D4 in Tab. 9.1. Top : Original scaling Φ m from[START_REF] Rehab | Flow regimes of largevelocity-ratio coaxial jets[END_REF];[START_REF] Villermaux | Mixing in coaxial jets[END_REF]. Bottom : New model Φ S2 accounting for the swirl level S 2 in the outer stream. D m : Eq. (4).

Figure 9 . 7 -

 97 Figure9.7 -Flame lengths from the dataset D6 in Tab. 9.1 obtained for S 2 = 0.8 and different oxygen molar fractions X O2,2 in the annular stream. D m : Eq. (4).
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Figure

  Figure10.1 -OH* flame images as a function of the momentum flux ratio J and the outer swirl number S 2 . The inner swirl is fixed to S 1 = 0. The Otsu contour delineating the flame front location is represented in white[START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]). The gray elements delineate at scale the solid components of the test rig.

Figure

  Figure 10.2 -OH* flame images as a function of the inner swirl number S 1 for three selected values of the momentum flux ratio J and the outer swirl number S 2 . Top : line of sight integrated images, the Otsu contour (Otsu 1979) is represented in white. Bottom : deconvoluted fields of the corresponding left images with Abel transform.

Figure 10 . 3 -

 103 Figure 10.3 -Averaged flames images in the visible spectrum as a function of the inner swirl number S 1 for three selected values of the momentum flux ratio J and the outer swirl number S 2 .

290

  Figure 10.4 -Stabilization chart with Type B and Type C topologies as sketched in Fig. 10.5 mapped with respect to the momentum flux ratio J and the outer swirl number S 2 for different values of the inner swirl number S 1 = 0, 0.29, 0.6 and 0.87. For S 1 = 0, the flame is always attached to the central nozzle rim.

Figure 10 . 5 -

 105 Figure 10.5 -Four distinct topologies of flames stabilized above the coaxial injector.

Figure

  Figure 10.6 -OH* flame images as a function of the momentum flux ratio J and the outer swirl number S 2 . S 1 = 0.87. Left : flames stabilized without the combustion chamber sidewalls. Right : flames stabilized inside the Oxytec combustion chamber delineated in gray.

Figure

  Figure 10.7 -OH* images as a function of the Reynolds number Re 2 in the annular stream for two selected values of the momentum flux ratio J and the outer swirl number S 2 . Images are deconvoluted with the Abel transform. The inner swirl number is set to S 1 = 0.87.

Figure 10 . 8 -

 108 Figure 10.8 -OH* flame images as a function of the quarl angle α for three selected values of the momentum flux ratio J and the outer swirl number S 2 . The inner swirl number is set to S 1 = 0.87. Images are deconvoluted with the Abel transform. The gray elements delineate at scale the solid components of the test rig, the combustion chamber being out of the frame.

Figure 10 . 9 -

 109 Figure 10.9 -Transition between Type B and Type C topology as sketched in Fig. 10.5, mapped with respect to the momentum flux ratio J and the outer swirl number S 2 for different quarl angles α=0 • , 5 • , 10 • and 20 • . The inner swirl number is set to S 1 = 0.87.

Figure 10 . 11 -

 1011 Figure 10.11 -OH* flame images as a function of the mass fraction of oxygen in the annular stream Y O2,2 for two selected values of the momentum flux ratio J and the outer swirl number S 2 . Images are deconvoluted with the Abel transform. The inner swirl number is set to S 1 = 0.87.

300

  Figure 10.12 -Transition between Type B and Type C topology as sketched in Fig. 10.5, mapped with respect to the momentum flux ratio J and the outer swirl number S 2 for different level of oxygen enrichment Y O2,2 . The inner swirl number is set to S 1 = 0.87.

  Three other flames close to stoichiometry Φ = 0.91 are also investigated and are designated as set B. They are all shown in Fig. 11.1. The injection conditions are described in Table. 11.2. All the investigated methane oxy-flames have the same oxygen mass fraction in the annular stream Y O 2 ,2 = 0.40, and the same annular swirl number S 2 = 0.85. The Reynolds number Re 2 = u z,2 D h /ν based on the hydraulic diameter D h = 12 mm of the annular injection channel is also fixed to Re 2 = 12, 000 for all the experiments, with ν the kinematic viscosity of the oxidizer stream.

Figure 11 . 1 -

 111 Figure 11.1 -Abel deconvoluted signal of the OH * intensity distribution of the reference flames, for the three values of the inner swirl number S 1 and the two values of the momentum flux ratio J. For the A-set of flames, the reaction layers defined as the primary and secondary flame front are circled in blue and green, respectively. Grey elements indicate solid boundaries of the combustor. The annular swirl level is fixed to S 2 = 0.85 in all cases.

