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Abstract

The control of soot particles production represents today a major industrial issue because of their harmful impact on both the climate and the human health and their strong contribution to the radiative transfers. To better understand and control the production of these polluting emissions, it is essential to improve our knowledge on this subject in a turbulent burner. The objective of this Ph.D. is to set up optical diagnostics for the study of turbulent flames and to experimentally characterize soot production in a new academic turbulent premixed combustion configuration while approaching industrial configurations, generally confined and swirled flows. For this, a laminar experimental configuration is first considered to validate the implementation of the Laser Induced Incandescence (LII) technique to measure the soot volume fraction f v . This burner designed at Yale University allows the stabilization of a laminar ethylene/air diffusion flame. This burner has been widely studied in the literature, so that it is possible to compare the quality of our measurements with the results of different international teams. Through collaborations with the UPMC, we calibrated the LII signal with the MAE (Modulated Absorption Emission) technique, making it possible to quantitatively measure f v and to compare the MAE and LII techniques. Finally, the burner was equipped with a loudspeaker to modulate the flow and to study the effects of a controlled perturbation on the soot production, thus approaching the unsteady phenomena characteristics of turbulent flows. Finally, the effects of the enlargement of the laser sheet on LII results were also investigated in order to be able to apply this diagnostic technique in an innovative large turbulent configuration. This experimental configuration, called EM2Soot, was developed to measure the production of soot in a turbulent swirled rich confined premixed ethylene/air flame. This burner makes it possible to independently quantify the effects of the equivalence ratio, the total flame power and the thermal environment on the total soot production. A representative operating point was then characterized, in parallel with LII measurements, Particle Image Velocimetry (PIV) and Laser Induced Phosphorescence (LIP) techniques have been employed in order to characterize the effect of the turbulence on soot production and to establish a database for the validation of future numerical simulations. Finally, the geometry of the burner has been modified allowing a different stabilization of the flame (V flame shape). A new operating point is then studied in order to highlight the role of the injector geometry on the stabilization of the flame and, consequently, on the total soot production.

Résumé

Le contrôle de la production des particules de suies est aujourd'hui un enjeu industriel majeur en raison de leur impact néfaste tant sur le climat que sur la santé humaine et de leur forte contribution aux transferts radiatifs. Pour mieux comprendre et contrôler la production de ces polluants dans les foyers industriels, il est primordial d'améliorer nos connaissances à ce sujet dans un brûleur turbulent. L'objectif de cette thèse est donc de mettre en place des diagnostics optiques pour l'étude des flammes suitées turbulentes et pour caractérise la production de suies dans une nouvelle configuration de combustion prémélangée,confinée, swirlée turbulente académique tout en se rapprochant des configurations industrielles. Une première configuration expérimentale laminaire est donc considérée afin de valider la mise en place de la technique d'Incandescence Induite par Laser (LII) pour mesurer la fraction volumique de suies f v . Il s'agit d'un brûleur conçu à l'université de Yale qui permet la stabilisation d'une flamme laminaire de diffusion éthylène/air. Ce brûleur a été largement étudié dans la littérature nous permettant ainsi de comparer nos mesures aux résultats de différentes équipes internationales. La calibration du signal LII avec la technique MAE (Modulated Absorption Emission) a été effectuée via une collaboration avec l'UPMC, permettant de mesurer quantitativement f v et de comparer les techniques MAE et LII. Le brûleur a ensuite été équipé d'un haut-parleur afin de moduler l'écoulement et de pouvoir étudier les effets d'une perturbation contrôlée sur la production de suies, se rapprochant ainsi des phénomènes instationnaires caractéristiques des écoulements turbulents. Enfin, les effets d'élargissement de la nappe laser sur les résultats de la LII sont examinés afin de pouvoir appliquer ce diagnostic optique dans une configuration turbulente innovante caractérisée par de grandes dimensions. Ce brûleur (EM2Soot) a été développé pour mesurer la production de suies dans une flamme turbulente swirlée riche confinée prémélangée. Il permet de quantifier indépendamment les effets de la richesse, de la puissance et de l'environnement thermique sur la production de suies. Un point de fonctionnement représentatif a alors été étudié et, en parallèle avec la LII, les techniques de vélocimétrie par images de particules (PIV), et de mesure de température des parois par phosphorescence induite par laser (LIP) ont été employées afin de caractériser l'effet de la turbulence sur la production des suies et d'établir une base de données pour la validation de futures simulations numériques. Enfin, la géométrie du brûleur a été modifiée permettant une stabilisation différente de la flamme (en forme d'un V). Un nouveau point ing flames (bottom) extracted from [START_REF] Trinks | Industrial furnaces[END_REF]. . . . . . . . . . . . . . . 2.9 Schematic of ATR reactor [START_REF]Simulation numérique du reformage autothermique du méthane[END_REF]. . . . . . . . . . . . . . . . . . . . 2.10 Equivalence ratio and temperature effects on soot and NO x production [START_REF] Kamimoto | High combustion temperature for the reduction of particulate in diesel engines[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.11 Schematics of the internal microstructure of soot [START_REF] Seinfeld | Clouds, contrails and climate[END_REF]. . . . . . 2.12 Microstructure of a soot particle extracted from a diesel engine [START_REF] Ishiguro | Microstructure of diesel soot particles probed by electron microscopy: first observation of inner core and outer shell[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.13 Soot aggregates from a surrogate of jet-fuel obtained. Image by Transmission Electron Microscopy [START_REF] Kook | Soot volume fraction and morphology of conventional and surrogate jet fuel sprays at 1000-K and 6.7-MPa ambient conditions[END_REF]. . . . . . . . . . . . . . . 2.14 Tomograms of soot particles from a propane/air flame obtained from inverted scanning electron microscope (SEM) images, scale bar corresponds to 500 nm. [START_REF] Okyay | Soot aggregate complex morphology: 3D geometry reconstruction by SEM tomography applied on soot issued from propane combustion[END_REF]. . . . . . . . . . . . . . . . . . 2. [START_REF] Ouf | First in-flight synchrotron X-ray absorption and photoemission study of carbon soot nanoparticles[END_REF] Illustration of the effects of the fractal dimensions for various aggregates adapted from (a) [START_REF] Li | Evolution of the nanostructure, fractal dimension and size of in-cylinder soot during diesel combustion process[END_REF], (b) [START_REF] Ouf | First in-flight synchrotron X-ray absorption and photoemission study of carbon soot nanoparticles[END_REF], (c) [START_REF] Lapuerta | A method to determine the fractal dimension of diesel soot agglomerates[END_REF] and (d) [START_REF] Bambha | Effects of volatile coatings on the laser-induced incandescence of soot[END_REF]. 2.16 Evolution of the particle size density function (PSDF) along the height of a premixed laminar ethylene/air flame ( [START_REF] Abid | Quantitative measurement of soot particle size distribution in premixed flames the burner stabilized stagnation flame approach[END_REF]). Probe measurements: symbols and solid lines in red, numerical results: dotted black lines. . . . . . . . . . . . . . . . . . . . . . . . . . 2.17 General mechanism of soot production in flames adapted from [START_REF] Bockhorn | Soot formation in combustion: mechanisms and models[END_REF] [START_REF] Dworkin | Computational and experimental study of a forced, time-dependent, methane-air coflow diffusion flame[END_REF] Illustrations of laminar sooting flames: A) diffusion flames [START_REF] Dworkin | Computational and experimental study of a forced, time-dependent, methane-air coflow diffusion flame[END_REF] and B) premixed flames [START_REF] Bertrancourt | Experimental study of soot formation in laminar premixed flames of fuels of interest for automobile and aeronautics: a focus on the soot nucleation process[END_REF]. . . . . . . . . . . . . . . . . . . . 2. [START_REF] Bertrancourt | Experimental study of soot formation in laminar premixed flames of fuels of interest for automobile and aeronautics: a focus on the soot nucleation process[END_REF] Illustrations of turbulent sooting flames in C) diffusion jet flames [START_REF] Mahmoud | The effect of exit reynolds number on soot volume fraction in turbulent non-premixed jet flames[END_REF], D)swirled diffusion flames [START_REF] Geigle | Soot formation and flame characterization of an aero-engine model combustor burning ethylene at elevated pressure[END_REF], E) swirled diffusion flames [START_REF] Roussillo | Experimental investigation of soot production in a confined swirled flame operating under perfectly premixed rich conditions[END_REF] 

Block-matching cross-correlation technique typically used in PIV.

The position of the highest peak in the correlation plane indicates the most likely displacement vector, adapted from [START_REF] Wieneke | PIV Uncertainty Quantification and Beyond[END_REF]. . and C * 2 with the equivalence ratio for a premixed methane/air flame recorded with a spectrometer using a 10 nm wide top hat filter centered around 310, 431 and 516 nm respectively (extracted from [START_REF] Docquier | Experimental and numerical study of chemiluminescence in methane/air high-pressure flames for active control applications[END_REF]). . ) soot volume fraction measurements at three heights above the burner (represented in white dotted lines in Fig. 7.1) for the 80% case. Comparison of different measurement techniques (LII from Yale [START_REF] Smooke | Soot formation in laminar diffusion flames[END_REF], pyrometry from Yale [START_REF] Kuhn | Soot and thin-filament pyrometry using a color digital camera[END_REF], new LII and MAE results). at two HAB from TEM measurements for 80% case [START_REF] Kempema | Investigation of in-flame soot optical properties in laminar coflow diffusion flames using thermophoretic particle sampling and spectral light extinction[END_REF]. The solid lines are lognormal fittings to the sampled TEM data and the dashed lines are from the present TR-LII measurement. . . 7.7 2D fields of PPSD the 32 % flame. Left: d p from Adelaide TR-LII measurements [START_REF] Foo | Experimental investigation of acoustic forcing on temperature, soot volume fraction and primary particle diameter in non-premixed laminar flames[END_REF]. Middle d p under monodisperse assumption (τ 13 for 32%). Right: d p and σ for a log-normal polydisperse population ( (τ 13 ,τ 23 ) for 32%,) for 80%. . . . . . . . . . . . . . 7.8 Temperature fields. Comparison of different measurement techniques for temperature (pyrometry from YALE with and without constant properties, new pyrometry data). . . . . . . . . . 7.9 Temperature measurements at three heights above the burner for the 80% case. Comparison of different measurement techniques for the temperature (pyrometry from Yale with and without constant properties [START_REF] Smooke | Soot formation in laminar diffusion flames[END_REF], new pyrometry (digital camera) and MAE results). . 15 Soot volume fraction measurements by LLI and computed results for five oxygen index adapted from [START_REF] Jain | Experimental and numerical study of variable oxygen index effects on soot yield and distribution in laminar co-flow diffusion flames[END_REF] on the YDB. . . 7.16 Numerical soot volume fraction measurements for three selected flames with the characteristic Lagrangian trajectories indicated by the white lines extracted from [START_REF] Jain | Experimental and numerical study of variable oxygen index effects on soot yield and distribution in laminar co-flow diffusion flames[END_REF]. . . . . . . . . . . . . . 7.17 Variation of the soot source term and the evolution of soot volume fraction along characteristic Lagrangian trajectories for three selected flames with various OI extracted from [START_REF] Jain | Experimental and numerical study of variable oxygen index effects on soot yield and distribution in laminar co-flow diffusion flames[END_REF]. ( 

Introduction

The control of soot emissions constitutes a major industrial issue because these particles have a harmful impact on human health and on climate. Soot is also an important contributor to the radiative transfer level in many industrial combustion processes. It is particularly important in this latter case because many applications of industrial burners require that a homogeneous 2-D temperature field be created over an extended region. Soot radiative transfer must also be taken into account for the safety of the materials used in industrial burners which can be heavily damaged. In order to better understand and control the production of soot emissions in industrial applications, it is essential to improve the current knowledge on this subject in turbulent flames that are typically found in practice. As the numerical simulation of soot production in industrials burners is extremely complicated due to the different phenomena taking place simultaneously and the size of industrial configurations, it is important to gather experimental data at a laboratory scale to guide and validate future multi-dimensional numerical simulations.

The main objectives pursued in this PhD thesis are as follows:

• Set up optical diagnostics for the study of turbulent sooting flames,

• Test and calibrate these diagnostics on a standard laminar diffusion flame allowing detailed comparisons with previous experiments, • Develop systematic experiments to characterize soot production in a new laboratory scale turbulent premixed combustion configuration operating under rich conditions. This configuration approaches the one used in industrial processes that rely on swirled flows in a confined geometry. It has never been studied experimentally in the literature and will greatly simplify future numerical simulations as the premixing of fuel with the oxidizer won't have to be considered. The laminar experimental configuration is specifically considered to validate the implementation of the Laser Induced Incandescence (LII) technique used to quantitatively measure the soot volume fraction f v . The burner designed at Yale University (designated as YDB: Yale Diffusion Burner) allows the stabi-Chapter 1 -Introduction lization of a laminar ethylene/air diffusion flame. This burner has been widely studied in the literature, allowing detailed comparisons of the present measurements with results obtained by other international research teams. Through a fruitful collaboration with the UPMC combustion lab, the LII signal have been calibrated using the MAE (Modulated Absorption Emission) technique, making it possible to quantitatively measure f v in sooting flames. It is also interesting to compare results obtained with MAE and LII techniques and some differences are highlighted between the two diagnostics. They are mainly due to particularities of the measurement techniques. Indeed, as the MAE raw results are obtained by measuring the absorption of two continuous lasers traversing the sooting flame, the method requires a deconvolution (that can be assimilated to an Abel transform) to determine the soot volume fraction level. Consequently, some artificial noise is created along the axis of the flame whereas LII results can be biased due to the non-zero thickness of the laser sheet used to create the incandescence signal. But, some other differences were also found between the new results presented in this PhD and the existing data. The sources of these differences are attributed to the choice regarding the absorption value of the soot particles used to transform raw absorption data into quantitative soot volume fraction measurements. These differences on the soot volume fraction levels, primary particles diameters and flame temperature measured with different techniques based on pyrometry are thoroughly investigated, thus consolidating the experimental database used to validate state-of-the art numerical models. The laminar diffusion flame set up also allows a detailed investigation of the effects on LII results of the the laser sheet expansion in the direction perpendicular to the sheet. The sheet thickening in the transverse direction leads to an overestimation of the soot volume fraction f v . This question is investigated in three different laminar flames to derive and implement a correction procedure that can be used in conjunction with the LII diagnostic technique in the laminar configurations and in the larger scale turbulent configuration. The YDB set up is also equipped with a loudspeaker to modulate the flow and to study the effects of a controlled perturbation on the soot production for different frequencies and amplitudes of modulation, thus approaching some of the unsteady phenomena characteristic of turbulent flows. Results obtained in the modulated case complement those obtained under steady conditions, in the absence of modulation. Finally an innovative experimental configuration, called EM2Soot-A, is then considered. This laboratory scale geometry is first developed to measure soot production in a turbulent swirled confined fully premixed ethylene/air flame operating under rich conditions. This burner makes it possible to independently quantify the effects of the equivalence ratio, the total flame power and the thermal environment on the total soot production without considering mixing effects between the air and the fuel. A constant critical equivalence ratio for which the soot production is measured to be maximum is highlighted at different flame power levels. Experiments indicate that the wall temperature notably influence the level of soot production that is measured both by LII and by direct imaging of the flame luminosity. Results obtained on EM2Soot-A indicate that soot particles are mainly detected close to the quartz walls and that this was mainly associated with the flame geometry. A new combustion chamber configuration was designed in a second step to increase the field of view for the diagnostics leading to a new chamber geometry called EM2Soot-A'. A representative operating sooting point based on the conclusions derived from the link between the experimental conditions and the soot production was then extensively characterized using these two configurations. LII measurements were carried out for soot volume fraction evaluation while Particle Image Velocimetry (PIV) and Laser Induced Phosphorescence (LIP) techniques were employed in order to characterize the effect of the turbulence on soot production and to establish a database for the validation of future numerical simulations. As the previous configurations enable the stabilization of a toroidal sooting flame characterized by a strong influence of the bottom of the chamber on the flame structure, it was decided to modify the injector geometry and define a new configuration (EM2Soot-B). The central idea was to get a "V" flame configuration to investigate a situation that is closer to those observed in industrial applications. A new operating point is examined and the data gathered characterize the role of the injector on flame stabilization and on soot production. This highlights differences with the initial configuration EM2Soot-A. It is found that the total flame power had to be increased significantly compared to the previous configuration to be able to quantitatively measure a LII signal indicating a decrease of the total soot production. The different configurations thus may serve as useful guides of simulation efforts carried out in parallel. The manuscript is divided in three parts. The first one describes in chapter 2 the soot particle formation processes and their optical properties combined with the state-of-the-art regarding the measurements of soot particles in combustion processes. Two other chapters 3 and 4 review the experimental techniques of the literature that are being used in this work to characterize soot production in flames. The second part is focused on the study of the laminar configuration, YDB described in chapter 5.1. The calibration of the LII technique is fully investigated in chapter 6 while the effects of the flow modulation on the soot production are examined in chapter 8. Finally, the third part describes investigations of soot production in the EM2Soot set up presented in chapter 9. A representative sooting point is first considered in chapter 11 while the effects of the modification of the injector geometry are explored in chapter 12. This PH.D thesis led to the publications of four peer-reviewed contributions:

• M. 