Figure 11 . 2 -

 112 Figure 11.2 -Light emission of the reference flames, for the three values of the inner swirl number S 1 and the two values of the momentum flux ratio J. Grey elements indicate solid boundaries of the combustor.

Figure 11 . 3 -

 113 Figure 11.3 -Representation of temperature probing. Left : top view of Oxytec chamber with the thermocouple diagonally inserted across the steel bar. Right : threedimensional representation of the gas temperature T g where the temperatures have been collected. The OH * intensity signal for flame A2 is superimposed to the figure.

Figure 11 . 4 -

 114 Figure 11.4 -Temperatire profiles. Left : TG1 at z=2.5 d 1 , Right : TG2 at z=6.7 d 1 .

Figure 11 . 5 -

 115 Figure 11.5 -Sketch of the counter-flow flames encountered in the reference flames.Color of the reaction layer is the same as inFigs. 11.6 and 11.7 

Figure 11

 11 Figure 11.6 -Numerical simulations of 1D-steady laminar counter-flow flames for different operating conditions between methane and i) in green, the injected oxidizing mixture(0.40 O 2 + 0.60 N 2 ) ii) in orange, the burned gases from flame A taken at T=1200 K and iii) in purple, the burned gases from flame B taken at T=1800 K. Top : temperature profiles for a fixed strain rate a = 100 s. -1 . Bottom : in diamond, representation of the maximum OH concentration Y OH,max encoutered in one flame with respect to the maximum temperature T max , when the strain rate is varied. The lines indicate the OH mass fraction, Y OH of the burned gases at equilibrium temperature T . The signs + and × indicate where the burned gases composition are met in the investigated flames in Fig. 11.7. The horizontal arrows indicate the diffusion flame front.

Figure 11 . 7 -

 117 Figure 11.7 -Instantaneous OH-PLIF signal for flames A1 and B1. The normalized intensity I/I 0 is represented in a log scale. The instantenous position of the recirculation zone deduced from PIV measurements is superimposed in white (axial velocity u z = 0). The signs, the arrows and the color of the flame front correspond to the numerical simulation made in Fig. 11.6.

11. 5

 5 Structure of the turbulent swirling flames

Figure 11 . 8 -

 118 Figure 11.8 -OH-PLIF signal for type-A flame. Top : instantaneous snapshots, bottom : averaged over 500 snapshots. Positions of the thermocouples TG1 and TG2 where the temperature profiles have been performed is superimposed in dashed lines.

Figure 11 . 9 -

 119 Figure 11.9 -OH-PLIF signal for type-B flame. Top : instantaneous, bottom : averaged over 500 snapshots.

fFigure 11 .

 11 Figure 11.10 -Probability Density Function (PDF) of the flame root position z f /d 1 for reference flames A0, A1, A2, B1 and B2. Statistics are performed with 500 OH-PLIF images.

Figure 11 . 11 -

 1111 Figure 11.11 -OH-PLIF mean intensity profiles of flame A1 made at the height z/d 1 = 2 represented together with the fluctuations of the axial velocity u z,rms . The CRZ is delineated in gray.

Figure 11 .

 11 Figure 11.12 -Closer view on flame front breakages occurring for flame A1 for three independent snapshots.

Figure 11 . 14 -

 1114 Figure 11.14 -Synchronized OH-PLIF and PIV measurements for type-B flame. The OH-PLIF signal is shown in colorscale. The velocity vectors are superimposed in white arrows. The recirculation zone is delineated in thicken white contour. Top : instantaneous with PIV and LIF synchronized. Bottom : averaged fields over 500 snapshots.

Figure 11 . 16 -

 1116 Figure 11.16 -Schematic representation of the two causes leading to flame liftoff when S 1 = 0.87.

Figure 11 .

 11 Figure 11.17 -Snapshot of the phosphorescence signal collected on the injector central rim.

Figure 11 .

 11 Figure 11.18 -Temperature at the surface of the injector nozzle rim for the investigated flames A1, A2, B1, and B2. Standard deviation are represented with the error bars.

Figure 11 .

 11 Figure 11.19 -Temperature evolution T i (z) along the internal surfaces of the quartz window as a function of the height z for the flame A1 and A2.
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  .4. The injector sketched in Fig. 1.5(b) comprises a central tube of inner diameter d 1 = 6 mm and thickness e = 1 mm that conveys the methane flow and an annular channel of outer diameter d 2 = 20 mm filled with O 2 -enriched air.

Figure 12 . 1 -

 121 Figure 12.1 -Mean axial velocity u z for five coaxial jets in non-reacting conditions (D 1 dataset) for S 2 = 0.85, J = 0.75. S 1 is varied from -0.87 to 0.87. The recirculation zone is delineated by the thick white contour.