Introduction

This first chapter gives a general background for the present investigation. It first discusses soot particles as atmospheric pollutants, their effects on health and finally on the environment. The role of soot particles, or black carbon, in the industry is also briefly introduced, showing that some applications aims at producing soot particles with specifics properties. Finally, the characterization of soot particles is fully described as well as their optical properties, which will be used in chapter 3 for the description of the optical diagnostics for soot measurements. Soot particles can be roughly identified as solid black particles featuring a micrometric size, created by combustion processes. Soot can be detected for example in the flame formed by a burning candle in which the yellow light emission originates from the heated soot particles, radiating over the full spectrum and mainly in the visible range (according to the Planck's law). These particles are the result of an incomplete combustion process between an oxidizer (oxygen in most practical systems) and a fuel (gas, oil, coal, wood...), generating pollutants of different nature and are created in various proportions (CO, NO x , SO x unburnt hydrocarbons or soot). All of these pollutants affect human health and are detrimental to the environment. Current research activities in combustion aim at controlling and reducing their production. Soot particles are generally produced under rich conditions. Since the need to reduce fuel consumption leads to the design of globally lean systems [START_REF] Dunn-Rankin | Lean combustion: technology and control[END_REF], one may imagine that soot production will not be observed in standard applications. Nevertheless, local conditions with excess of fuel are usually found in practical burners since fuel and oxidizer are generally not premixed for obvious safety conditions, degrading in consequence the quality of combustion and leading to the formation of unburnt hydrocarbons and aromatics. These different species will then participate to the formation of bigger aromatic molecules: PAH (Polycyclic Aromatic Hydrocarbons) which eventually lead to the formation of soot particles, a process taking place in most combustion systems. 

Soot and society

Historical perspective

Soot was one of the first tools that humankind used to express an artistic feeling, in the form of amazing cave paintings like those found in France and dating back 30 000 years ago (Caves of Chauvet, Fig. 2.1). More recently, soot was still used by colonial americans to produce house paint [START_REF] Mingle | Fire and Ice: Soot, Solidarity, and Survival on the Roof of the World[END_REF]. In both cases, soot was used for its darkness and its durability, and it's then reasonable to think about the effects of such durability on human lungs or the environment... One may think that the hazardous effect of soot is a recent concern, especially in light of recent regulations regarding the future of diesel engines in the years to come. Surprisingly, the danger of soot was already evoked by John Evelyn who tried to alert King Charles of the dangers of soot clouds stagnating over London. He was the first to describe how soot could penetrate into the lung and from there to the entire body, almost 400 years ago in 1661 [START_REF] Esq | The inconvenience of the aer and smoake of london dissipated: Together with some remedies humbly proposed by[END_REF]. Nevertheless, the presence of soot can still be easily observed in modern cities as illustrated in Fig. 2.2. Following, this initial alert numerous studies have been carried on by many scientists as shown in [START_REF] Mingle | Fire and Ice: Soot, Solidarity, and Survival on the Roof of the World[END_REF].

One of the first scientists to describe soot particle production is the French chemist Marcelin Berthelot, on the basis of experiments on acetylene flames. In 1866, he proposed that soot might be formed by direct polymerization of C 2 H 2 [START_REF] Berthelot | Action d'une étincelle électrique sur les mélanges d'hydrogéne et de gas carbone[END_REF] and proposed what is probably the first model for soot formation.

From there on, a large research effort has been made to explain the path to soot formation. This research has notably advanced the knowledge about soot production but some of the processes are still not perfectly understood, underlying the fundamental complexity of the phenomenon.

Effects of soot on animals

A famous illustration of the effect of soot on natural species is the case of the peppered moth (Fig. 2.3) in the UK during the 20 th century [START_REF] Mallet | The peppered moth: a black and white story after all[END_REF].

Until the beginning of the 19 th century, only the white specimen was known in the United Kingdom. In 1849, the first specimen with black wings was observed near Manchester, and by the end of the 19 th century, 98 % of the moths observed close to industrial cities in the UK were black.

It was first considered that the white moths became black due to the ingestion of black soot but it was rapidly proven that natural selection was the source of this important modification. Indeed, these nocturne insects usually rest during the day on trees, whose color was initially white (birch). Before the beginning of industrial pollution, black moths must have existed due to small natural modifications of their genome but the individuals born black were unlikely to survive due to their environment. Due to the intense pollution during the Industrial Revolution starting around 1820, these trees were darkened by soot particles making the white insects easier to track by birds leading to their fast disappearance. On the contrary, black moths were found to be safer on black trees and started to multiply. Interestingly, one result of early regulations on pollution passed in 1950 in the UK (Clean Air Act [START_REF] Brimblecombe | The clean air act after 50 years[END_REF]) was a rise of white moths observed in later years, thus validating the natural selection theory.

Effects of soot on the environment

For a long time, the effects of soot particles on the environment were considered to be negligible compared to those of other molecules (carbon dioxyde, methane... ). Latest studies show however that soot particles play a non negligible role in global warming. Black carbon impact on the climate is now estimated to be greater than that of methane and to contribute to radiative forcing for about two-thirds of the level due to carbon dioxide [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF].

The global impact of soot particles on climate is summarized in Fig. 2.4 highlighting their complex and global consequences. This is so because soot clouds of various origins are now present all over the world (Fig. 2.5).

Studying the production and outcome of soot is particularly important because of the short lifetime of these particles in the atmosphere. Indeed, it is often stated that a worldwide fast decrease of soot exhaust might induce a quasi immediate cooling of the planet since the lifetime of soot in the atmosphere is estimated to be of the order of one week [START_REF] Ramanathan | Global and regional climate changes due to black carbon[END_REF][START_REF] Cape | The atmospheric lifetime of black carbon[END_REF], which is much lower compared to CO 2 (between 5 and 200 years) and CH 4 (12 years) lifetime [START_REF] Blasing | Recent greenhouse gas concentrations[END_REF]. Nevertheless, this approach does not take into account soot already deposited on polar snow caps and sea ice that would take much longer to disappear. 

Effects of soot on human health

The effects of soot particles on human health are directly related to the nanometric size of the smallest particles. Indeed, such small particles bypass our natural ability to expel larger particles with a cough or sneeze. Soot particles can enter the lungs and penetrate the bloodstream causing various diseases to different organs (liver, kidney, heart) [START_REF] Niranjan | The toxicological mechanisms of environmental soot (black carbon) and carbon black: Focus on oxidative stress and inflammatory pathways[END_REF]. The hazard of soot is tightly linked to the size of the particles, as illustrated in Fig. 2.6, so that new regulations regarding particles release, for example in automobile, now take into account the size of the particles whereas the first regulations only considered the total amount of particles (Euro 1, 1993). A recent study [START_REF] Pascal | The mortality impacts of fine particles in france[END_REF] attempts to quantify the impact of soot in France on the mortality level by performing a statistical analysis on two large groups of people over a 10 year period and correlated with the distribution of pollution across France. These authors concluded that air pollution was responsible for over 48 000 premature deaths that could have been prevented by reducing soot particles releases into the atmosphere. This number is of course a purely statistical result and its value is limited because it does not quantify the reduction in life expectancy. It also does not compare the number obtained with the total number of deaths that normally take place over the same period of 10 years which is about 6 million people in France. It is also worth noting that life expectancy has been increasing in France from 1997 to 2017 by 4 years. One should be cautious about such studies but nevertheless conclude that soot is detrimental to health. This number has been recently updated in a new study up to 67 000 in France corresponding to 8.8 millions in the world [START_REF] Lelieveld | Cardiovascular disease burden from ambient air pollution in europe reassessed using novel hazard ratio functions[END_REF].

Soot in industry

Even though soot particles are hazardous for human health and the environment, soot production is also a critical part in some industrials applications where soot is either required or, on the contrary, has a negative impact on the overall efficiency of the system.

Black carbon industry

In industry, soot (more precisely black carbon) can be used for:

• Rubber reinforcement (> 90 %) for tires or industrial rubber products (belts, seals or hoses). • Pigmentation for inks, paint platics or toners.

• Electric applications (conductive inks or batteries).

• UV resistance (agricultural film, pipe or coatings). Black carbon is formed in specific industrial plants [START_REF] Balthasar | Detailed modeling of soot formation in a partially stirred plug flow reactor[END_REF] to get a high carbon purity. Many processes have been used over the years such as:

• Lamp black: Pan of evaporating oil covered to limit air (process invented in China 2000 BC, <1 % production). • Channel process: Natural gas flame on cold channel iron (dirty and dominant process before 1970, no longer in use). • Gas process: Vapour flame on a rotating drum (modern channel process, <1 % production). • Thermal process: Natural gas on hot bricks (makes the largest particle size, <2 % production). • Acetylene process: Exothermic decomposition of acetylene (highly conductive and crystalline particles <1 % production). • Furnace process: Partial combustion of aromatic oils as illustrated in Fig.

( > 90 % of current carbon black production).

Industrial furnaces

The presence of soot particles can be desirable in certain industrial furnaces (such as metal and glass melting) to increase the efficiency of heat transfer to the load through the major contribution of soot particles to the radiative transfer [START_REF] Nathan | Recent advances in the measurement of strongly radiating, turbulent reacting flows[END_REF][START_REF] Wang | Modelling nongrey gas-phase and soot radiation in luminous turbulent nonpremixed jet flames[END_REF]. Indeed, as illustrated in Fig. 2.8, soot contribution to radiation from flames can be as intense as that of CO 2 or H 2 O but with a much broader spectral content leading to a major impact of soot on the total radiation flux. Of course, this contribution must be perfectly understood to adapt the quantity of fuel to the mass load and to better anticipate possible structural damages caused by the incident radiatives fluxes on the furnace walls.

Production of Syngas

The present research was undertaken in the framework of an industrial chair set up between the ANR (Agence nationale de la recherche), Air Liquide, CNRS and CentraleSupélec which aims at a better understanding of the combustion processes involved in oxycombustion. More specifically, soot production is investigated for to its contribution to radiative transfer but also for its negative impact during production of Syngas (Synthetic gas). One of the applications of oxy-combustion processes is indeed the auto-thermal reforming of methane (ATR) to produce a mixture of CO and H 2 , described by the following global chemical reactions [START_REF] Pen | New catalytic routes for syngas and hydrogen production[END_REF]:

CH 4 + 3 2 O 2 → CO + 2H 2 O (∆H 0 = -519kJ/mol) (2.1)
CH 4 + H 2 O → CO + 3H 2 (∆H 0 = +206kJ/mol) (2.2) Figure 2
.9: Schematic of ATR reactor [START_REF]Simulation numérique du reformage autothermique du méthane[END_REF].

By combining both chemical reactions, it is possible to use the energy released by the first one (exothermic) to trigger the reforming reaction of the methane (endothermic). These reactions take place in an ATR reactor as illustrated in Fig. 2.9. In this reactor, natural gas and oxygen are preheated and mixed with water vapor. Two different injectors of (CH 4 +H 2 O) and (O 2 +H 2 O) are located at the top of the reactor where the methane mainly reacts with O 2 (chemical reaction 2.1). Consecutively to the oxygen consumption, the second reaction between methane and water (chemical reaction 2.2) takes place to form a mixture of CO and H 2 [START_REF]Simulation numérique du reformage autothermique du méthane[END_REF]. By controlling the H 2 O/CH 4 ratio and the equivalence ratio of the first reaction (typically around 3.5), one can adjust the composition of the syngas at the outlet of the reactor and in particular set the value of the H 2 /CO ratio. Nevertheless, this high equivalence ratio implies a large production of soot, as illustrated in Fig. 2.10, that can negatively impact the efficiency of the catalyst bed involved in the second chemical reaction. To limit this phenomenon, O 2 can be added to oxidize the soot particles thus reducing the total soot volume fraction. However, this means a change of the equivalence ratio and thus the final composition of the syngas. A better understanding of soot formation and oxidation processes could therefore improve the efficiency of such industrial processes.
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Definition

Due to the complexity of the physics underlying soot production, a simple definition of soot is not achievable. Moreover, there are many scientific communities studying different soot particles with very close properties such as the:

• Soot particles (SP) • Black carbon (BC) • Brown carbon (BWC) • Particulate Matter (PM)
• Carbon dust This variety of names reflects the different domains of interest: industrials (SP [START_REF] Rodrigues | Unsteady dynamics of PAH and soot particles in laminar counterflow diffusion flames[END_REF], BC [START_REF] Ghosal | Carbon black for use in rubber processing[END_REF]), academic research on climate change (BC [START_REF] Peng | Markedly enhanced absorption and direct radiative forcing of black carbon under polluted urban environments[END_REF], BWC [START_REF] Laskin | Chemistry of atmospheric brown carbon[END_REF]), regulations (PM [START_REF] Priemus | Notes on the particulate matter standards in the european union and the netherlands[END_REF]) and even interstellar studies (carbon dust [START_REF] Gail | Spatial distribution of carbon dust in the early solar nebula and the carbon content of planetesimals[END_REF]). These different names are also the consequence of differences regarding the origin of the particles and their overall properties. Black carbon, soot particles, and particulate matter designate in reality the same item, formed during combustion processes of hydrocarbon fuels. Soot has a strong light absorption across the visible spectrum, vaporizes around 4000 K and is insoluble in water and many common organic solvents. Brown carbon is a complex mixture of organic compounds which can be formed in the atmosphere from BC (i.e. secondary organic aerosol) or directly from an incomplete combustion of hydrocarbon fuels [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF]. Its light absorption crosssection is smaller than that of BC. Brown carbon has a strong wavelength dependence in the ultraviolet (UV) spectrum [START_REF] Lack | Brown carbon and internal mixing in biomass burning particles[END_REF][START_REF] Kirchstetter | Evidence that the spectral dependence of light absorption by aerosols is affected by organic carbon[END_REF][START_REF] Hoffer | Optical properties of humic-like substances (hulis) in biomass-burning aerosols[END_REF][START_REF] Chakrabarty | Brown carbon in tar balls from smoldering biomass combustion[END_REF]. This spectral dependence causes the material to appear brown (or yellow) [START_REF] Andreae | Black carbon or brown carbon? the nature of light-absorbing carbonaceous aerosols[END_REF]. Unlike BC, brown carbon is soluble in some organic compounds. Despite these differences brown carbon and BC particles are similar in size [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF]. The present investigation is essentially focused on soot particles created by combustion processes.

Microstructure of soot particles

At the macroscopic level, soot particles have similar properties: they are composed of aggregates of spherical primary particles gathered in ramified chains forming bigger aggregates as illustrated in Fig. 2.14. Primary particles are mainly composed of carbon atoms that have a hexagonal structure forming different layers. A group composed of 2 to 5 layers creates a crystallite with a size of approximately 2 to 3 nm with a gap between each layer between 0.347 nm and 0.357 nm [START_REF] Shaddix | Soot graphitic order in laminar diffusion flames and a large-scale JP-8 pool fire[END_REF]. This distance is comparable to the distance measured inside graphite (∆ Graphite = 0.335 nm) [START_REF] Razumovskii | Carbon nanostructure reactivity: reactions of graphite powders with ozone[END_REF] validating the graphene-like structure of soot layers hypothesis. Primary particles are composed of a thousand of crystallites as shown in Fig. 2.11. The spherules are constituted of an external ring where crystallites are placed concentrically. In the inner part, the position of the crystallites becomes random giving an turbostratic configuration as shown on Fig. 2.12 In the inside, fine particles appear with spherical kernels wrapped by a carbon network with a curved structure. It was observed that the inner core could be dissolved in nitric acid [START_REF] Ishiguro | Microstructure of diesel soot particles probed by electron microscopy: first observation of inner core and outer shell[END_REF] highlighting its structural and chemical thermodynamic instabilities contrary to the rigid structure of the outer shell, made of crystallites. In summary, soot particles are mainly composed from carbon atoms that form layers combined in crystallites but their important specific surface area (i.e. the total surface area per unit of mass) greatly improves their adsorption property of many other molecules such as organic oxides, PAH or water [START_REF] Faccinetto | Highsensitivity detection of polycyclic aromatic hydrocarbons adsorbed onto soot particles using laser desorption/laser ionization/time-of-flight mass spectrometry: An approach to studying the soot inception process in low-pressure flames[END_REF]. More specifically, the properties of soot are extremely linked with their maturation (i.e. their age). Nascent soot particles are characterized by high reactivity 

Mathematical description of a soot particle

As briefly introduced in the previous section, soot particles tend to form aggregates, which are formed by an agglomeration of primary particles. As the agglomeration process of the primary particles (that can be supposed spherical with various diameters) cannot be taken into account for all aggregates, it is necessary to describe these structures mathematically with the following variables:

• The aggregate volume V agg ,

• The aggregate surface S agg ,

• The number of primary particles N p per aggregate: N p =1 if the particles are considered spherical, • The number of primary particles N tot per unit of volume,

• The fractal dimension D f characterizing the compacity of the aggregated structure (illustrated in Fig. 2.15) • The radius of gyration R g corresponding to the equivalent radius of a sphere with the same mass and moment of inertia as the aggregate • The radius of the primary particles r p of the aggregate and the diameter d p = 2r p of the primary particles • The fractal prefactor K f Figure 2.15: Illustration of the effects of the fractal dimensions for various aggregates adapted from (a) [START_REF] Li | Evolution of the nanostructure, fractal dimension and size of in-cylinder soot during diesel combustion process[END_REF], (b) [START_REF] Ouf | First in-flight synchrotron X-ray absorption and photoemission study of carbon soot nanoparticles[END_REF], (c) [START_REF] Lapuerta | A method to determine the fractal dimension of diesel soot agglomerates[END_REF] and (d) [START_REF] Bambha | Effects of volatile coatings on the laser-induced incandescence of soot[END_REF].

These different parameters are linked through the statistical fractal distribution law:

N p = K f R g r p D f (2.3)
This law reflects the similarity of soot particles of different sizes, for example soot particles displayed in Fig. 2.13 and Fig. 2.14 clearly exhibit the same morphology but their size differs by a factor of 10.

Mathematical description of soot population

In all flames, soot constitutes a population which results from numerous physical and chemical effects that take place simultaneously. It is natural to introduce n(v), the density function. From the density function, one may obtain the soot volume fraction f v and the number of particles N . By considering the particle size distribution (PSD) along the height of a premixed ethylene/air flame, one can observe an interesting behaviour depicted in Fig. 2. [START_REF] Lapuerta | A method to determine the fractal dimension of diesel soot agglomerates[END_REF]. This figure illustrates the spatial evolution of the PSDF. Indeed, in the lower part of the flame (H p = 0.6 cm), the distribution is monomodal and becomes bimodal at higher levels H p . This characteristic evolution [START_REF] Zhao | Measurement and numerical simulation of soot particle size distribution functions in a laminar premixed ethylene-oxygen-argon flame[END_REF][START_REF] Singh | Numerical simulation and sensitivity analysis of detailed soot particle size distribution in laminar premixed ethylene flames[END_REF][START_REF] Bin | Analysis of soot nanoparticles in a laminar premixed ethylene flame by scanning mobility particle sizer[END_REF] is the consequence of various processes starting from the nucleation (i.e. the formation) of the first ). Probe measurements: symbols and solid lines in red, numerical results: dotted black lines.

Chapter 2 -Soot generalities Figure 2.17: General mechanism of soot production in flames adapted from [START_REF] Bockhorn | Soot formation in combustion: mechanisms and models[END_REF].

solid particle, followed by various surface reactions (growth and oxidation) and by collisional processes (condensation, coagulation and agglomeration of big aggregates). Soot production is a complex phenomenon that still raises many unanswered questions. Various factors are directly involved in soot particles inception such as the flow temperature, the pressure, the type of fuel, or the experimental conditions (equivalence ratio, turbulence, non-premixed or premixed injection conditions) complicating the analysis. Nevertheless, an accepted mechanism for the overall mechanism is the one proposed by Bockhorn and presented in Fig. 2.17. Chemistry and collisional phenomena ruling these different reactions are quite complex as well. Thousands of reactions involving heavy molecules with thousands of carbon atoms and small molecules with few atoms take place simultaneously all along the flame. The different production processes, described in the following, are schematized in Fig. 2.18 and lead to the presence of unimodal or bimodal particle size distribution (PSD) shape as shown in Fig. 2.19.

Gas phase

Fuel decomposition and benzene formation

Following the injection of fuel in the oxidizing stream (often air), hydrocarbons are decomposed into radicals as illustrated in Fig. 2.20. This decomposition is the intial step towards the formation of benzene which is recognized by most of researchers to be the first step towards soot production. [START_REF] Cole | Formation mechanisms of aromatic compounds in aliphatic flames[END_REF][START_REF] Tesner | Soot formation from acetyle-benzene mixture[END_REF][START_REF] Frenklach | Detailed kinetic modeling of soot formation in shock-tube pyrolysis of acetylene[END_REF][START_REF] Miller | Kinetic and thermodynamic issues in the formation of aromatic compounds in flames of aliphatic fuels[END_REF][START_REF] Kern | Shock tube studies of gas phase reactions preceding the soot formation process[END_REF][START_REF] Melius | Reaction mechanisms in aromatic hydrocarbon formation involving the C 5 H 5 cyclopentadienyl moiety[END_REF].

Polycyclic Aromatic Hydrocarbons

In absence of oxidizer, once sufficient benzene rings are created, they react to form more complex molecules like Polycyclic Aromatic Hydrocarbons (PAH) which are mainly composed of three to six benzene rings. Historically, the PAH's growth was explained with the HACA (Hydrogen Abstraction/ Acetylene Addition.1 ) mechanism introduced by Frenklach and Wang in 1984 [START_REF] Frenklach | Twenty-third symposium (international) on combustion detailed modeling of soot particle nucleation and growth[END_REF]. It consists of the repetition of two reactions increasing the size of PAH. One hydrogen atom is extracted from the initial molecule creating a radical site which is then attacked by an acetylene molecule. This reaction creates a molecule with high reactivity that tends to create another cycle to improve its stability. Even though the HACA mechanism is widely used and accepted, it actually features limitations depending on the fuel the combustion regime and the operating conditions, other mechanisms and extensions have been proposed to describe PAHs formation in different fuels [START_REF] Shukla | Role of phenyl radicals in the growth of polycyclic aromatic hydrocarbons[END_REF][START_REF] Castaldi | Experimental and modeling investigation of aromatic and polycyclic aromatic hydrocarbon formation in a premixed ethylene flame[END_REF][START_REF] Richter | Formation of polycyclic aromatic hydrocarbons and their growth to soot a review of chemical reaction pathways[END_REF][START_REF] Stein | A new path to benzene in flames[END_REF][START_REF] D'anna | Modeling of particulate formation in a coflowing diffusion flame[END_REF][START_REF] Marinov | Modeling of aromatic and polycyclic aromatic hydrocarbon formation in premixed methane and ethane flames[END_REF][START_REF] Shukla | A highly efficient growth mechanism of polycyclic aromatic hydrocarbons[END_REF][START_REF] Shukla | Role of the methyl radicals in the growth of pahs[END_REF]. The HACA mechanism limitations are discussed for example in [START_REF] Frenklach | Reaction mechanism of soot formation in flames[END_REF][START_REF] Frenklach | On the low-temperature limit of haca[END_REF].

From nuclei particle to aggregate

Nucleation

Soot nucleation is the most crucial step towards soot production as it is the base of the soot formation process but remains the step the less understood even though state-of-the art measurements have been carried out to measure and identify these nascent particles [START_REF] Desgroux | Development of highly sensitive quantitative measurements of nascent soot particles in flames by coupling cavity-ring-down extinction and laser induced incandescence for improving the understanding of soot nucleation process[END_REF][START_REF] Bladh | Probing the smallest soot particles in low-sooting premixed flames using laser-induced incandescence[END_REF]. Three main mechanisms have been proposed and are illustrated in Fig. 2.23. These three mechanisms are:

• A: Growth of 2-D PAH into curved, fullerene-like structure • B: Formation of cluster of middle-size PAH such as coronene linked through Van der Waals. These clusters then collide with each other, leading to the formation of solid nuclei [START_REF] Frenklach | Reaction mechanism of soot formation in flames[END_REF][START_REF] Frenklach | Detailed modeling of soot particle nucleation and growth[END_REF] • C: Formation of cross-linked 3-D structure [START_REF] Ciajolo | Spectroscopic and compositional signatures of pah-loaded mixtures in the soot inception region of a premixed ethylene flame[END_REF][START_REF] Violi | A fully integrated kinetic monte carlo/molecular dynamics approach for the simulation of soot precursor growth[END_REF] through the coalescence of light and medium size PAH linked by chemical bound. Recent efforts have been made on the last two mechanisms [START_REF] Wong | Combustion generated fine carbonaceous particles[END_REF][START_REF]Combustion-formed nanoparticles[END_REF], since it has been proved that the first mechanism cannot be compatible with the HACA mechanism [START_REF] Bockhorn | Soot formation in combustion: mechanisms and models[END_REF][START_REF] Frenklach | Reaction mechanism of soot formation in flames[END_REF][START_REF] Frenklach | Detailed modeling of soot particle nucleation and growth[END_REF]. In summary, the nucleation processes lead to the formation of sphericles nuclei, and thus raise the number of particles and the soot volume fraction.

Surface growth, condensation and oxidation

Once enough nuclei are formed, they undergo different surface reactions leading to their growth. This is often modeled by the HACA mechanism, since the surface of the nuclei is covered by many C-H bonds. H atoms can be removed, thus creating a radical site that can react with any gaseous species (but mainly acetylene [START_REF] Benish | C2H2 and PAH as soot growth reactants in premixed C2H4-air flames[END_REF][START_REF] Bockhorn | Twenty-first symposuim (international on combustion) investigation of particle inception in sooting premixed hydrocarbon oxygen low pressure flames[END_REF]). During these reactions, the number of soot particles remains constant but their mass and consequently their volume increases, leading to a rise of the total soot volume fraction along the flame. At the same time, soot particle may also experience oxidation. This corresponds to the reaction of soot surface with OH, O 2 or O atoms leading to the removal of hydrogen or carbon atoms [START_REF] Böhm | Modelling of a fuel-rich premixed propene-oxygen-argon flame and comparison with experiments[END_REF][START_REF] Appel | Kinetic modeling of soot formation with detailed chemistry and physics: laminar premixed flames of C 2 hydrocarbons[END_REF] resulting in the reduction of the total soot volume fraction. Condensation is a collisional process (described with the collision theory introduced by Smoluchowski [START_REF] Smoluchowski | Versuch einer mathematischen theorie der koagulationskinetik kolloider lösungen[END_REF]) involving a nuclei and a PAH molecule which increases the total soot volume fraction. The growth reactions are particularly effective with "young" soot particles since the global concentration of H atoms on the surface decreases with the particle's age leading to an overall rise of the C/H ratio on the primary soot particles.

Coagulation and agglomeration

Simultaneously to the reactions described in the previous sections, soot particles may collide to form bigger particles. As a consequence, the overall number of particles decreases but the soot volume fraction remains constant. When this collisional process occurs within populations of young particles, the inner core merged and the spherical aspect of soot particles is kept [START_REF] Frenklach | Reaction mechanism of soot formation in flames[END_REF]. With particles aging, the coagulation process can no longer form spherical particles leading to the formation of aggregates (agglomeration). Both processes can also be described with the collision theory introduced by Smoluchowski.
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State-of-art of experimental configurations for soot investigation

In combustion processes, soot particles are formed in local areas characterized by high gas temperatures (over 1300 K), and high equivalence ratios φ (that characterizes the amount of fuel with respect to the amount of oxygen relatively to the value corresponding to stoichiometric conditions) and defined as:

φ = m F m air ( m F m air ) st (2.4)
where m F and m air represent the mass of fuel and air in a given local volume of the combustion chamber and ( m F m air ) st , the ratio for a stoichiometric reaction. In the literature, a critical value of 1.8 is often found for a premixed ethylene/air flame above which soot particles are produced ( [START_REF] Bladh | Probing the smallest soot particles in low-sooting premixed flames using laser-induced incandescence[END_REF][START_REF] Mouton | Evidence of nucleation flames: A valuable tool for the study of soot particles inception[END_REF]). Nevertheless, this value is not universal and is strongly dependent on the experimental conditions. For example, aircraft engine combustors use turbulent flames with a very low global equivalence ratio but, as already indicated, soot is being produced in these devices because of local mixture inhomogeneities and the existence of rich regions. In industrial configurations, many different types of flames can be used depending on the size of the applications: from turbulent jet diffusion flames for industrial burner to laminar premixed flames for domestic water heaters. There are many possible situations and this is why so many different configurations are examined in the technical literature. These can be divided in two main groups:

• Laminar case: laminar and diffusion flames as illustrated in Fig. 2.24.

Laminar flames are often considered to examine fundamental mechanisms and obtain data for numerical model validation, • Turbulent case: many configurations have been considered such as turbulent jet diffusion flames, swirled diffusion flames, premixed flames (considered in the present work) as illustrated in Fig. 2.25. As most industrial applications feature turbulent flames, these configurations are used to validate and adapt numerical models developed in laminar configurations. Mixing and reacting conditions are quite different for these various flames, which notably influence the soot production process in each regime and explaining the different features of the flames. Numerous studies, both numerical and experimental, already exist on soot production in flames (A), (B), (C) and (D) presented in Fig. 2.24 and 2.25 with good prediction of soot in each case (respectively in [START_REF] Smooke | Soot formation in laminar diffusion flames[END_REF], [START_REF] Abid | Quantitative measurement of soot particle size distribution in premixed flames the burner stabilized stagnation flame approach[END_REF] and [START_REF] Rodrigues | Modélisation multi-physique de flammes turbulentes suitées avec la prise en compte des transferts radiatifs et des transferts de chaleur pariétaux[END_REF]) but to our knowledge, only one numerical work exists on turbulent premixed sooting flames [START_REF] El-Asrag | Simulation of soot formation in turbulent premixed flames[END_REF]. The latter flames are of interest for many reasons. First, since fuel and oxidizer are initially mixed, one may directly examine effects of turbulence on soot production independently from mixing. Indeed, for turbulent non-premixed configurations, there Chapter 2 -Soot generalities are no means of increasing the level of turbulence without modifying mixing between the fuel and oxidizer. Secondly, perfectly-premixed conditions represent an easier configuration for validation of numerical models compared to the non-premixed case. Indeed in this case, mixing effects between fuel and oxidizer must not been considered. Finally, the investigation of soot production in this combustion mode is of relevance for the Rich-Quench-Lean concept [START_REF] Feitelberg | The GE rich-quench-lean gas turbine combustor[END_REF], that constitutes a possible alternative for reduction of NO x emissions in gas turbines. The RQL concept is considered for aeronautical combustors (Fig. An investigation of soot production in turbulent premixed flames operating under rich conditions is described in the third part of this manuscript.

Optical properties of soot particles

Optical properties of soot particles are extensively investigated in the literature [START_REF] Köylü | Optical properties of soot in buoyant laminar diffusion flames[END_REF][START_REF] Wu | Effect of morphology on the optical properties of soot aggregated with spheroidal monomers[END_REF][START_REF] Russo | Optical properties of organic carbon and soot produced in an inverse diffusion flame[END_REF][START_REF] Bescond | Soot optical properties determined by analyzing extinction spectra in the visible near-uv: Toward an optical speciation according to constituents and structure[END_REF] as their characterization is essential not only for the quantitative evaluation of radiative transfer but also for the exploitation of many laser-based diagnostics. In the following, a short introduction to soot optical properties is presented. More details can be found in [START_REF] Caumont-Prim | Measurement of aggregates' size distribution by angular light scattering[END_REF].

Complex refractive index of soot

As for any material, soot particle interaction with light can be characterized by the complex refractive index:

m(λ) = n(λ) -ik(λ) (2.5)
where n(λ) and k(λ) represent the real and imaginary parts of the complex refractive index, respectively.