Figure 12 . 2 -

 122 Figure 12.2 -Map of the different regimes with a CRZ above the coaxial injector as a function of S 1 and S 2 . I) Region with |S 1 | > 0.6. II) Region with global swirl number S 1+2 > 0.7. III) Counter-swirl region with S 2 < 0.6

Figure 12 . 3 -

 123 Figure 12.3 -OH-PLIF/PIV measurements for flames at S 2 = 0.85, J = 0.75 and S 1 (D 2 dataset) varying from S 1 = -0.87 to 0.87. Mean OH-PLIF signal is shown in color scale. The average velocity field is superimposed with white arrows. The recirculation zone is delineated by the thick white contours.

Figure 12 . 5 -

 125 Figure 12.5 -OH * Chemiluminescence intensity signal for oxy-flames featuring different inner swirl numbers from S 1 = -0.87 to S 1 = 0.87 (D 3 dataset, S 2 = 0.75 and J = 0.75). The Otsu contour (Otsu 1979) corresponds to the thickened white contour. The global swirl number S 1+2 defined by Eq. (12.1) is reported at the bottom of each flame.

Figure 12 . 6 -

 126 Figure 12.6 -Dimensionless liftoff height z f /d 1 with respect to the global swirl number S 1+2 as defined by Eq. (12.1). Only flames with a liftoff height higher than z f /d 1 > 0.4 have been retained. Data points are colored by the value of the inner swirl number (D 4 dataset).
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 1 Figure A.1 -Schematic of the improvements made to lower the position of the bottom of the laser sheet. Note that the camera is perpendicular to the plane of the laser sheet.

Fig

  

Figure A. 2 -

 2 Figure A.2 -Mie scattering from oil droplet for configuration. Left : collected from the top (configuration b in Fig. A.1). Right : the camera is placed with a shallow angle which enables to lower the position of the laser sheet without beam reflections (configuration c).

  Fig. A.2 represent the Mie scattering from oil droplets. In the left image, the camera points down at the injector as in the configuration b defined in Fig. A.1. In the right image, the optical axis of the camera is parallel to the combustor back plane, as in configuration c, Fig. A.2.In the latter case, half of the snapshot lies out of the region of interest. In the two images, the laser sheet bottom position z LS has been set to its minimal height before saturating the camera. This method allows to place the laser sheet much closer to the injector outlet in configuration c on the right. Switching from configuration b to c therefore enables to reduce z LS down to z LS = 750 µm.

  Figure A.3 -Axial velocity for R3 flames recorded with several values for the duration between the two laser impulses ∆t

Figure A. 3

 3 Figure A.3 shows that the mean and rms velocities are almost identical for the

vectors

  Figure A.4 -Number of vectors validated

Figure A. 6 -

 6 Figure A.6 -Sensitivity of the measurement to the substituted vectors.

  Figure A.7 -Test of the number of samples for the convergence of the mean and rms velocities in an transverse cut.

Figure A. 8 -

 8 Figure A.8 -Test of the number of samples for the convergence of the mean and rms velocities in an transverse cut.

Figure A. 9 -

 9 Figure A.9 -Illustration of the peak-locking phenomenon. Pixel displacement.

Figure A. 10 -

 10 Figure A.10 -Ilustration of the peak-locking phenomenon. Sub-pixel displacement

  Figure B.1 -Principle of real time adaptation method of the sampling rate.

A

  LabVIEW ® program has been implemented following the works of Guiberti et al. (2014). Its principle is represented in Fig. B.1. At each laser impulse i, the decay time τ i is determined in real time from the electrical output of the photomultiplier. If the duration time τ i+1 sufficiently differs from its previous values, a new acquisition frequency f s and a new acquisition duration ∆t s are given as a setpoint to the oscilloscope. In order to avoid further latency, the lifetime τ i is obtained with the help of the algorithm developed by Guiberti et al. (2014), which does not require any iterative procedure. The values for the window d max = 90% and d min = 10% (in gray in Fig. B.1 of the maximum voltage have been retained to post-process the signal.

  Figure B.2 -Spectrum of other phosphor benchmarked in this study.

Figure D. 1 -

 1 Figure D.1 -Iterative binarization algorithm of PH-PLIF images based on OH-PLIF snapshots.

  Fig. D.2. It refers to four steps which are presented in pseudo-code.

  ∩ 𝑀 𝑖 ) > 𝜏 𝑖The objective of the following procedure is to keep the signal in (circled in green) and to remove the flame front (in red)𝑀 𝑖 discards the region around the flame front.