Any light radiation interacting with a soot particle is absorbed or/and scattered by the particle itself. These two phenomena lead to an extinction term:

K ext = K abs + K scat (2.6)
K abs and K scat are the absorption and scattering terms respectively, which depend on the size of the particle d p , the wavelength λ of the incident radiation and on the complex refractive index. Under the assumption of spherical particles, Maxwell's equations for electrodynamics [START_REF] Bohren | Absorption and scattering of light by small particles[END_REF] lead to the Mie theory. If the Rayleigh criterion is satisfied:

x = πd p λ 1 (2.7)
meaning that the particle size is negligible compared to the radiation wavelength, then K abs and K scat can be written as [START_REF] Sorensen | Light scattering by fractal aggregates: A review[END_REF]:

K abs = N p π 2 E(m)d 3 p λ (2.8) 
K scat = N p 2π 5 F (m)d 6 p 3λ 4 (2.9)
where E(m) is the soot absorption function and F (m) the soot scattering function. These two functions depend on the complex refractive index:

E(m) = -Im m 2 (λ) -1 m 2 (λ) + 2 (2.10) F (m) = m 2 (λ) -1 m 2 (λ) + 2 2 (2.11)
Therefore, by calculating the ratio K abs /K scat :

K abs K scat = E(m) 2πF (m) λ d p 3 
(2.12) one can observe that under the Rayleigh assumption (λ d p ), scattering can be considered as negligible compared to absorption. It should be reminded that all these equations are valid under the assumption that particles are spherical, which is not verified when particles tend to form aggregates. Numerous theories exist today extending this characterization, such as the Rayleigh-Debye-Gans theory applied to Polydisperse-Fractal-Aggregate (RDG-PFA) [START_REF] Bohren | Absorption and scattering of light by small particles[END_REF][START_REF] Berry | Optics of fractal clusters such as smoke[END_REF][START_REF] Köylü | Radiative properties of flame-generated soot[END_REF][START_REF] Maugendre | Etude des particules de suie dans les flammes de kérosène et de diester[END_REF][START_REF] Farias | Range of validity of the rayleigh-debye-gans theory for optics of fractal aggregates[END_REF][START_REF] Liu | Effects of soot absorption and scattering on LII intensities in laminar coflow diffusion flames[END_REF][START_REF] Yon | Extension of RDG-FA for scattering prediction of aggregates of soot taking into account interactions of large monomers[END_REF].
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Soot absorption function

As will be extensively discussed in chapter 3, the techniques retained in the present work to experimentally quantify soot production strongly rely on the value of the soot absorption function E(m). More specifically, the resulting measured soot volume fraction is directly proportional to the choice of E(m). Numerous works are available in the literature that provide measurements of E(m) using different techniques such as:

• Reflectometry , which is exclusively ex-situ [START_REF] Dalzell | Optical constants of soot and their application to heat-flux calculations[END_REF][START_REF] Stagg | Refractive indices of pyrolytic graphite, amorphous carbon, and flame soot in the temperature range 25 to 600[END_REF][START_REF] Charalampopoulos | The effects of temperature and composition on the complex refractive index of flame soot[END_REF][START_REF] Felske | Determination of the refractive indices of soot particles from the reflectivities of compressed soot pellets[END_REF][START_REF] Foster | Optical constants of carbons and coals in the infrared[END_REF];

• Extinction, which can be ex-or in-situ [START_REF] Habib | On the refractive index of soot at flame temperature[END_REF][START_REF] Yon | Examination of wavelength dependent soot optical properties of diesel and diesel/rapeseed methyl ester mixture by extinction spectra analysis and LII measurements[END_REF][START_REF] Bescond | Soot optical properties determined by analyzing extinction spectra in the visible near-uv: Toward an optical speciation according to constituents and structure[END_REF][START_REF] Chang | Determination of the wavelength dependence of refractive indices of flame soot[END_REF][START_REF] Williams | Measurement of the dimensionless extinction coefficient of soot within laminar diffusion flames[END_REF];

• LII at one or several excitation wavelengths [START_REF] Bladh | Optical soot characterization using two-color laser-induced incandescence (2C-LII) in the soot growth region of a premixed flat flame[END_REF][START_REF] Bejaoui | Measurements and modeling of laser-induced incandescence of soot at different heights in a flat premixed flame[END_REF][START_REF] Olofsson | Evolution of properties for aging soot in premixed flat flames studied by laser-induced incandescence and elastic light scattering[END_REF][START_REF] López-Yglesias | Soot maturity and absorption cross sections[END_REF][START_REF] Bejaoui | Experimental study of the E (m, λ)/E (m, 1064) ratio as a function of wavelength, fuel type, height above the burner and temperature[END_REF][START_REF] Cléon | Laser induced incandescence determination of the ratio of the soot absorption functions at 532 nm and 1064 nm in the nucleation zone of a low pressure premixed sooting flame[END_REF][START_REF] Michelsen | Wavelength and temperature dependences of the absorption and scattering cross sections of soot[END_REF][START_REF] Therssen | Determination of the ratio of soot refractive index function E (m) at the two wavelengths 532 and 1064 References nm by laser induced incandescence[END_REF][START_REF] Yon | Influence of soot aggregate size and internal multiple scattering on LII signal and the absorption function variation with wavelength determined by the TEW-LII method[END_REF]. As highlighted in the following, a thorough description of each technique can be found in [START_REF] Bertrancourt | Experimental study of soot formation in laminar premixed flames of fuels of interest for automobile and aeronautics: a focus on the soot nucleation process[END_REF]. It should be noticed that different values are proposed in the literature but most recent studies [START_REF] Olofsson | Evolution of properties for aging soot in premixed flat flames studied by laser-induced incandescence and elastic light scattering[END_REF][START_REF] Snelling | Determination of the soot absorption function and thermal accommodation coefficient using low-fluence LII in a laminar coflow ethylene diffusion flame[END_REF][START_REF] Coderre | Spectrally resolved light absorption properties of cooled soot from a methane flame[END_REF] propose values for E(m) comprised between 0.35 and 0.42. This is due to the fact that E(m) depends on both soot and fuel properties as well as the optical setup used. Therefore special attention must be paid when comparing results with old or new literature data as well as performing validation of numerical models.

2.3.1.1.1 Effects of soot maturity s presented befores presented be-foreAs presentddded before, soot internal structure changes drasdddddtically As indicated previously, soot internal structure changes drastically with the different reactions (nucleation, condensation, surface growth, oxidation and agglomeration). TEM (Transmission Electron Microscopy) measurements have highlighted the structural physico-chemical inner change of soot particles in the course of their formation [START_REF] Bladh | Optical soot characterization using two-color laser-induced incandescence (2C-LII) in the soot growth region of a premixed flat flame[END_REF][START_REF] De Iuliis | Three-angle scattering/extinction versus tem measurements on soot in premixed ethylene/air flame[END_REF]. Given this important structural change, it is reasonable to suspect that this may influence E(m), as confirmed in Fig. 2. [START_REF] Geigle | Soot formation and flame characterization of an aero-engine model combustor burning ethylene at elevated pressure[END_REF]. In a premixed flame with fixed operating conditions (fuel and laser diagnostic wavelength), it is found that E(m) varies by up to a factor of two as a function of the Height Above the Burner (HAB). As HAB can be linked to soot maturity in a premixed laminar flame, this confirms the strong link between soot maturity and the measured absorption function E(m). This has also been verified with other fuels such as methane [START_REF] Cléon | Laser induced incandescence determination of the ratio of the soot absorption functions at 532 nm and 1064 nm in the nucleation zone of a low pressure premixed sooting flame[END_REF].

2.3.1.1.2 Effect of the fuel and the flame s presented befores presented beforeAs presentddded before, soot internal structure changes drasdddddtically The characterization of the dependence of the soot absorption function on the fuel used still remains unclear. In a first study, Dalzell and Sarofim [START_REF] Dalzell | Optical constants of soot and their application to heat-flux calculations[END_REF] observed no difference in E(m) for acetylene or propane flame. On the contrary, the different studies resumed in Fig. 2.28 show an important effect of the combustible on E(m). Even though E(m) seems to vary with the fuel, these studies and that of Bejaoui [START_REF] Bejaoui | Experimental study of the E (m, λ)/E (m, 1064) ratio as a function of wavelength, fuel type, height above the burner and temperature[END_REF] seem to prove that the relative evolution of E(m), i.e. the ratio E(m, λ 1 )/E(m, λ 2 ) is nearly independent of the fuel. This relative evolution may be explained by a similarity of the processes leading to 

Position of the present contribution and concluding remarks

Soot formation processes in combustion reaction are extremely hard to fully understand especially when considering large-scale industrial configurations. Numerous studies have already been carried out on laboratory scale configurations especially on laminar flames. These studies, even though limited, provided significant insight on the soot production phenomena and let to the development of numerous numerical models. Parallelly, numerous research have been carried on turbulent jet diffusion flames [START_REF] El-Asrag | Simulation of soot formation in turbulent premixed flames[END_REF][START_REF] Köhler | Simultaneous planar measurements of soot structure and velocity fields in a turbulent lifted jet flame at 3 kHz[END_REF][START_REF] Hult | Quantitative three-dimensional imaging of soot volume fraction in turbulent non-premixed flames[END_REF][START_REF] Sivathanu | Temperature / soot volume fraction correlations in the fuel-rich region of buoyant turbulent diffusion flames[END_REF][START_REF] Franzelli | Time-resolved spatial patterns and interactions of soot, PAH and OH in a turbulent diffusion flame[END_REF][START_REF] Crosland | Simultaneous instantaneous measurements of soot volume fraction, primary particle diameter, and aggregate size in turbulent buoyant diffusion flames[END_REF][START_REF] Qamar | Soot volume fraction in a piloted turbulent jet non-premixed flame of natural gas[END_REF][START_REF] Wang | Soot and flow field in turbulent swirl-stabilized spray flames of jet A-1 in a model combustor[END_REF][START_REF] Hayashi | Simultaneous imaging of mie scattering, pahs laser induced fluorescence and soot laser induced incandescence to a lab-scale turbulent jet pulverized coal flame[END_REF] to first approaches soot formation in usual industrial applications. More recently, an innovative configuration developed by the DLR [START_REF] Geigle | Soot formation and flame characterization of an aero-engine model combustor burning ethylene at elevated pressure[END_REF][START_REF] Geigle | Investigation of soot formation in pressurized swirl flames by laser measurements of temperature, flame structures and soot concentrations[END_REF][START_REF] Nau | Wall temperature measurements at elevated pressures and high temperatures in sooting flames in a gas turbine model combustor[END_REF] studied the production of soot in turbulent swirled confined diffusion flames under pressure, thus providing significant insight on the link between the turbulence of the flow and the soot particles in a more realistic configuration. This experiment led to the creation of a new extensive database used to validate state-of-the art numerical models [START_REF] Rodrigues | Modélisation multi-physique de flammes turbulentes suitées avec la prise en compte des transferts radiatifs et des transferts de chaleur pariétaux[END_REF][START_REF] Koo | Largeeddy simulation of soot formation in a model gas turbine combustor[END_REF][START_REF] Franzelli | A three-equation model for the prediction of soot emissions in les of gas turbines[END_REF]. Nevertheless, the error regarding the prediction of the soot volume fraction was still up to a factor three, showing that more work had to be carried out to enhance our comprehension of the soot production phenomena. In order to do, it could be useful to consider the case of turbulent premixed sooting flames, a configuration which has never been studied experimentally whereas this configuration could provide a perfect environment on the validation of state-of-the art numerical models. In order to be able to measure quantitatively the soot production and the flame properties in such configuration, experimental techniques developed and applied in the course of this Ph.D. thesis are now described in the following chapters.

Introduction

Various types of diagnostics exist for characterizing soot in combustion systems. These diagnostics may be divided in two general categories. In the first, one finds intrusive diagnostics such as soot sampling probes. The second comprises non intrusive diagnostics often based on the use of optical methods for soot volume fraction measurements. There are a number of such methods including pyrometry, Laser Induced Incandescence (LII), Modulated Absorption Emission (MAE)). In the present chapter in-situ methods are described first (section 3.1) and ex-situ are considered next (section 3.2).

In-situ diagnostics

These techniques can be considered at first glance to be easier to employ but are in fact difficult to properly implement in combustion systems. Sampling probes must be such that the sampling time is sufficiently short so that flame and soot properties are not modified. The sampling itself is the most crucial part of any analysis of the soot particles since one must be assured that during the sampling, no processes take place involving either the soot particles (coagulation or aggregation for example) or the gas reacting with the particles (oxidation, surface growth or condensation). For that, a probe sampling system coupled with a high dilution ratio is commonly used with nitrogen to stop the reaction and drop the temperature [START_REF] Zhao | Analysis of soot nanoparticles in a laminar premixed ethylene flame by scanning mobility particle sizer[END_REF][START_REF] Abid | On evolution of particle size distribution functions of incipient soot in premixed ethylene-oxygen-argon flames[END_REF][START_REF] Betrancourt | Investigation of the size of the incandescent incipient soot particles in References premixed sooting and nucleation flames of n-butane using LII, HIM, and 1 nm-SMPS[END_REF]. Once the sampling performed, different techniques can be applied to characterize the particle population or the microscopic morphology of a given soot aggregate. The most common techniques are:

• Scanning Mobility Particle Sizer (SMPS, [START_REF] Zhao | Analysis of soot nanoparticles in a laminar premixed ethylene flame by scanning mobility particle sizer[END_REF]). This device is used to measure the absolute particle concentration as a function of their size and more specifically their electrical mobility. From this information, one can recover the PSDF of the soot particles such as the ones presented in Fig. 3.1. For that, the system uses a bipolar charger so that the particles carry a known electrical charge. The ionized particles are then conveyed through an electric field and their ability to cross this field is directly linked to their size. To establish the link one has to assume that particles are spherical. • Transmission electron microscopy (TEM [START_REF] Vander Wal | A tem methodology for the study of soot particle structure[END_REF]). This method is used to directly visualize the soot particles after their extraction from the flame. It measures the transmission of electrons through the particles to reconstruct an image. It is possible to manually or automatically count the soot particles and their size to reconstruct the PSDF [START_REF] Köylü | Structure of overfire soot in buoyant turbulent diffusion flames at long residence times[END_REF] but also to investigate their morphology and inner structure [START_REF] Okyay | Soot aggregate complex morphology: 3D geometry reconstruction by SEM tomography applied on soot issued from propane combustion[END_REF]. • Helium Ion Microscopy (HIM, [START_REF] Schenk | Morphology of nascent soot in ethylene flames[END_REF]). This is a complementary diagnostic to TEM measurements but applied to nascent soot particles (d p ≤ 5 nm). While giving interesting results on the distribution of soot particles or the shape of soot aggregates, these techniques cannot be directly applied to turbulent configurations to measure 2-D fields of soot volume fraction of an entire configuration.

Ex-situ diagnostics

As the introduction in the flame of a sampling probe is necessarily invasive both for the flow and the soot particles, ex-situ measurements can be very helpful to infer the size of the particles or the soot volume fraction. They are mostly based on the use of lasers, that interact with the soot particles (via scattering and absorption phenomenon described in section 2.3) and creating or re-emitting light that can be measured with the use of CCD-cameras or photomultipliers. Among the different technique, the Laser Induced Incandescence technique is commonly used to obtain quantitative soot volume fraction of any sooting configuration. This is non intrusive as there is no probe in the volume of interest but it requires some assumptions and in particular that the particles are not vaporized by the incident light energy of the laser. This in turn sets a limit on the energy associated with the laser pulse that should be sufficiently large but still small compared to the level required to vaporize the particles.

Laser Induced Incandescence (LII)

The LII technique aims at measuring the soot volume fraction through the use of a high energy laser shot that increases the soot temperature and induces a black body radiation of the heated soot particles. There are no fundamental limitations to LII measurements as it can be used in many sooting flames with sufficient soot production depending on the quality of the detection system (formed by a combination of a digital camera and an optical filter). The LII set up can be designed to obtain instantaneous quantitative 2-D fields of soot volume fractions. It can also be used to infer information about the size of the particles. This is achieved by making use of various assumptions in combination with some signal processing. As it will be shown in the following section, the main disadvantage of LII is the need to calibrate the technique externally to extract quantitative soot volume fractions measurements. Basically, soot particles respond as any material to incident energy from a laser. Soot is heated to a high temperature (Fig 3 .2), and releases its energy in different ways and in particular via light radiation. The radiation wavelength is linked to the temperature through the Planck's law illustrated in Fig 3 .3. Typically, soot particles can reach a temperature in excess of 4000 K, placing the maximum LII signal in the visible range. The incandescence signal is then detected by a digital camera.

Short history and evolution of the technique

The technique introduced more than 40 years ago by Weeks and Duley [START_REF] Weeks | Aerosol particle sizes from light emission during excitation by TEA CO 2 laser pulses[END_REF] was initially applied to the study of the temporal behavior of alumina and black carbon aerosols. In the combustion field, Eckbreth [START_REF] Eckbreth | Effects of laser-modulated particulate incandescence on Raman scattering diagnostics[END_REF] initially considered this signal as a parasitic Raman scattering. Melton [START_REF] Melton | Soot diagnostics based on laser heating[END_REF] was the first to highlight the proportionality between the LII signal and the soot volume fraction and this was later confirmed by many other researchers [START_REF] Zur Loye | 2-d soot imaging in a direct injection diesel engine using laser-induced incandescence[END_REF][START_REF] Hofeldt | Real-time soot concentration measurement technique for engine exhaust streams[END_REF]. In the following years, LII quickly developed for its relative ease of obtaining quantitative measurements of soot volume fractions. This was facilitated by new laser technologies and advances in the collection camera systems. Indeed, the first experiment used a pulsed TEA CO 2 laser with a 4 µs pulse duration. The first ND:YAG laser was used by Melton in 1984 and the first intensified CCD camera by Tait in 1993 [START_REF] Tait | PLIF imaging of fuel fraction in practical devices and LII imaging of soot[END_REF] to record 2-D images of LII in a turbulent context as illustrated in Fig. 3.4. There has been a growing number of studies relying on LII and the advances made have been extensively reviewed [START_REF] Snelling | Soot volume fraction characterization using the laser-induced incandescence detection method[END_REF][START_REF] Schulz | Laser-induced incandescence: recent trends and current questions[END_REF][START_REF] Michelsen | Laser-induced incandescence: Particulate diagnostics for combustion, atmospheric, and industrial applications[END_REF]. Recent studies on LII take a closer look at:

• High frequency LII [START_REF] Michael | Effects of repetitive pulsing on multi-kHz planar laser-induced incandescence imaging in laminar and turbulent flames[END_REF] with a three dimensional tomographic imaging system [START_REF] Meyer | High-speed, three-dimensional tomographic laser-induced incandescence imaging of soot volume fraction in turbulent flames[END_REF] • Modeling of the LII signal [START_REF] Michelsen | Modeling laser-induced incandescence of soot: a summary and comparison of LII models[END_REF] • Impact of the laser shot on the soot morphology [START_REF] Vander Wal | Optical and microscopy investigations of soot structure alterations by laser-induced incandescence[END_REF] • Choice of parameters for LII measurements [START_REF] Schulz | Laser-induced incandescence: recent trends and current questions[END_REF] It is now even possible to use ultra-high speed CMOS cameras (10 million fps) to record the evolution of the LII signal in a turbulent flow [START_REF] Chen | Single-camera, singleshot, time-resolved laser-induced incandescence decay imaging[END_REF] and measure the size of the soot particles (see section 3.2.2).