Ω

  𝑖 = 𝐴 𝑖 ∪ B 𝑖 𝐵 𝑖 = 𝐹 𝑖 ∩ Ω 𝑖-1 = f(𝐴 𝑖 , Ω 𝑖-1 )

Figure D. 2 -

 2 Figure D.2 -Post-treatment procedure to iteratively determine the flame progress variable from one OH-PLIF snapshots.

Figure D. 3 -

 3 Figure D.3 -Left : interface c = c * corresponding to the contour in Fig. 6.4. Right : contour selected as flame front based on the developed procedure.

Figure D. 4 -

 4 Figure D.4 -Discrimination between the flame front and the non-reactive mixing layer based on Freeman chain code algorithm (Freeman 1961). Left : value assigned to a pixel as a function of the position of the next pixel. Center : zoom over region a in Fig. D.3 showing the flame front. Right : zoom over region b in Fig. D.3 showing a mixing layer interface.

Figure E. 1 -

 1 Figure E.1 -Temporal evolution of the gas temperature T cc averaged over the combustor (top) and of the position z SP of the stagnation point at the bottom of the CRZ (bottom). Configurations 1 (in blue) and 2 (in red) correspond to the non-coupled simulation. Configurations 3 (in green) and 4 (in orange) correspond to the coupled simulation. The patch of non-reactivity inside the injector is used for the configurations 1 and 3, but not for configurations 2 and 4.

  Re 2 is set to Re 2 = 12, 000. The mean and fluctuation components of the flowfield are measured with the Particle Image Velocimetry setup presented in chapter 2. The PIV measurements are performed in a longitudinal plane for the axial velocity. For the tangential component of the flowfield, the measurements are carried out in a transverse plane at the height z = 0.5 mm above the injector outlet. 60 different injecting conditions have been investigated by varying the momentum ratio from J = 0.25 to 16, and the outer swirl number from S 2 = 0 to 1.1. Results are represented with respect to J and S 2 and the velocity field is displayed in color scale. The mean and fluctuation components of the axial velocity field are represented in Fig. F.1 and Fig. F.3, respectively. The central recirculation zone is delineated in thick white contour in Fig. F.1. The mean and fluctuation components of the tangential velocity field are represented in Fig. F.2 and Fig. F.4.

Figure F. 1 - 387 Figure F. 2 -

 13872 Figure F.1 -Mean component of the velocity field u z represented for different momentum flux ratio J and outer swirl number S 2 . The

Figure F. 3 -

 3 Figure F.3 -Fluctuation component of the axial velocity field u z,rms represented for different momentum flux ratio J and outer swirl number S 2 .

Figure F. 4 -

 4 Figure F.4 -Fluctuation component of the tangential velocity field u θ,rms represented for different momentum flux ratio J and outer

Figure

  Figure G.1 -Effect of wall temperature on the flame and flow pattern on a swirling oxy-flame of thermal power P th = 21.7 kW. Measurements are performed at ignition, at 80 % of the thermal equilibrium (Thermalized #1) and at 95 % of the thermal quilibrium (Thermalized #2). Top : mean velocity field in the axial plane measured by PIV, superimposed with the OH-PLIF signal. The white contour delineates the position of the CRZ. The velocity field is extracted along the dashed line shown on the figure on the left. Bottom : axial component of the velocity along the height h/d 1 = 3.

Figure H. 2 -

 2 Figure H.2 -OH-PLIF/PIV measurements for the five investigated flames at S 2 = 0.85, J = 0.75 and S 1 varying from S 1 = -0.87 to 0.87. Instantaneous OH-PLIF snapshot is shown in color scale. The synchronized flow field is superimposed white arrows. The recirculation zone is delineated in thicken white contour.
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  [START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF] further showed that, when the oxygen fraction Y O 2 is increased, both the temperature and the OH * peaks become wider, but not the CH * peak. For these reasons, De[START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF] argued than OH * is a better tracer for oxy-flames than CH * and this has motivated the choice in the current work to use chemiluminescence of the OH * radical for flame visualization. Another motivation is that the OH * signal is not polluted by soot emission when filtered in the UV spectral band λ = 306.4 nm. Regarding the signal-to-noise ratio, De[START_REF] De Leo | Oh and CH luminescence in opposed flow methane oxy-flames[END_REF] also reported a 100fold increase in OH * signal intensity when switching from CH 4 /air to CH 4 /O 2 non-premixed oxy-flames.

The experimental setup used to record the OH * chemiluminescence images is shown in Fig.

2

.2. It is composed of an intensified-camera (PI-max 4, Princeton

Table 2 .

 2 

1 -Estimation of Stokes numbers allowing to select the seeding material in reacting and non-reacting conditions.

  Estimation of the coefficient C RRE for different wall temperatures T w . The gas temperature is set to T g = 1400 K and the velocity is set to u = 2 m.s -1 .

	Figure 2.29 -
	11)
	Brohez et al. (2004) recommended to use two thermocouples with diameters
	d w,1 and d w,2 that verify 2 ≤ d w,1 /d w,2 ≤ 3. The wire diameter used in this
	work are d w,1 = 450 µm and d w,2 = 200 µm. The bead diameter d b is generally
	twice the size of the wire diameter, but its value is not always reported in the
	manufacturer datasheet which focus more on the wire diameter. The sensitivity

Table 2

 2 

	.2 -Analysis of characteristic times to help designing a temperature measu-
	ring system with thermographic phosphor.					
	Thermographic	Temperature	range of decay	N 1 Number of	Maximum		Maximum col-
	phosphor	range	time τ	samples requi-	sampling	rate	lection	time
				red during the time τ	f Tmax		∆t T min	
	Mg 3.5 FGeO 5 :Mn 300 K -1050 K	100 ns -3 ms	25	250 MHz		15 ms	

Table 2

 2 

	.3 -Measurement of the normalized fluctuations of the decay time τ rms of
	the thermographic phosphor at the temperature T = 300 K and T = 700 K for different
	values of the resistor load R.			
	Resistor [Ω]	Temperature [K]	τrms/τ	α = ∂log(τ )/∂T [ K -1 ]	Trms [K]
	500	700	0.016	-1.1e -2	0.63
	500	300	0.03	-2.7e -3	4.8
	13 600	300	0.005	-2.7e -3	0.8

Table 3 .

 3 1 -Summary of the chemical kinetic mechanisms used in this work.

	Kinetic scheme	Species Reactions Reference
	GRI-Mech 3.0	53	325	Smith et al. (2011)
	GRI-Mech 3.0(OH * ) 56	374	De Leo et al. (2007)
	2S-CM2	6	2	Bibrzycki and Poinsot (2010a)
	2S-CM2-JB2	6	2	Bibrzycki and Poinsot (2010b)
	Aramco	253	1542	Metcalfe et al. (2013)
	diffusion flames has been computed with the AGATH solver.
	Two examples of studies conducted with AGATH are presented in the following.
	3.1.2 Example 1 : Implementation of a chemical kinetic me-
	chanism for the OH * radical	
	A chemical kinetic mechanism for the chemiluminescence reactions has been
	implemented in the AGATH solver based on the analysis from De Leo et al.
	(2007). The GRI-Mech 3.0 is completed with three radicals OH * , CH * , and C * 2
	and 49 reactions (see Table. 3.1). Numerical simulations have been conducted
	with non-premixed oxy-flames to compare and validate the implementation with
	results from De Leo et al.		

Table 3 .

 3 2 -Summary of the numerical setup used for the large-eddy simulation

	Model and nume-	Choice	Reference
	rical schemes		
	Kinetic scheme	2S-CM2-JB2 (two-step)	Bibrzycki and Poinsot
			(2010a)
	Combustion mo-	Thickened Flame model	Colin et al. (2000)
	del	(TFLES)	
	Boundary condi-	Navier-Stokes Characteris-	
	tions	tic Boundary Conditions	
		(NSCBC)	

Table 3 . 3 -

 33 Boundary conditions prescribed in the LES simulation.

Table 3 .

 3 4 -CPU cost for different computational grid sizes

	Name	Mesh 1	Mesh 2	Mesh 3
	Number of cells (millions)	25.7	9.0	2.5
	∆t CP U,RAIN IER [h.proc -1 ]	308	103	30.8

Table 3 .

 3 6 -Retained configuration and computational cost.

	Computational grid	Mesh 2 : 9 millions cells
	Coupling frequency N ite	500
	Relative error ε rel	15%
	Absolute error P rad,rms	1.13 ×10 5 W.m -3
	Simulation time	330 ms
	AVBP CPU time	150 000 hours
	RAINIER CPU time	250 000 hours
	COUPLED CPU time	400 000 hours

Table 4

 4 

.1 -Swirl numbers determined with Eq. (4.14) at z/r 0 = 0.5 Geometrical Eq. (4.22) 0.70 0.85 1.00 Measured Eq. (4.14) 0.76 0.92 0.94

  5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . 140 5.2 Experimental setup . . . . . . . . . . . . . . . . . . . 143 5.3 Flame and flow structures . . . . . . . . . . . . . . . 144 5.4 Swirl number measurement . . . . . . . . . . . . . . 149 5.5 Theoretical analysis . . . . . . . . . . . . . . . . . . . 152 5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . 160

Table 5 .

 5 1 -Measured swirl numbers S for Re=18 000 and velocity profiles at z/r 0 =0.5 for different quarl angles α.