LII principle

LII technique is based on the fast increase of soot particle temperature (over 4000 K in a few nanoseconds) induced by the interaction with a laser pulse at high energy and the subsequent cooling down process. This occurs via three main phenomena schematically presented in Fig. 3.5:

• Light radiation: Emission of light over a large bandwidth of wavelengths following the PLanck's law [START_REF] Planck | On the law of distribution of energy in the normal spectrum[END_REF]. The maximum emitted wavelength λ max is linked to the soot temperature T p through the Wien's law [START_REF] Wien | On the division of energy in the emission-spectrum of a black body[END_REF]:

λ max = 2.89 × 10 -3 T p (3.1)
The LII technique is based on the measurement of this light radiation signal to extract f v . The bandwidth do not necessarily contain λ max , as certain wavelength must be avoided as they might contain some parasitic signals.

• Sublimation: vaporization of a fraction of the mass in the soot particles, • Conduction: heat exchange between the heated particles and the surrounding gas. Additional cooling processes can also be observed and considered to model the behavior of heated soot particles such as:

• Thermionic emission [START_REF] Mitrani | Modeling thermionic emission from laser-heated nanoparticles[END_REF]: Thermal ejection of electron by soot particles,

• Oxidation of soot particles: [START_REF] Michelsen | Understanding and predicting the temporal response of laser-induced incandescence from carbonaceous particles[END_REF] • Annealing of the particles: [START_REF] Michelsen | Understanding and predicting the temporal response of laser-induced incandescence from carbonaceous particles[END_REF]: transformation of the structural form of the soot particles • The non-thermal photodesorption [START_REF] Goulay | The effects of pulsed laser injection seeding and triggering on the temporal behavior and magnitude of laser-induced incandescence from soot[END_REF] of carbon clusters (C 2 and C 3 ) from the particle surface. These processes are rarely considered in the simplest simulations due to their lower impact on the particle cooling process through light radiation.

LII Signal

The LII signal results from the Planck's law B λ (initial Planck's law) of the emission of light at λ em at a given temperature T (t) and is expressed by the following equation:

L(t, λ em ) = (λ) B λ 2πc 2 h λ 5 em exp hc λ em kT (t) -1 -1 (3.2)
where L is the spectral radiance of the body, and describes the amount of energy it gives off as radiation at the given wavelength, c the speed of light.

It is measured in terms of the power emitted per unit area of the body, per unit detection solid angle and per unit of wavelength. A soot particle cannot be rigorously considered as a black body radiator. It is therefore necessary to introduce the emissivity (λ) of the soot particle for a given wavelength λ.

Under the Kirchoff hypothesis [START_REF] Kirchhoff | Ueber das verhältniss zwischen dem emissionsvermögen und dem absorptionsvermögen der körper für wärme und licht[END_REF], a soot particle can be considered at a thermal equilibrium with the electromagnetic radiation. Its emissivity can then be linked with the absorption cross section σ abs leading to the following expression for a spherical particle with a radius r p :

(λ) = σ abs = 8π E(m) λ r p (3.3)
Let's consider a single spherical particle of diameter 2r p and assuming the Kirchoff hypothesis (particles are at the thermal equilibrium with the electromagnetic radiation), the contribution to the LII signal from one particle is:

S LII (λ em , T p (t)) = λ 2 λ 1 2πhc 2 λ 5 em 8πr p (t) E(m) λ em exp hc λ em k b T p (t) -1 -1 4πr 2 p (t)dλ em = λ 2 λ 1 64E(m) π 3 hc 2 λ 6 em exp hc λ em k b T p (t) -1 -1 r 3 p (t)dλ em (3.4)
where ∆λ em = λ 2λ 1 is the emission wavelength. In the following, the dependence of the S LII on λ em and T p is neglected.

We consider the LII signal collected in the detection pixel (i, j) corresponding to the volume V ij . The detection volume V ij depends on the camera resolution, i.e. the size ∆x i × ∆y j of the pixel (i, j), and the laser sheet thickness ∆z. For clarity, ∆z is renamed as e to designate the expansion of the laser sheet in the transverse direction. The pixel size can be considered as constant ∆x i = ∆x j = ∆x 0 whereas e is expected to increase with the distance x from the focal line, i.e. V ij (x) = ∆x 2 0 e(x).

The LII signal collected in the detection volume V ij (x) for the k-th camera acquisition instant with the focal line located on x is then:

I LII (i, j, x, k) = V ij (x) V ij (x) 0 S LII n ijk (v)dv dV = V ij (x) V ij (x) 0 K 1 v n ijk (v)dv dV = K 1 V ij (x) f ijk v dV (3.5)
where v = (4π/3)r 3 p is the particle volume and:

K 1 = 48E(m)hc 2 π 2 λ 6 em exp hc λ em k b T p (t) -1 -1 [kg.m -1 .s -3 ] (3.6) n ijk (v) [m -6
] and f ijk v = vn ijk (v)dv are the particle number density distribution and the soot volume fraction, respectively, in the detection volume V ijk at k-th acquisition instant.

Supposing that the soot volume fraction in the detection volume is constant:

I LII (i, j, x, k) = K 1 ∆x 2 0 e(x)f ijk v (3.7)
In the LII technique, a calibration is required which is performed at the focal line x = 0:

I LII (i, j, 0, k) = K 1 ∆x 2 0 e(0)f ijk v = K 2 f ijk v (3.8)
with:

K 2 = K 1 ∆x 2 0 e(0) [kg.m 2 .s -3 ] (3.9)
Once K 2 is known from the calibration, a correction Γ(x) may be needed to obtain the soot volume fraction from I LII (i, j, x, k) when e(x) >> e(0), i.e. when the expansion of the laser sheet thickness e(x) is not negligible:

f ijk v = I LII (i, j, x, k) K 1 ∆x 2 0 e(x) = I LII (i, j, x, k) K 2 e(0) e(x) = I LII (i, j, x, k) K 2 1 Γ(x) (3.10)
This dependence of the LII signal on Γ(x) will be thoroughly investigated in Sec. 6.4.

Theoretical analysis of the particle temperature

For this theoretical development, a single nucleus is considered with a diameter of d p = 2r p , composed with pure carbon with a volumetric mass of ρ p , a specific heat c p and an internal energy of U : The first principle of the thermodynamic applied to the particle leads to the following equation :

dU dt = QAbsorption -QRadiation -QSublimation -QConduction (3.11)
The different terms appearing in this equation are described in the following paragraphs. 

Rise of internal energy: dU dt

Each particle is heated up by the absorption of the laser energy with a net rise in the internal energy:

dU dt = mc p dT p dt = 4 3 πr 3 p ρ s c p dT p dt (3.12) 
Exchange by absorption: QAbsorption Absorption of the laser by the particle depends on the laser fluence and on the characteristics of the particle

QAbsorption = σ Abs Sq(t) (3.13)
where σ abs is the absorption cross section and S and the area of interaction between the laser and the particle (S = πr 2 p ). Finally, by combining Eq. 3.13 and Eq. 3.3, one obtains the following expression:

QAbsorption = 8π 2 E(m) λ r 3 p q(t) (3.14)
Exchange by radiation: QRadiation

From the integration of the Planck's law over all wavelengths, one obtains the Stefan-Boltzmann expression:

QRadiation = σ (T 4 e -T 4 p (t))4πr 2 p (3.

15)

Chapter 3 -Experimental techniques for soot measurements

Exchange by sublimation: QSublimation At higher laser energy levels, soot particles can also be vaporized and the sublimation process can be expressed as [START_REF] Michelsen | Modeling laser-induced incandescence of soot: a summary and comparison of LII models[END_REF][START_REF] Schoemaecker | Diagnostics laser dans une flamme de diffusion imagerie quantitative de nanoparticules de suies et d espéces majoritaires et minoritaires[END_REF]:

QSublimation = ∆H s M s dm dt (3.16)
This expression proposed by Melton is based on the sublimation of C 3 and consider this phenomenon independent of the temperature. A more complex model, introduced by Michelsen [START_REF] Michelsen | Modeling laser-induced incandescence of soot: a summary and comparison of LII models[END_REF], takes into account the sublimation of other species (C, C 2 , C 4 or C 5 ) leading to a more complex expression of the sublimation term:

QSublimation = ∆ s H M s π4r 2 W v α M P v R p T R m T 2W v (3.17)
Exchange by conduction: QConduction Conduction is a transfer of energy through the collision of the gas surrounding the particles and the heated particles. Its expression depends on the regime of heat conduction which in turn can be deduced from the Knudsen number (Kn). This number compares the mean free path (l) of the gas molecule and the soot particle size (Kn = l 2rp ): • Kn > 10 : free molecular regime • Kn < 0.01: continuum regime • 0.1 < Kn < 10: transition regime Originally, Melton expressed the conduction term through the McCoy and Cha model [START_REF] Mccoy | Transport phenomena in the rarefied gas transition regime[END_REF] that corresponds to the transition regime,

Qconduction = 4κ a πr 2 p d + G.L (T p -T a ) (3.18) 
where:

• κ a is the thermal conductivity of the surrounding gas • L is the mean free path of the soot particles • T a is the gas temperature • G is transfer thermal coefficient expressed as:

G = 8f α T (γ + 1) (3.19)
and • α T is the thermal accommodation coefficient that stands for the efficiency of the transfer of heat between the gas molecule and the soot particle.

• f designates the Euken correction factor [186] that takes into account the fact that the gases are not monoatomic. The molecular energy is then divided in two terms, one for the translation energy and one for the the molecular structure. Before the collision, the gas molecule temperature is equal to the surrounding gas (thermal equilibrium). After the collision, the gas molecule temperature T f can be equal to:

• T p which means that the accommodation is complete and α T = 1

• T g which means that there was no thermal exchange and α T = 0 • T g < T f < T p and 0 < α T < 1 The value of α T is of importance since its value in the literature range from 0.2 [START_REF] Kock | Two-color time-resolved LII applied to soot particle sizing in the cylinder of a Diesel engine[END_REF] to 1 [START_REF] Starke | Nano-particle sizing by laser-inducedincandescence (LII) in a shock wave reactor[END_REF] but the main value used is close to 0.3 [START_REF] Michelsen | Modeling laser-induced incandescence of soot: a summary and comparison of LII models[END_REF].

Conduction in usual LII

For classic LII applications at atmosperic pressure and T g =1800 K, the mean free path can be expressed as:

L = kT g √ 2π(2.r p ) 2 p g (3.20) 
For the particles size, some Transmission Electron microscopy measurements carried out in laminar premixed ethylene air flame led to a maximum diameter of soot particles between 10 and 60 nm for which Kn is higher than 10, confirming the free molecular regime. In standard LII applications, the mean free path of the gas molecules is about 580 nm so that Kn is greater than 10.

The free molecular regime implies that each particle can travel freely in a large region surrounding the particle without experiencing inter-molecular collisions The conduction term can then be expressed as:

Qconduction = α T πr 2 p p g 8kT g πm g γ + 1 γ -1 ( T p T g -1) (3.21)
It is worth considering the impact of pressure on the mean free path that can lead to a different expression of the conduction term modifying the resulting signal.

Time-resolved LII (TiRe-LII)

As already indicated, LII is a powerful technique to quantitatively measure soot volume fractions. It can also be used under certain hypothesis to extract information about the size and the distribution of the primary particle diameter. Indeed, after the laser shot, the LII signal decreases due to heat loss and the consequent decreases of the temperature. The absorption term being proportional to the volume V of the particles and the heat losses being proportional to the surface S of the particles, one can estimate the characteristic cooling time τ r as :

τ r ∝ S V ∝ 1 r p . (3.22) 
From Eq. 3.22, one finds that the small particles cool down faster than the big ones. Following this idea, Dankers and Leipertz [START_REF] Dankers | Determination of primary particle size distributions from time-resolved laser-induced incandescence measurements[END_REF] proposed a method for particle size measurmenent that was extensively validated by Chen et al. [START_REF] Chen | Determination of soot particle size using time-gated laser-induced incandescence images[END_REF] on a Santoro flame that is also considered in the present investigation case even though other technique exists. In the post-processing procedure, the LII signal is approximated by an exponentially decaying function:

I LII i ∝ exp(-t i /τ ) (3.23)
where τ is the exponential decay time. This quantity is proportional to τ r and can be estimated from two time-gated images I i and T j at two different times (t i and t j respectively):

τ ij = t i -t j ln(I LII j ) -ln(I LII i ) (3.24)
To get quantitative values of the primary particle diameter, one must create a look-up table containing modeled decay times τ mod ij . A web tool (LII-Sim [START_REF] Mansmann | Liisim: a modular signal processing toolbox for laserinduced incandescence measurements[END_REF]) designed to simulate the decay of LII-signal will be used to model monodisperse or polydisperse Primary Particle Size Distribution (PPSD) as shown in Fig. 7.5.
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Monodisperse case

In the monodisperse case (d p = cte), the mean primary particle diameter can be obtained by minimizing the following function:

F (d p ) = [τ exp -τ mod (d p )] 2 (3.25)
where τ mod (d p ) is calculated using simulations.

Polydisperse case

As the monodisperse assumption is quite strong regarding the PPSD, one can try to take into account the polydispersity by introducing a log-normal probability density function featuring two parameters d cmd and σ:

f (d) = 1 √ 2πd.ln σ exp[- (ln d -ln d cmd ) 2 2(ln σ) 2 ] ( 3.26) 
d cmd and σ are linked to the mean primary particle diameter d p and the variance σ 2 p by the following expressions:

d p = exp(ln d cmd + (ln σ) 2 2 ) (3.27) σ 2 p = exp((ln σ) 2 -1) exp(2ln d cmd + (ln σ) 2 ). (3.28)
d cmd and σ are obtained by minimizing the function:

F (d cmd , σ) = [τ exp -τ mod (d cmd , σ)] 2 (3.29)

Limitations and uncertainties of the method

The Time Resolved LII (TiRe-LII) technique is used in recent studies [START_REF] Betrancourt | Investigation of the size of the incandescent incipient soot particles in References premixed sooting and nucleation flames of n-butane using LII, HIM, and 1 nm-SMPS[END_REF][START_REF] Kock | Two-color time-resolved LII applied to soot particle sizing in the cylinder of a Diesel engine[END_REF][START_REF] Schraml | Soot temperature measurements and implications for time-resolved laser-induced incandescence (TIRE-LII)[END_REF][START_REF] Will | Two-dimensional soot-particle sizing by time-resolved laser-induced incandescence[END_REF][START_REF] Sun | Singleshot, time-resolved planar laser-induced incandescence (tire-lii) for soot primary particle sizing in flames[END_REF] to determine the primary particle diameters in different operating conditions. There however many limitations and uncertainties of the technique and can explain the differences found between results corresponding to same experimental set up and operating conditions. This method has relied either on a photomultiplier to capture the temporal evolution of the LII signal but only providing 1-D results [START_REF] Betrancourt | Investigation of the size of the incandescent incipient soot particles in References premixed sooting and nucleation flames of n-butane using LII, HIM, and 1 nm-SMPS[END_REF][START_REF] Allouis | Sizing soot and micronic carbonaceous particle in spray flames based on time resolved LII[END_REF] or on CCD digital cameras to get 2-D distributions [START_REF] Sun | Singleshot, time-resolved planar laser-induced incandescence (tire-lii) for soot primary particle sizing in flames[END_REF][START_REF] Hadef | The concept of 2d gated imaging for particle sizing in a laminar diffusion flame[END_REF]. For laminar configurations, due to the stability of the flame, the acquisition of time-gated images at different timings is possible but can be biased in the case of small fluctuations of the flame. Its application in turbulent configurations is only possible by using multiple cameras to capture the LII signal at different decay times resulting in additional errors due to the necessary matching of the camera pixel matrices. The development of very high speed cameras (up to 10 million images/s) is a promising way to reduce this bias by using the CCD pixels as millions of small photomultipliers.

Results obtained greatly depend on the modeling of the LII signal decay. Various assumptions have to be made regarding soot absorption function, the particle density, the initial particle temperature, the gas phase temperature (often kept constant even though the cooling of soot particles slightly increase the gas temperature after the laser shot) or the conduction model. A crucial variable is the peak temperature reached by the soot particles after the laser shot that can be either determined from pyrometry by capturing the peak LII signal at two wavelength or determined by modelling. A rigorous comparison between datasets reported by different teams is only possible if one knows the different conditions retained in the data modeling.