	α[ • ]	0	5	10	30
	S	0.78 72 0.78 0.74

  6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . 166 6.2 Flame surface density . . . . . . . . . . . . . . . . . . 170 6.3 Experimental procedure . . . . . . . . . . . . . . . . 175 6.4 Structure of a swirl-stabilized flame . . . . . . . . . 181 6.5 Impact of swirl on the flame structure . . . . . . . . 189 6.6 Impact of CO 2 dilution on the flame structure . . . 199 6.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . 205

  coworkers at Tohoku University. Flame surface densities of methane/air conical flames have been reported for different CO 2 dilutions (Kobayashi et al. 2007; Cohe et al. 2009). The structure of flames powered by CO/H 2 /O 2 (Kobayashi et al. 2013) and CH 4 /H 2 /air mixtures

Table 6 .

 6 1 -Estimations of the 3D flame surface density from 2D measurements and simulations. The table gives the reference, the type of configuration investigated and parameters from the 3D flame surface density reconstruction model. Exp. designates experiments and Num. simulations. The asterisk * denotes a slight modification where θ c = 50 • is artificially set as the maximum value taken by θ xy to circumvent null values of the cosine function.

	Reference	Study	Burner	cos Φ S Constant	cos Φ S With fluctuations
	Deschamps et al. (1996)	Exp.	Bunsen	0.69	cos( θxz S )
	Halter et al. (2009)	Exp.	Bunsen	0.69	(1 + m

Table 6 .

 6 2 -Operating conditions for air and CO 2 dilution. Bold fonts denote numbers computed from the laminar burning velocity S L while accounting for thermal radiation.

	Mixture	Φ	X CO 2	ρ 0 [kg.m -3 ]	ṁ0 [kg.s -1 ]	P th [kW]	T ad [K]	S L [cm.s -1 ]	u 0 /S L	u /S L
	CH 4 /air	0.95	0	1.12	5.57 10 -3	14.6	2190	36.9	42	21
	CH 4 /O 2 /CO 2	0.95	0.68	1.50	5.1 10 -3	14.6	2190	21.0-25.0	43 -51	23 -28

Table 7 .

 7 1 -Combustion parameters for the two selected flames. S L : laminar burning velocity. U b : bulk velocity in the injection tube. Re : Reynolds number based on the injection diameter D and U b . X d : diluent (N 2 or CO 2 ) molar fraction. T ad : adiabatic flame temperature. S 0 : swirl number.

		φ	P [kW]	S L [cm/s]	U b [m/s]	Re	X d	T ad [K]	S 0
	N 2 -diluted Flame A	0.95	13	37	14.3	15 900	0.79	2 200	0.75
	CO 2 -diluted Flame B	0.95	13	21	9.7	13 000	0.68	2 200	0.75

Table 7

 7 

		.2 -Heat transfer budget in zones 3 and 4 for the N 2 -(Flame A) and CO 2 -	
	(Flame B) diluted flames								
	Flame	Dil.	X burned CO 2	ε(L)	Zone 3 (ORZ) : z 3 = 4r 0 Tg (z 3 ) T i (z 3 ) Eq. (7.5)	Tg (z 4 )	Zone 4 (BG) : z 4 = 11r 0 T i (z 4 ) Uz (z 4 ) Eq. (7.5)	Nu L
					[K]	[K]	[kW.m -2 ]	[K]	[K]	[m/s]	[kW.m -2 ]	
	A	N 2	0.14	0.042	1355	937	4.8	1393	1168	4	3.2	25
	B	CO 2	0.83	0.081	1260	1013	4.9	1364	1169	1.4	5.1	18

Table 8 . 3 -

 83 Contributions of all the terms of the radiative transfer balance. All the terms are expressed in kW.

	S rad	in+out ϕ rad dS	Opaque walls ϕ rad dS	Quartz ϕ abs-em dS	Quartz ϕ trans dS
	3.77	0.25	0.43	1.57	1.52
	100 %	6.5 %	11.3 %	41.7 %	40.4 %

Table 8 . 5 -

 85 Results of the model Eq.

Table 9 .

 9 1 -Ranges of operations explored grouped by dataset. N f is the number of investigated flames in each group. The central CH 4 stream and the annular O 2 stream are diluted with N 2 except for dataset D4 where fuel dilution is also made with He or CO 2 .

		16 0.40-0.93 0.47	0.20-0.37 0.12 -0.31 2630-2780	0	61
	D2	0.2-16 0.34-1	0.37-0.67	0.16-0.50 0.09-0.43	2570-2930	0	174
	D3	0.2-16 0.33-1	0.37	0.16-0.36 0.09-0.31	2450-2660	0.4	138
	D4	0.2-16 0.33-1	0.37	0.16-0.36 0.09-0.31	2450-2670	0-1	294
	D5	0.5-12 0.62-1	0.37	0.16-0.23 0.09-0.17	2600-2660	0-1.5 83
	D6	0.4-16 0.30-0.90 0.33 -0.57 0.12-0.37 0.09-0.31	2260-2864	0.8	231

  • , 10 • and 20 • .