Modulated Absorption Emission (MAE)

Determination of soot volume fraction and temperature in laminar sooting flames was originally carried out with pyrometry [START_REF] Sivathanu | Temperature / soot volume fraction correlations in the fuel-rich region of buoyant turbulent diffusion flames[END_REF][START_REF] Zhao | Measurement of the spatially distributed temperature and soot loadings in a laminar diffusion flame using a cone-beam tomography technique[END_REF][START_REF] Liu | Soot temperature and volume fraction retrieval from spectrally resolved flame emission measurement in laminar axisymmetric coflow diffusion flames: Effect of selfabsorption[END_REF][START_REF] Kuhn | Soot and thin-filament pyrometry using a color digital camera[END_REF][START_REF] Xu | Soot formation in laminar premixed methane/oxygen flames at atmospheric pressure[END_REF], a technique that requires to image the spontaneous flame emission in steady axisymmetric flames and is subjected to sources of bias such as:

• State-of-the-art data processing of the raw information of the black body emission of soot particles; • Correction of self-absorption for flames with high optical thickness;

• Choice of E(m). The MAE technique was originally developed in 1-D by Jenkins and Hanson [START_REF] Jenkins | Soot pyrometry using modulated absorption/emission[END_REF] and requires two lasers to capture both the natural emission of the flame and the absorption of the flame. With the use of two lasers, the local spectral soot absorption coefficients are directly evaluated at both wavelengths from the laser absorption measurements. This information is used to infer the soot temperature from the ratio of the local spectral emission rates captured at these wavelengths. The local spectral emission rates can then be linked to the soot volume fraction using the Mie theory with the assumption that soot particles are in the Rayleigh limit [START_REF] Kashif | Soot volume fraction fields in unsteady axis-symmetric flames by continuous laser extinction technique[END_REF] as already explained in section 2.3. The development of the current 2D-MAE setup used in the present investigation is the outcome of the extensive work carried out by Kashif [START_REF] Kashif | Soot volume fraction fields in unsteady axis-symmetric flames by continuous laser extinction technique[END_REF] and Legros [START_REF] Legros | Simultaneous soot temperature and volume fraction measurements in axis-symmetric flames by a two-dimensional modulated absorption/emission technique[END_REF]. The technique is summarized in the following section.

Geometry of the configuration

The MAE technique requires an axisymmetric laminar flame that can be conveniently described with a cylindrical coordinate system (O, r, θ, z) with:

• O the origin placed at the exit of the burner • r the radial coordinate • θ the angular position • z referring to the Height Above Burner (HAB) with (Oz) being the flameś axis of symmetry In this configuration, all quantities are independent of θ and are only function of r and z.

Soot volume fraction measurements by MAE

The physical model is based on Planck's radiation from soot particles with the assumption that the light scattering by soot particles is negligible in comparison with absorption based on the Rayleigh criterion:

x p = 2πr p λ laser < 0.3 (3.30)
This criterion is verified for the wavelength retained in chapter 6. In this case, the radiative transfer equation (RTE) that represents the transfer of the radiative intensity L λ (s, u) in a direction u along an optical pathway can be expressed as follows:

dL λ (s, u) ds = κ λ (s)[ I B λ (s) - J L λ (s, u)] (3.31) 
where I represents positive contributions along the pathway s from the soot particles emission expressed by the Planck's law (Eq. 3.2) and J the selfabsorption from soot particles of the same radiation.

The RTE equation can be integrated over the optical pathway of the laser beam throughout the flame for the two situations: i.e with the laser blocked or not by the shutter. When the laser is off, the energy deposited on a pixel of the camera during the time ∆t at the wavelength fixed by the filter (detection wavelength bandwidth ∆λ) can be expressed as: Using discretized versions of Eq. 3.34) and Eq. (3.32) at every height z i , one may calculate κ λ (r, z) through the Abel deconvolution process [START_REF] Legros | Simultaneous soot temperature and volume fraction measurements in axis-symmetric flames by a two-dimensional modulated absorption/emission technique[END_REF]. Following this deconvolution, the soot volume fraction field can be calculated using the Mie theory:

of f λ = ∆λ∆t∆x pix ∆z pix η λ Ω coll
f v (r, z) = λκ λ (r, z) 6πE(m, λ) . (3.35)
The measurements of the soot volume fraction with this method is then heavily dependent on the choice of E(m, λ). 

Light scattering of soot particles

As it has been already shown in chapter 2, soot particles can interact with a light radiation via scattering. Light scattering measurements have often been carried out in laminar configurations to infer some information about the geometric properties of soot particles (d p , R g ...). To do that, the evolution of the scattered signal with the angle between the incoming laser and the axis of detection is often considered [START_REF] Caumont-Prim | Measurement of aggregates' size distribution by angular light scattering[END_REF][START_REF] Crosland | Instantaneous inflame measurement of soot volume fraction, primary particle diameter, and aggregate radius of gyration via auto-compensating laser-induced incandescence and two-angle elastic light scattering[END_REF]. This technique is usually employed in laminar configurations, using the temporal stability of the flame to increase the measurements capability. In the present work, the light scattering diagnostic will only be used to infer the presence of soot particles in the turbulent configuration that is investigated in chapter 9 and to obtain PIV measurements under reactive conditions using the light scattered by the soot particles.

Conclusion

This chapter contains a review of the main optical diagnostics used in the present research to characterize soot particles distributions. As ex-situ diagnostics are out the scope of this study, the choice to concentrate our efforts on laser based diagnostics to infer the soot volume fraction by LII, which has been calibrated via the MAE technique in collaboration with the UPMC combustion lab. Finally, the presence of soot particles can be characterized by light scattering, so that it is possible to use soot particles as tracers for PIV measurements as it will be shown. It is now necessary to focus on optical diagnostics for the flow, the flame and the chamber walls temperatures reviewed in the next chapter.

Introduction

In the context of this research investigation, the characterization of the flow, the flame and the chamber wall temperature is important if one wishes to understand the processes of soot production and oxidation. The gaseous phase dynamics is indeed closely linked to the soot formation, growth and oxidation processes as discussed previously (temperature, PAH, C 2 H 2 ). The flow and turbulence have a notable impact on soot production in particular by fixing the particle residence times, local temperatures and composition histories. Finally, these information as well as the chamber wall temperatures are essential data for numerical simulations of sooting configurations. Among the many measurement techniques we only consider the diagnostics used in this work. The next section discusses particle image velocimetry for flow field measurements. Flame structure characterization is considered in section 4.2. The measurement of wall temperature is conveniently obtained using Laser Induced Phosphorescence (section 4.3). Methods pertaining to soot measurements are reviewed in the previous chapter.

Flow velocity determination by Particle Image Velocimetry

Theory

Particle Image Velocimetry (PIV) is now widely used in fluid mechanics to measure velocity fields. Detailed presentations can be found in [START_REF] Riethmuller | Particle image velocimetry[END_REF][START_REF] Raffel | Particle image velocimetry: a practical guide[END_REF] and only the basics of the method will be highlighted in the following. This technique 54

Chapter 4 -Optical diagnostics for flow, flame and wall chamber temperature characterization has been greatly improved since its creation by including innovations regarding the illumination light source (laser), and the measurements setup (analog photography at first replaced by digital cameras and more recently by high speed digital cameras), as well as the exploitation of the results (handmade analysis replaced by advanced numerical software) but the main principle remains the same. The flow is generally seeded with solid particles or liquid droplets that are illuminated by a laser sheet. The PIV method consists in measuring the small displacement of these particles during a short period of time assuming that they follow the fluid motion. For that, one must assure that the Stokes number St is small:

St = 1 18 
ρ p dv F µ F 1 (4.1)
where: ρ p is the volumetric mass density of the particle, v F is the fluid velocity, µ F designates the dynamic viscosity of the fluid, d is the characteristic, diameter of the particle.

The choice of seeding particles is then crucial and depends on the flow and fluid being considered (air or liquid) and the thermal environment. One may wish to avoid that the particles vaporize or that they react with their environment. In combustion, oil droplets are often used for non-reactive conditions or for investigations of the cold flow region in the system while solid particles (ZrO 2 , TiO 2 ) are necessary for measurements in the reactive region. The small displacement δ x is measured by making use of light scattering from the particles illuminated by two consecutive laser shots separated by a time delay δ t or via high speed measurements (up to 100 kHz) using a continuous laser in conjunction with a high speed camera [START_REF] Mazur | Planar velocity measurements at 100 kHz in gas turbine combustors with a continuous laser source[END_REF]. Following a spatial calibration of the images, data are analyzed with an algorithm through a statistical cross-correlation method to measure the mean displacement of a small group of particles between two successive images separated by δ t as illustrated in Fig. 4.1. The precision of the technique is heavily dependent on the size of the particles, the quality of the seeding, on the laser sheet (homogeneity and thickness), the size of the interrogation area and the delay between the two laser shots, as fully described in [START_REF] Wieneke | PIV Uncertainty Quantification and Beyond[END_REF].

PIV setup

The PIV setup used in this work is illustrated in Fig. 4.2. Slightly different setups are used for reactive or non reactive conditions. In non-reactive conditions, ethylene is replaced by nitrogen for safety reasons under the assumptions that the resulting flow field is not quantitatively affected 
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Chapter 4 -Optical diagnostics for flow, flame and wall chamber temperature characterization by this replacement since their density are very close at 293 K (1.16 and 1.18 for nitrogen and ethylene). Particles of TiO 2 with a diameter comprises between 1.0 and 2.0 µm are seeded in the flow. In the reactive conditions, as it will be seen in chapter 11, soot particles are detected in the entire chamber so that it was not necessary to inject supplementary seeding particles into the flow contrary to similar experiments carried out in sooting conditions [START_REF] Köhler | Simultaneous planar measurements of soot structure and velocity fields in a turbulent lifted jet flame at 3 kHz[END_REF][START_REF] Narayanaswamy | Simultaneous LII and PIV measurements in the soot formation region of turbulent non-premixed jet flames[END_REF]. But for these cases, the illumination system is composed of two frequency doubled laser cavity Nd-Yag (λ = 532 nm). This wavelength is usually adopted mainly because it corresponds to laser systems that are affordable in terms of cost. The laser beam is shaped into a laser sheet with a cylindrical lens (f 1 = -50 mm) and a spherical lens (F = 1130 mm) creating a 8 cm laser sheet in height. These two lasers are controlled by the Dantec DynamicStudio software. The software is coupled with an impulse generator (Timer box, Dantec Dynamic) to monitor the Flash-Lamp and the Q-Switch timing to adjust the delay δt between the two laser pulses. The delay is chosen so that the particles do not move for more that a quarter of the interrogation area between two successive images. Energy of the pulses is set at 100 mJ, so that shot to shot energy variations are negligible without inducing any parasitic incandescence of soot particles in case of measurements under reactive conditions. Finally, the collection system is composed of:

• A CCD camera "dual-shot" with a spatial resolution of 2048 × 2048 pixels (Dantec Dynamic Flow Sense) controlled by the Dynamic studio software.

In reactive conditions, the first frame exposure time was set at 15 000 µs to balance the exposition time with the second frame exposure time that was consequently fixed by the electronics to complete the period of the whole system. Indeed, due to the very high luminosity of our experiments, it was necessary to limit the exposure time of the second frame which cannot be fully controlled due to the inner decay time of the camera amplifier. In consequence, the whole system frequency was set at 8.6 Hz. In non reactive conditions, this issue was of course not observed. • In reactive condition, three bandpass filters (λ = 532 nm±5 nm) with a high transmission coefficient (T ≥ 90 %) placed in front of the objective lens of camera. In non reactive conditions, only one filter is used for the PIV measurements but it was found than multiplying the number of filters helps to decrease the saturation of the second frame due to the high flame luminosity, increasing the quality of the measurements.

Characterization of the flame 4.2.1 Flame reaction zone

The determination of the flame reaction zone gives important insight on the soot formation and is heavily needed for numerical validations. In the literature, two main diagnostics can be used, both using the OH radical as an 57 indicator of the flame reaction zone.

Chemiluminescence OH *

During a combustion reaction, numerous intermediate species are created and react together to form the different intermediate species and final products. Among these intermediate species, the radicals feature the following specific characteristics:

• A very short life time,

• Absence or very low concentration in the burned gases,

• Some excited radicals naturally emit light. The last property results from a specific quantum phenomenon where an excited radical noted A * can emit light during its relaxation following the equation:

A * → A + hν (4.2)
where h is the Boltzmann constant and ν the frequency of the light emitted.

Schematic representation

Let us consider a model reaction between R 1 and R 2 resulting in the formation of P rod with a reaction rate constant K :

R 1 + R 2 → P rod (4.3)
P rod can also be created in an excited state P rod * with a K * rate constant as illustrated in Fig. 4.3. Excited species quickly relax to the non excited state via two main processes:

• Light emission E 1 -E 0 = hν at the rate A following the equation: P rod * → P rod + hν, with E 1 and E 0 being the energy of the excited and non excited species • Collisional quenching (non radiative relaxation phenomenon) [START_REF] Tamura | Collisional quenching of CH (a), OH (a), and NO (a) in low pressure hydrocarbon flames[END_REF] at the rate Q following the equation: P rod * + M → P rod + M , with M , any species present in the reaction zone.

Equation

Let us now consider n the number of photon per unit volume emitted by the excited species P rod * . We can define the chemiluminescence power P chemi per unit time and volume by: with [P rod * ] the concentration of P rod * . One can now obtain the following equation for [P rod * ]:

P chemi = hν dn dt = hνA[P rod * ] (4.4) temperature characterization
d[P rod * ] dt = K * [R 1 ][R 2 ] -(A + Q)[P rod * ] (4.5)
As Q A, the previous equation can be simplified as follows:

d[P rod * ] dt + Q[P rod * ] = K * [R 1 ][R 2 ] (4.6)
Due to the difference between the frequency of the collisional quenching (≈ 10 10 Hz) with the characteristic of the chemistry (≈ 10 8 Hz) and of the turbulence flow (≈ 10 5 Hz), one can assume a quasi-stationary state leading to:

d[P rod * ] dt ≈ 0 (4.7)
leading to the following equation:

[P rod * ] = K * Q [R 1 ][R 2 ] (4.8)
From Eq. (4.4), one can express the chemiluminescence power by:

P chemi = hνA K * Q [R 1 ][R 2 ] (4.9)
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As a result of Eq. (4.9), the chemiluminescence power can be considered to be a function of the reactive concentration rather than the product concentration.

Experimental setup

The light emission intensity is commonly used to infer the flame reaction zone due to the ease of implementation of the experimental setup. In our case, it comprises a ICCD PIMAX-3 mounted with a 105 mm UV objective with a bandpass filter centered on 310 nm (± 5 nm). The gain and the acquisition time of the camera are adapted to increase the signal-to-noise ratio while preventing the saturation of the detector.

OH * chemiluminescence as a combustion diagnostic

The recording of OH * chemiluminescence is widely used for the following reasons:

• The short life-time of excited species (0.6 ns for OH * [START_REF] Broida | Fluorescence and average lifetime of excited OH in flames[END_REF]) so that excited species cannot be transported by the surrounding flow. Coupled with (Eq. 4.9), which shows that the chemiluminescence power is only a function of the reactive concentrations, this explains why the OH * free radical can be considered to be a good marker of the reaction zone Fig. 4.4 • The OH radical is often linked to the heat release in the flame [START_REF] Hardalupas | Local measurements of the timedependent heat release rate and equivalence ratio using chemiluminescent emission from a flame[END_REF][START_REF] Lauer | Determination of the heat release distribution in turbulent flames by a model based correction of OH* chemiluminescence[END_REF][START_REF] Haber | An examination of the relationship between chemiluminescent light emissions and heat release rate under non-adiabatic conditions[END_REF][START_REF] Mirat | Stability analysis of a swirl spray combustor based on flame describing function[END_REF]: which is assumed to be proportional to the OH * chemiluminescence signal, • The correlation between radical concentration and the equivalence ratio [START_REF] Hardalupas | Local measurements of the timedependent heat release rate and equivalence ratio using chemiluminescent emission from a flame[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][START_REF] Higgins | OH chemiluminescence as an active control parameter for References 303 fuel-lean, high-pressure, premixed, laminar flames[END_REF][START_REF] Kojima | Spatially resolved measurement of OH * , CH * , and C2 * , chemiluminescence in the reaction zone of laminar methane/air premixed flames[END_REF] as illustrated in Fig. 4.5. Indeed, the OH * normalized intensity is maximal at φ = 1. Nevertheless, chemiluminescence detection and interpretation suffer from several drawbacks such as:

• The line of sight integration over the flame volume, so that the measured signal is the result of the integration over the collection volume. This issue can be overcome in the axisymmetric geometry with and Abel-based deconvolution process but the noise level induced by this transformation is high near the r = 0 axis ( as illustrated in Fig. 4.6). • The signal can be biased by parasitic signals especially in the case of heavily sooting flames where black-body radiation from soot can dominate the chemiluminescence signal. • The difficulty to obtain quantitative data from chemiluminescence in many situations. It is not easy to perform comparisons with numerical simulations except in perfectly premixed flows under lean conditions where the chemiluminescence signal is proportional to the heat release rate. Under these conditions one may consider using the Planar Laser Induced flu- with the equivalence ratio for a premixed methane/air flame recorded with a spectrometer using a 10 nm wide top hat filter centered around 310, 431 and 516 nm respectively (extracted from [START_REF] Docquier | Experimental and numerical study of chemiluminescence in methane/air high-pressure flames for active control applications[END_REF]). orescence (PLIF) to obtain distributions of the OH radical. The principle of LIF consists in [START_REF] Jourdaine | Analyse des mécanismes de stabilisation d'oxy-flammes prémélangées swirlées[END_REF][START_REF] Franzelli | Time-resolved spatial patterns and interactions of soot, PAH and OH in a turbulent diffusion flame[END_REF][START_REF] Cessou | Planar laser induced fluorescence measurement of OH in the stabilization stage of a spray jet flame[END_REF] pumping a molecule from its ground state to an excited state:

K → K * (4.10)
so that the molecule K * can emit a specific radiation that will be detected.