Table 11 .

 11 1 -Selected references exploring blow-off and liftoff characteristics in nonpremixed flames. Flames explored with swirl are marked by an asterisk * . Numerical studies are designated by the symbol . †

Table 11 .

 11 2 -Combustion parameters for the six selected flames. J : momentum flux ratio. P th : thermal power. Φ : overall equivalence ratio. S 1 : geometrical swirl number in the central fuel stream. S 2 : geometrical swirl number in the annular oxidizer stream. Re 2 : Reynolds number in the annular stream. T ad : adiabatic burned gas temperature.

	Set	J	P th [kW]	Φ	S1	S2	Re2	YO 2 ,2	T ad [K]	u1 [m.s -1 ] [m.s -1 ] u2
	A-	4.0	9.4	0.40 0/0.29/0.87 0.85 12 000	0.40	1824	10.2	15.0
	B-	0.75	21.7	0.91 0/0.29/0.87 0.85 12 000	0.40	2620	23.5	15.0

Table 11 . 3 -

 113 Volume flow rate Q exp at the fuel injector outlet integrated with the velocity profiles shown in Fig.11.15 divided by the operated volume flow rate Q th . Integration is made for r ± 0.55d 1 . volume flow rate. PIV measurements accurately recover the injected methane flow rate only for S 1 = 0 with a 10% confidence interval. When S 1 increases, the measured flow rate Q exp drops with respect to its theoretical value Q th . Less than half of the injected volume flow rate is obtained for S 1 = 0.29, and an almost null algebraic volume flow rate for S 1 = 0.87.

	Q exp /Q th S 1 = 0	S 1 = 0.29 S 1 = 0.87
	A	0.90	0.43	-0.13
	B	1.01	0.39	0.07
	tion of the			

Table 12 .

 12 1 -Operating conditions. All experiments are conducted with a fixed O 2fraction Y O2,2 =0.4 and a Reynolds number Re 2 =12, 000.

	Set Diagnostic Conditions	S 1	S 2	J
	D 1	PIV	non-reac. ±0.87	0.85	0.75
	D 2 PIV/PLIF	reac.	±0.87	0.85	0.75
	D 3 OH * chem.	reac.	±0.87	0.75	0.75
	D 4 OH * chem.	reac.	±0.87 0.6 -1.1 0.75 -3

Table 12 .

 12 2 -Recirculating volume flow rate Q r divided by the injected volume flow rate Q 0 = 16.6 m 3 .h -1 , ratio of tangential momentum flux and global swirl number S 1+2 as a function of inner swirl S 1 for different heights z/d 1 above the injector. S 2 = 0.85. J = 0.75.

	S 1	z/d 1 -0.87 -0.29	0	0.29 0.87
	Q r /Q 0 (%)	1	4.4	1.4	0	5.0	5.8
	Q r /Q 0 (%)	6	0	0.02 0.37 0.39 1.3
	G θ,1+2 /G S 1 =0 θ,1+2	4	0.86	0.99	1.0 1.07 1.05
	S 1+2 (Eq. 12.1)		0.71	0.73 0.74 0.75 0.78

Table 12 .

 12 2. As discussed later, S 1+2 only slightly changes when S 1 is varied because S 1+2 is less sensitive to variations of S 1 than to modifications of S 2 . The evolution of the recirculating flowrate Q r measured at height z/d 1 = 6 shows a good correlation with the global swirl number S 1+2 . This feature confirms that the presence of a CRZ far from the injector outlet results from the global swirl motion after the inner and the outer jets have mixed. When the jets are counter-rotating with S 1 = -0.87, the global swirl number S 1+2 = 0.71 is minimum, leading to the disappearance of the CRZ observed at z/d 1 = 6 in Fig.12.1. Conversely, when co-rotating, the tangential momentum G 1,θ and G 2,θ accumulate while mixing, which yields the highest recirculation flow rate Q r for S 1 = 0.87 at z/d 1 = 6.

in the outer region of the jets. Hence, measuring G z t and G θt in a turbulent swirling flow requires to probe the velocity field up to the vicinity of the walls where the turbulent and pressure terms are weighted by r 2 to estimate these integrals. Some authors[START_REF] Gupta | Swirl flows[END_REF][START_REF] Mattingly | An experimental investigation of the mixing of coannular swirling flows[END_REF]) suggest to integrate

Chapitre 11 -Structure of non-premixed swirling oxy-flames
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Chapitre 8 -Numerical analysis of wall heat transfer the gas temperature is much lower when the radiative heat losses are taken into account. Let ∆T denote the difference of temperature between the non-coupled and the coupled simulation. For the temperature probed in the ORZ at heights z/r 0 = 1.5 and 4, the difference is high ∆T 200 K. Further downstream in the middle of the combustion chamber, ∆T increases to ∆T 300 K. On the top of the combustor at z/r 0 = 20, the difference reaches ∆T 400 K. This figure confirms that thermal radiation has a significant impact on gas temperature field throughout the combustion chamber. The measurements are represented in blue with a temperature uncertainty of ∆T = 100 K. The confidence interval is caused by the uncertainty in the position of the thermocouple bead in a region of high-temperature gradients. Since measurements of temperature profiles could not been performed, it is not possible to correlate the position uncertainty with a temperature gradient as in section 2.6. The temperature uncertainty ∆T = 100 K therefore remains a rough estimation. Figure 8.9 shows that the measured temperatures are much lower than the ones obtained in the numerical simulation. The difference is large compared to the non-coupled simulation and is considerably reduced when radiative heat transfer is taken into account in the coupled case. Nevertheless, the coupled simulation does not predict the gas temperature inside the combustor accurately enough. The difference ∆T between the numerical results and the experiments remains in average larger than ∆T > 200 K. However, when radiative heat transfer is discarded, this difference raises between 400 and 600 K. These results highlight the considerable role of radiative heat transfer Chapitre 11

Structure of non-premixed swirling oxy-flames

The structure of non-premixed oxy-flames stabilized above a dual swirl coaxial injector is further anlyzed with the help laser-induced fluorescence on the OH radical combined with particle image velocimetry to scrutinize the different flame and flow patterns observed in chapter 10 on a selection of reference topologies.

The thermal environment of these flames is then investigated with thermocouple measurements inside the burned gases and with Laser Induced Phosphorescence measurements along the combustor sidewalls and the inner rim of the injector nozzle. These diagnostics enable to unveil the fundamental mechanisms at the origins of flame liftoff and the impact of swirling the inner fuel stream and the flame and flow patterns. It is recalled that all the operating parameters, except the inner swirl level S 1 , are fixed for the A-flames on the one hand, and for the B-flames on the other. PIV measurements in Figs. 11.13 and 11.14 and the velocity profiles in Fig. 11.15 indicate a mass default when the inner stream is swirled S 1 > 0.

The axial velocity profiles displayed in Fig. 11.15 are integrated to shed light on this issue. Let Q exp = π r 0 -r 0 u z |r|dr be the volume flow rate obtained from integration of the PIV measurements in Fig. 11.15 at the height z=1.5 mm, for the radial coordinate -r 0 ≤ r ≤ r 0 where r 0 = 1.1r 1 . The velocity profiles are integrated on both sides of the axis. Let now define Q th the methane nominal volume flow rate injected in the central tube. The mass flow rates injected in the burner are fixed by six mass flow controllers that independently control the injected species for each stream of the dual swirl coaxial injector. This means that blockage of the flow at the injector outlet does not lead to a decrease in the mass flow rate injected in the inner fuel stream.

Results for Q exp divided by Q th are shown on Table 11.3 The position of the CRZ in Fig. 12.3 is used to explain the flame liftoff transition as sketched in Fig. 12.4. When |S 1 | ≤ 0.29, the flame is anchored on the central fuel rim. A reaction layer starts in the wake of the injector rim at the interface between the central fuel stream and the annular oxidizer stream. When |S 1 | = 0.87, the CRZ protrudes inside the central injector leading to a partial flow blockage of the inner fuel stream. The central jet is thus diverted in the radial direction with high velocities. This drastically increases the shear stress in the wake of the fuel injector rim. Enhancement of strain leads to extinction of the diffusion reaction layer in the wake of injector rim and the flames stabilizes further downstream close to the CRZ.

When the inner swirl number is high enough |S 1 | ≥ 0.6 to sustain a CRZ by itself, partial flow blockage of the central fuel stream locally occurs for both co-and counter-rotating directions. The flame liftoff height is in this case the same for S 1 = ±0.87 as shown by Fig. 12.3. When the inner swirl drops below |S 1 | < 0.6, the presence of the CRZ at the injector outlet also depends on the interaction between the two swirling jets. In that case, the CRZ in Fig. 12.3 is located more upstream for S 1 = 0.29 than for S 1 = -0.29. Impact of the co-and counter-rotating direction of the inner swirl has been investigated for a broader range of operating conditions (D 4 dataset) by varying S 1 between -0.87 and 0.87, S 2 from 0 to 1.1 and J from 0.75 to 3, leading to about 340 operating conditions. This parametric analysis confirms that the rotation direction barely alters the flame liftoff transition when the inner swirl number is high enough |S 1 | > 0.6. For low swirl numbers |S 1 | < 0.6,