Unfortunately, this technique does not be apply in the case of the rich premixed flames considered in the present work (see chapter 11). Indeed, the concentration of the OH radical becomes extremely low when in flames corresponding to a high equivalence ratio (≈ 2.1) and the parasitic signal of soot emissions could not be neglected leading to an excessively low signal-to-noise ratio.

PAH PLIF

Theory

The PAH molecules are gaseous species responsible for the formation and the growth of soot particles, so that the determination of their location in the flame can bring useful insight on the soot production processes. To do so, we consider the PAH PLIF technique, which is based on the same theory as for the OH PLIF . The PAH molecule can be excited with a specific laser wavelength and detection of fluorescence at different wavelengths. It is often assumed that the fluorescence from PAH species shifts to longer wavelengths with increasing molecular size [START_REF] Platt | On the optical properties of interstellar dust[END_REF][START_REF] Berlman | Handbook of fluorescence spectra of aromatic molecules (academic, new york[END_REF][START_REF] Birks | Photophysics of aromatic molecules[END_REF]. Therefore, the smallest PAH are detected in the UV range while bigger PAH molecules are detected in the visible range up to 680 nm [START_REF] Bejaoui | Laser induced fluorescence spectroscopy of aromatic species produced in atmospheric sooting flames using uv and visible excitation wavelengths[END_REF]. A schematic representation of this phenomenon is shown in Fig. 4.7

As PAH PLIF is usually carried out in a hot environment, it is not possible to associate a clear emission/absorption spectrum for each PAH. However, recent techniques have been developed to overcome this issue such as the jetcooled PAH-LIF technique [START_REF] Wartel | Quantitative measurement of naphthalene in low-pressure flames by jet-cooled laserinduced fluorescence[END_REF][START_REF] Bakali | Modeling of PAHs in low pressure sooting premixed methane flame[END_REF] or the Resonance Enhanced Multi-Photon Ionization (REMPI) mass spectrometry [START_REF] Mcenally | Studies of aromatic hydrocarbon formation mechanisms in flames: Progress towards closing the fuel gap[END_REF]. These techniques are out of the scope of this study due to the complexity of their implementation in turbulent sooting flames.

Experimental setup

The experimental setup used for PAH-PLIF measurements are close to the one used for PIV measurements shown in Fig. 4.2. Two different wavelengths have been used to pump the PAH molecules to an excited state. The first one uses a 532 nm laser to measure the biggest PAH molecules. The energy of the laser is set at a very low fluence to prevent any parasitic LII from soot particles at 0.05 J.cm -2 . The fluorescence signal is collected with a filter (575 ± 25 nm), mounted on the EM-ICCD camera with a gate delay of 0 ns and a gate width of 50 ns to limit the parasitic flame luminosity signal. The second laser uses a laser wavelength of 266 nm to infer the spatial position of the smallest PAH 4.2.2.1, captured with a bandpass filter between 325 nm and 450 nm with the same camera described previously. In order to generate this wavelength, a doubling crystal was placed on the front of the laser at 532 nm, resulting in a very low fluence of 0.01 J.cm -2 .

Soot temperature measurements

In this investigation, three different diagnostics are considered to infer the soot temperature in the case of laminar flames as these diagnostic are not suitable for the turbulent flame as they require a deconvolution of the measured signal. By supposing a thermal equilibrium between the flame and the soot particles, the soot particles temperature can be assimilated to the flame temperature.

Soot pyrometry

The soot particles contained in the flames are heated to high temperature (classically between 1700 and 2000 K), and consequently emit a light radiation whose wavelength is linked to the temperature via the Planck law [START_REF] Planck | On the law of distribution of energy in the normal spectrum[END_REF]. Classically, the temperature is measured by collecting the blackbody radiation of soot particles at two different wavelengths selected by optical filters [START_REF] Levendis | Development of multicolor pyrometers to monitor the transient response of burning carbonaceous particles[END_REF] or color channel of a digital camera [START_REF] Kuhn | Soot and thin-filament pyrometry using a color digital camera[END_REF] using the three different color channels (RGB) as optical filters.

General theory

In both cases, the techniques rely on the radiation intensity of heated soot particles at the temperature T , with an emissivity of (λ) (which takes into account the non perfect black-body characteristics of soot particles) via the Planck's law:

I(λ, T ) = (λ) 2πhc 2 λ 5 (e hc/λkT -1) (4.11)
so that the measured intensity S F detected between λ 1 and λ 2 during an acquisition time of τ is equal to

S F = 2πhc 2 τ λmax λ min (λ)η(λ) λ 5 (e hc/λkT -1) dλ. (4.12)
where η(λ) designates the efficiency of the optical setup at the wavelength λ. In order to extract the temperature, the signal is usually collected at two different wavelengths to eliminate the influence of τ on the results. In that case, the choice of λ 1 and λ 2 is made to increase the difference between the two considered wavelengths.

Pyrometry with optical filters

When using optical filters, with bandwidths ∆λ that is typically less than 10 nm (∆λ = λ maxλ min < 10 nm), one can assume (λ) and η(λ) constant so that the previous equation can be simplified:

S F = 2πhc 2 τ ∆λ (λ)η(λ) λ 5 (e hc/λkT -1) (4.13)
The use of an optical filter has several advantages. Many different optical filters are available with an excellent transmissivity, increasing consequently the signal-to-noise ratio. Nevertheless, it assumes the use of two different detectors, so that a careful spatial matching is required to be able to measure the soot temperature. In our case, the optical setup is the one based on the MAE setup already presented in Sec. 3.2.3 without the use of the lasers. In the following, the results obtained with this technique will be designated as PYRO-MAE results.

Pyrometry with the use of a digital camera

To overcome the issue of the spatial matching, it can be convenient to use a color digital camera. This work was carried out by T. Dormieux with the D70 camera, in a research project at CentraleSupelec on soot temperature measurements and the technique is briefly described here. The experimental setup is composed of the Yale Diffusion burner (YDB) extensively described in chapter 5.1 with the D70 camera placed 3 m away from the burner to minimize the angle between extreme light rays originating from the flame as illustrated in Fig. 4.8. When taking an image with a color digital camera, the incoming light is split into three different channels on the camera detector: Red, Blue and Green.

The bandwith and the efficiency of the different channel (R, G and B) is much more complicated than for optical filter and depends on the digital camera as illustrated in Fig. 4.9. Consequently, one must use Eq. (4.12) to take into account the complexity of the response curve of the camera detector. For the following, we will only consider this equation that is still valid in the case of optical filters. Finally, by measuring the ratio of measured signal at two different wavelength (or choosing two different color channels in the case of digital camera), one obtains the following equation:

S F 1 S F 2 = (λ)η 1 (λ) λ 5 1 (e hc/λ 1 kT -1) dλ (λ)η 2 (λ) λ 5
2 (e hc/λ 2 kT -1) dλ (4. [START_REF] Li | Evolution of the nanostructure, fractal dimension and size of in-cylinder soot during diesel combustion process[END_REF] The resulting signal measured by the red, green and blue channels with the 80 % flame of the YDB (presented in chapter 5.1) is illustrated in Fig. 4. [START_REF] Seinfeld | Clouds, contrails and climate[END_REF]. It shows that in this case, the temperature measurements can only be carried out by considering the Red and the Green channel as the Blue channel value are extremely low compared to the two others channels. In the following, the results obtained with this technique will be designated as PYRO-DIG results.

Ratio method for pyrometry measurements

Following the measurements of the ratio at two different wavelengths (with optical filters or with a digital camera), a look-up table is created to link the temperature T with different value of the ratio. To do so, it is necessary to use a model for the soot emissivity. The model determined by Chang and Charalampopoulos [START_REF] Chang | Determination of the wavelength dependence of refractive indices of flame soot[END_REF] is often considered where the emissivity of soot is assumed to be proportional to λ -1. 38 .

Modulated Absorption Emission MAE

To overcome the need of a model for the soot emissivity, the MAE technique already presented in Sec. 3.2.3 can be considered to infer the soot temperature. From the κ λ (r, z) field and Eq. (3.32), it is possible to access the local spectral emission rate κ λ (r, z)B λ (r, z) for every pixel on the sensor and finally B λ (r, z). Adding a second wavelength λ 2 enables the measurements of the ratio B λ 2 /B λ 1 which depends only on the temperature T (r, z). The temperature is then deduced from a calibration performed with an halogen lamp of known temperature imaged on both cameras. In the following, the results obtained with this technique will be designated as MAE results.

Laser Induced Phosphorescence for walls temperature measurements

The determination of the walls temperature of the combustion chamber is important for the folowing reasons:

• Safety issues: to assure that temperature does not reach critical value (to prevent melting of materials for example), • The flame stabilization and geometry is notably impacted by the wall temperatures, [START_REF] Tay-Wo-Chong | Combined influence of strain and heat loss on turbulent premixed flame stabilization[END_REF][START_REF] Guiberti | Impact of heat loss and hydrogen enrichment on the shape of confined swirling flames[END_REF][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] • For numerical modeling, 2D fields of wall temperatures allow to access precise simulations by providing realistic boundary conditions [START_REF] Koren | High-fidelity multiphysics simulation of a confined premixed swirling flame combining large-eddy simulation, wall heat conduction and radiative energy transfer[END_REF][START_REF] Mercier | Experimental and numerical investigation of the influence of thermal boundary conditions on premixed swirling flame stabilization[END_REF] • To determine the heat exchange with the exterior of the combustion chamber [START_REF] Degenève | Analysis of wall temperature and heat flux distributions in a swirled combustor powered by a methane-air and a CO 2 -diluted oxyflame[END_REF]. As shown before, various techniques are available for gas temperature measurements but a more limited number of methods exist for wall temperature measurements. Thermocouples are cheap and yield precise measurements of temperature, but their insertion in the combustor design must be thought before building of the combustor. Furthermore, their insertion into quartz windows is obviously not easy and the spatial precision of the thermocouple is limited. To overcome these issues, temperature measurements by infrared pyrometry may be envisaged. This technique relies on the Stefan-Boltzmann law as well as on the knowledge of the surface material emissivity. This information is not precisely known and may vary with temperature. For these reasons, we will consider in this work the measurements of surface temperature through the use of thermographic phosphors. Even though the development of this technique started around 1950 [START_REF] Bradley | A temperature-sensitive phosphor used to measure surface temperatures in aerodynamics[END_REF], it gained in maturity with the use of new luminophores associated with new UV lasers. A thorough description of the technique can be found in [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].

Theory

Some specific materials composed of ceramic doped with rare earth elements of transition metal, are used to create luminescent material than will emit light after being excited by a specific wavelength. To do so, it is necessary to use a laser with very low energy and a small pulse duration to excite the species contained into the considered powder while preventing the degradation of the materials. The incident energy brought by the laser shot to the thermographic phosphors is released by radiative and non radiative transfer. Non radiative fluxes are enhanced at high temperature [START_REF] Brübach | On surface temperature measurements with thermographic phosphors: a review[END_REF] reducing the lifetime of the radiative transfers, so that the measurements of this lifetime enable the measurements of the temperature. To model the luminescence of the thermographic phosphors, let us consider a material illuminated by an ultraviolet source and the resulting luminescence intensity I(t) [START_REF] Brübach | On surface temperature measurements with thermographic phosphors: a review[END_REF]: where I 0 is the initial luminescence intensity and τ the life-time or decay-time of the phosphorescence signal that can be expressed as :

I(t) = I 0 exp - t τ (4.15)
τ = 1 R R + R N R (4.16)
where R R and R N R denote the rates of radiative and non-radiative transfer processes, respectively. The decay time τ is dependent on the temperature as illustrated in Fig. 4.11. In general phosphors emit visible light at specific visible radiation so that one must pay attention that the corresponding temperature/decay time couple is only valid for a specific wavelength. Another method (not used in our case) is based on the ratio of specific line pairs that depend on the temperature. In our case, it has been chosen to build a loopup table of decay times associated with known temperatures to calibrate the experimental setup.

Experimental setup

We used the experimental setup implemented at the EM2C laboratory by T. Guiberti and P. Scouflaire [START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF] and completed by A. Degeneve [START_REF] Degeneve | Optimisation de la mesure de temperature de paroi par thermographie de luminophore appliquee à la combustion[END_REF]. This section only contains a brief description of the experimental setup illustrated in Fig. 4.12. A Nd-YAG laser quadrupled at 266 nm and operating at a rate of 4 Hz is used to excite the phosphor material deposited as a thin layer (10 layers in our case based on [START_REF] Degeneve | Optimisation de la mesure de temperature de paroi par thermographie de luminophore appliquee à la combustion[END_REF]). The phosphorescence signal is captured by a photo-multiplier (Hamamatsu, R9880U-20) coupled with two spherical lenses. The resulting signal is amplified (current amplifier HCA-40M-100K-C) and treated with an oscilloscope 350 MHz (Lecroy WaveSurfer 434) to measure the decay time associated with a home-made Labview software. Among the many different powders described in the literature, we use a phosphorescent Mg 3.5 FGeO 5 :Mn powder (Phosphor-Technology, EQD25/N-U1), mixed with a high temperature binder (ZYP Coatings, HPC Binder) and coated on the surface of interest. The system was designed to be able to measure a wide range of temperatures corresponding to a wide range of decay times (between 100 ns and 3 ms). Due to this wide temporal range, an adaptive algorithm is used to capture the different decay times. Results are then post-processed using the algorithm developed by Brübach et al [START_REF] Brübach | An algorithm for the characterisation of multi-exponential decay curves[END_REF].

Calibration process

The calibration process as well as the LIP measurements carried out in the EM2Soot burner (Chapter 11) were carried out with A. Degeneve whose help was greatly appreciated. Using the experimental setup presented in the previous section, a calibration process has been carried out to associate each decay time with a unique temperature. For that, a thermocouple is painted with phosphors and placed in front a of an electrical heater (for low temperature < 1050 K) or inside a premixed methane/air flame for higher temperatures as illustrated in Fig. 4.13. It is well-known that the thermocouple value must be corrected for radiation loss when they are inserted into flames [START_REF] Shaddix | Correcting thermocouple measurements for radiation loss: a critical review[END_REF], but in our case the painting on the thermocouple prevent radiation losses as 10 layers are laid on the thermocouple. The resulting calibration curve is presented in Fig. 4.14 with the decay time presented in log-scale. This curve shows the high sensitivity of the method linking the decay time with a single temperature. It also explains the difficulty to measure temperature with the LIP method since the decay time varies up to a factor of 100 000 between 400 K and 1100 K. One must therefore pay attention to the sampling frequency to acquire the phosphorescence decay time, especially when doing successive experiments on a wide range of temperatures. This setup enables the measurements of temperature between 300 K and 1050 K at low cost with a precision of about T rms = 1 K. For higher temperatures, the calibration procedure using the premixed methane-air flame is less sensitive due to the high temperature gradient inside the flame rising the precision at about T rms = 15 K. As will be shown in chapter 11, the second part of the curve will not be exploited since the wall temperature is always under 1050 K.

Conclusion

Different optical diagnostics have been reviewed in this chapter that are used to measure the flow velocity by PIV, to characterize the flame OH chemiluminescence and pyrometry. The formation of PAH molecules, known to be the soot precursors is investigated at two different wavelength by PAH-PLIF.

Finally, the wall temperatures can be determine by LIP. These different diagnostics will now be applied in the laminar configuration considered in chapter 

Yale Diffusion Burner

Two burners are used in the present research effort. These two configurations are dedicated to studies of soot production in a laminar and turbulent flames. The laminar configuration is the Yale Diffusion Burner (YDB). This device was designed in the department of Engineering at Yale University and is shared by a dozen of international laboratories to compare and improve the validity of the measurements and the simulations of laminar sooting flames. This first configuration is described in the next section. The turbulent combustor investigated in this Ph.D thesis will be described in chapter 9.

Yale Diffusion Burner (YDB)

The Yale Diffusion Burner, which is schematically presented in Fig 5 .1 has been extensively used as a reference device in the framework of the International Sooting Flame (ISF) workshop series. The ISF aims at characterizing soot production in various configurations in order to consolidate databases used to validate simulations of sooting flames. The data sets are shared, improving the reliability of the databases and the quality of the different techniques used to measure soot particles. The YDB system enables the study of a laminar steady axisymmetric diffusion flame that is well suited to the studies with different diagnostics because it features a temporal stability of the flow. The rotational symmetry also enables the use of deconvolution processes (Abel transform,three point deconvolution..). The steadiness of the flow is indeed quite important allowing consecutive application of different diagnostics and detailed comparisons of data corresponding to the same position in the flame. In addition, the YDB allows the accumulation of steady state images increasing both the signal-to-noise ratio and the convergence of the mean and standard deviation of the results. Furthermore, fuel can be commonly diluted by adding various quantities of nitrogen, modifying the flame length and the total soot loading. Furthermore, as it will be shown in chapter 8, the YDB can be easily modified to study the impact of flow modulation on soot production, which represents a step forward in the understanding of soot production in turbulent flames. This device is thus well adapted to numerical model validation as a first step in the extention of these models to the turbulent combustion systems. Supplementary information on the burner can be found in [235] together with many experimental and numerical investigations [START_REF] Dworkin | Computational and experimental study of a forced, time-dependent, methane-air coflow diffusion flame[END_REF][START_REF] Kuhn | Soot and thin-filament pyrometry using a color digital camera[END_REF][START_REF] Blair | Quantitative characterization of steady and time-varying, sooting, laminar diffusion flames using optical techniques[END_REF][START_REF] Mcenally | Computational and experimental study of soot formation in a coflow, laminar ethylene diffusion flame[END_REF][START_REF] Kempema | Investigation of in-flame soot optical properties in laminar coflow diffusion flames using thermophoretic particle sampling and spectral light extinction[END_REF][START_REF] Kempema | Quantitative Characterization of Sooting Ethylene Coflow Laminar Diffusion Flames with Optical Diagnostics and Thermophoretic Sampling[END_REF]] that already contain detailed characterizations of the different flames properties (temperature, soot volume fraction, soot particle diameter distributions) under a variety of conditions allowing flame stabilization on this burner. 

Characterization of the geometry

The dimensions of the burner specified in [235] are gathered in Tab. 5.1:

(mm) Inner diameter of the fuel tube 4 External diameter of the fuel tube 4. [START_REF] Chakrabarty | Brown carbon in tar balls from smoldering biomass combustion[END_REF] Diameter of the coflow of air 74 Due to the extreme sensitivity of the flame to the boundary conditions (especially regarding the flame length), the different geometric characteristics of the burner were carefully verified and some small discrepancies were found that have a direct impact on the mass flow rate of fuel and thus the flame length. Furthermore, due to some resilient flickering (natural parasitic oscillation of Longueur (mm) Inner diameter of the fuel tube 3.9 External diameter of the fuel tube 4.9 Diameter of the coflow of air 50 the flame [START_REF] Manikantachari | Natural flickering of methane diffusion flames[END_REF]), it was decided to diminish the diameter of the air coflow to 50 mm to reduce this parasitic phenomenon. Interestingly, this configuration was the one designed originally by the Yale team but no indications could be found in the literature about the reasons leading to the later increase of the initial coflow diameter. The measured dimensions of the burner are shown in table 5.1, illustrating the small discrepancies between the observed dimensions and the nominal ones.

Reference sooting flames

The YDB system allows studies of laminar diffusion flames with various soot loadings. The fuel (ethylene) is provided by the inner tube with various dilutions of nitrogen while the air flows through an annular region paved with honeycomb allowing the development of a radially constant coflowing region. Experiments are carried out at atmospheric pressure and at laboratory room temperature. Several experimental conditions are usually considered in the literature, with various nitrogen dilution levels in ethylene allowing variations of soot loading as presented on the table (5.3). When investigating the pulsed flames presented in chapter 8, a loudspeaker is placed under the fuel plenum allowing modulation of the fuel flow. For all the flames, the velocity V represents:

• The velocity of the air in the annular region • The mean velocity of the mixture ethylene/nitrogen in the inner tube due to the Poiseuille profile (V max = 2V cm/s) The same velocity is applied on the fuel and on the air sides in order to reduce shear effects in the near region of the injection tube. The four reference flames are presented in Fig 5 .2. As expected, the flame length increases with the quantity of ethylene, the 80 % flame appears brighter due to the enhanced presence of soot particles.

Quantification of experimental uncertainties and sources of errors

In order to obtain a reliable experimental database that can be used for model validation, it is essential to identify the sources of experimental errors and evaluate the associated uncertainties. With respect to the YDB, it concerns not only the possible errors from the measurements techniques but also the effect of the flame sensitivity to the operating conditions as pointed out in the previous section. In the following, the main sources of errors associated with the YDB are quantified. Since the flow rates considered are extremely low, small discrepancies between the nominal and the real flow rates (due to errors in the operating conditions or/and geometric characterization) may have a strong impact on the flame length. As an example, a variation of 4% of the flow rate induces an increase of nearly 0.6 cm in flame length (i.e. a variation of 8.5 %) as shown in Fig. 5.3. Such a sensitivity may explain the discrepancies in the flame length observed in some previous measurements [START_REF] Kuhn | Soot and thin-filament pyrometry using a color digital camera[END_REF][START_REF] Smooke | Soot formation in laminar diffusion flames[END_REF] for the same flame as displayed in Fig. 5.4. In conclusion, it is really important to precisely measure the geometrical dimensions as well as verifying the operating conditions in order to build a reliable experimental database for the numerical validation of the models. In addition, it is worth noting that a small fluctuation of the flame is still observed even with reduction of the air co-flow from 74 to 50 mm, probably induced by natural flickering and/or some external perturbations. For the steady flame, the total luminosity of the flame captured at 310 nm (Fig. 5.5) presents a temporal peak-to-peak variation of approximately 4 % a value that can be retained as a first quantification of the flame variability.

Effect of errors on the flame length

The length of a laminar diffusion flame L f can be estimated to be roughly proportional to the fuel mass flow rate of the fuel [START_REF] Kuo | Principles of combustion[END_REF], so that :

L f ∝ ρV S = ρV πr 2 (5.1)
where ρ is the volumetric mass of the ethylene, V the exit velocity and S is the section of the inner tube of ethylene with a radius r.

The logarithmic differentiation of the previous equation leads to the following expression for the uncertainty on the flame length:

∆ L f L f = ∆ ρ ρ 2 + ∆ V V 2 + ∆ r r 4 (5.2)
Some PIV measurements [START_REF] Schaffer | Quantitative characterization of species, temperature, and particles in steady and time-varying laminar flames by optical methods[END_REF] carried out on the 80 % flame measured the mean velocity of the inner jet to be 32.9 cm/s for 35 cm/s expected leading to a corresponding error of 2.1 cm/s that we can consider to be a reasonable uncertainty for the velocity. ∆ r is assumed to be 0.1 mm due to the error measured on the inner tube of the burner. For ∆ρ ρ , it is reasonable to consider the [START_REF] Smooke | Soot formation in laminar diffusion flames[END_REF] and by pyrometry (F) [START_REF] Kuhn | Soot and thin-filament pyrometry using a color digital camera[END_REF].

relative error of the temperature of the room comparatively to the calibration temperature of the mass flow meters. We can consider an error of ∆T = 5 K (due to the variation of the laboratory temperature for example) leading to :

∆ ρ(T ) ρ(T ) = 5 K 273 K (5.
3)

The contribution of all this error lead to:

∆ L f L f = 6 % (5.4)
This 6 % error might explain the discrepancy between the flame length deduced from the 2-D soot volume fraction field data from the literature measured by two different technique (LII and pyrometry) and illustrated in Fig. 5.4. This highlights an unexpected discrepancy in the database which might be crucial for further numerical validation as will be further investigated in chapter 7.

Conclusion

The Yale Diffusion Burner (YDB) described in this chapter and widely used in the literature to derive experimental databases for soot production present some variabilities regarding the geometric dimensions of the system. These variabilities have a non-negligible impact on the flame length thus creating experimental errors in the database. In the following chapter, the LII technique will be validated on this burner to study the variability regarding the soot volume fraction and primary particle diameter measurements. Chapter 6

Implementing the LII technique to obtain quantitative soot volume fraction measurements

This chapter describes the various steps taken to implement the LII technique at the EM2C laboratory and develop a capacity to quantitatively measure the soot volume fraction in different configurations. The experimental setup (section 6.1) is fully described as well as the choice of the key parameters controlling the quality of the LII measurements while the underlying theory is already presented in chapter 3. The calibration process of the LII technique is an important step. Indeed, calibration is required to get quantitative measurements of soot volume fraction from the raw LII results. Here, a calibration procedure based on the MAE (Modulated Absorption Emission) technique is being used. This method is applied on the Yale Diffusion Burner (YDB) configuration as presented in section 6.2 and the calibration process is described in section 6.3. One important item is treated next in section 6.4. This pertains to the effects of the laser sheet expansion in the direction perpendicular to the sheet propagation direction. This may influence the quantitative measurements as the thickness of the laser sheet is not constant throughout its propagation, which may lead to an overestimation of the LII signal on both sides of the focal line.

A methodology is proposed to account for this expansion on three laminar cases in order to correct the LII results obtain in wider systems such as the one presented in chapter 9. In addition, a methodology accounting for the reabsorption of the LII signal in a steady flame is also introduced in section 6.5.

Finally, an estimation of the uncertainties regarding the soot volume fraction LII measurements is provided in the last section 6.6. 

Experimental Setup

The LII setup used to measure 2-D soot volume fraction field is composed of a pulsed laser, an optical system (Cylindric lens (CL) +Spherical Lens (SL)) to transform the laser beam in a 2D laser sheet used to heat up the soot particles in a single plane and a collection system (camera+filter) to capture the light radiation originating from the soot particles. The laser and the camera are controlled by a delay generator associated with a signal generator producing a TTL signal (0-5V) at 10 Hz. The experimental setup is shown in Fig. 6.1, associated with the EM2Soot burner described in chapter 9.1.

The different parts of the setup as well as their characteristics and their impact on the quality of the measurements are detailed in the following.

Laser

The use of a powerful laser is needed to induce the incandescence of soot particles. The present set up comprises a Nd:YAG pulsed laser (a type of laser that is often used in LII measurements ). Items that pertain to this choice are as follows:

• The choice of incident wavelength λ laser and its consequences on the LII signal will be discussed in this chapter, • The frequency f is fixed in this work at 10 Hz, • The duration δt shot of the pulse is also fixed and equal to 8 ns, • The energy E of the pulse and the resulting fluence are of crucial importance. The latter quantity corresponds to the energy per unit of area of the laser sheet cross section. The effect of this quantity on the LII signal deserves some attention and will be discussed in following. • The laser profile (i.e. the spatial distribution of the energy) and the diameter D of the intial laser beam.

Choice of the laser's wavelength

The wavelength for LII detection has been extensively discussed over the last decades [START_REF] Schulz | Laser-induced incandescence: recent trends and current questions[END_REF]. Given that soot particles have a wide absorption spectrum the main limit on the choice of the laser wavelength is the possible generation of a parasitic signal that might result from the interaction between the flame and the laser and that might be consequently recorded by the detection system. This choice also results from a compromise between the available laser technology featuring a sufficient energy output and the cost of such a laser. This is why, most LII applications use the Nd:YAG technology for the laser. In sooting flames, PAH fluorescence can be activated if the laser wavelength is short [START_REF] Bejaoui | Laser induced fluorescence spectroscopy of aromatic species produced in atmospheric sooting flames using uv and visible excitation wavelengths[END_REF][START_REF] Schoemaecker | Two-color laser-induced incandescence and cavity ring-down spectroscopy for sensitive and quantitative imaging of soot and PAHs in flames[END_REF] inducing an absorption of the laser and a parasitic fluorescence signal. However, in case of PAH fluorescence, it is possible to capture LII signals with a delay exceeding 50 ns which is greater than the fluorescence life-time estimated to be less than this value [START_REF] Allain | Real-time detection of PAH mixtures in the vapor phase at high temperatures[END_REF]. At the same time, as it will be shown later, a delay creates a bias on the soot volume fraction measurements with an overestimation of the biggest particles in the flame. For this reason, all quantitative measurements of soot volume fraction have been carried out with an incident wavelength of 1064 nm and the LII detection was carried out without setting a delay with respect to the laser shot to insure proportionality between LII measurements and soot volume fraction.

Collection system: camera and filter

Two different cameras were used in this investigation. The first an ICCD camera (Princeton, PI-MAX 3, 1024×1024 pixels with a Gen II intensifier for the blue region), and then an EM ICCD camera (Princeton, PI-MAX 3, 1024×1024 pixels with a Gen III intensifier in the visible). The cameras differ in term of gain and sensitivity (the second one being much more efficient) but they are both equipped with a lens (Nikkor 50 mm f/2) and a bandpass filter centered at 425 nm (50 nm FWHM). The whole setup is placed at right angle to the laser beam. The band pass filter is chosen in accordance to the maximum of the Planck's law for temperature between 4000 and 5000 K (corresponding to usual soot temperature during LII measurements [START_REF] De Iuliis | Peak soot temperature in laser-induced incandescence measurements[END_REF][START_REF] Snelling | Comparison of LII derived soot temperature measurements with LII model predictions for soot in a laminar diffusion flame[END_REF]) while reducing parasitic C 2 Swan band emission and flame luminosity [START_REF] Shaddix | Laser-induced incandescence measurements of soot production in steady and flickering methane, propane, and ethylene diffusion flames[END_REF]. Generally a camera is characterized by its gate delay (GD camera ), its gate width (GW) and the intensifier gain G. The gate delay of the camera is the time between the trigger signal received by the camera and the opening of the camera. A camera does not respond immediately to a trigger signal, and has an internal minimal delay GD camera fixed at 30 ns for both cameras. In LII measurements, the gate delay generally refers to the delay between the laser shot and the camera opening so that the camera must be opened shortly before the laser pulse to be synchronized with the laser. In the following discussion, the gate delay GD will be indicated but it should be reminded that:

GD camera = GD -30 [ns]. (6.1)
The gate width corresponds to the duration of the acquisition of the LII signal. These two timings are illustrated in Fig. 6.2 (the value indicated in the figure for GD and GW are purposely modified to facilitate their interpretation but do not reflect the value chosen for LII measurements). The choice of GD and GW is crucial in order to get a LII signal proportional to the soot volume fraction. For a laser wavelength set at 1064 nm where no PAH fluorescence is created, GD may be set to 0 ns so that the camera opens with no delay with respect to the laser shot [START_REF] Melton | Soot diagnostics based on laser heating[END_REF]. Regarding the GW, proportionality between LII signal and soot volume fraction is reached with the shortest value of GW [START_REF] Desgroux | Study of the formation of soot and its precursors in flames using optical diagnostics[END_REF]. Indeed, after the laser shot, the particles cool down with a characteristic time τ cooling depending on their size, and more precisely to the radius of the primary particles. Indeed this characteristic time can be expressed as:

τ cooling ∝ A(area of particles) V (V olume of particles) ∝ 1 r p (6.2)
The smallest particles tend to cool down faster than the biggest ones, leading to an overestimation of the number of big particles when higher GW are adopted or a non-zero GD is prescribed. Therefore, zero GD and small GW are to be preferred. However, a short GW tends to decrease the amount of signal collected by the camera and consequently increase the signal-to-noise ratio. A pertinent choice of GW is then a compromise between LII-f v proportionality and signal-to-noise ratio.

In the present work, the GW will always be adapted depending on the investigated configuration (flame and camera). All the timings are handled with an Oxford DG535 Digital Delay generator coupled with a signal generator at 10 Hz to control the synchronization between the laser (more precisely the flash lamp and the Q-switch of the laser) and the camera opening.

Choice of the laser's fluence

The fluence, i.e. the energy per unit area of laser sheet cross section, is a critical item for quantitative measurements of soot volume fraction. Laser fluence is the reference quantity used in LII literature to verify the LII activation, since a minimal level of fluence is required to induce incandescence1 . The evolution of the LII signal collected on the YDB with the laser fluence is shown in Fig. 6.3. This plot indicates the existence of a critical activation fluence (around 0.1 J.cm -2 ). The LII signal increases rapidly above the critical fluence to reach the plateau region for a fluence level higher than 0.3 J.cm -2 . LII measurements are always carried out on the plateau region so that small variations of the laser energy do not impact the resulting LII signal. In this work, the fluence level retained is equal to 0.5 J.cm -2 which is the value often quoted in the previous literature.

volume fraction measurements

Laser sheet generator

The initial laser beam is a 2-D Gaussian beam that cannot be directly used for LII measurements. Indeed, most measurements in the literature required a planar laser sheet to access 2-D field measurements of soot volume fraction. Some studies are available on 3-D measurements of soot volume fraction by LII [START_REF] Hult | Quantitative three-dimensional imaging of soot volume fraction in turbulent non-premixed flames[END_REF] where a succession of 2-D fields are acquired to reconstruct a 3-D field of soot volume fraction. More recently, Meyer [START_REF] Meyer | High-speed, three-dimensional tomographic laser-induced incandescence imaging of soot volume fraction in turbulent flames[END_REF] acquired with a non focused beam at high frequency a three-dimensional tomographic laser-induced incandescence image of soot volume fraction in turbulent flames. This study provided unique insight on the 3-D soot distribution in turbulent flames indicating that soot is organized in the form of elongated filaments. The method was however restricted to a limited area of interest due to the laser beam size and required a heavy mathematical processing to reconstruct the 3D field recorded by multiple cameras. In the present work, the Gaussian beam is shaped into a laser sheet, as done classically, to access soot volume fraction measurements in an extended domain. A crucial step is to assure a uniformity of the laser sheet so that the soot particles are heated up at the same temperature. The laser sheet is formed by a cylindrical lens (characterized by its focal distance f ) to expand the laser in the vertical direction and a spherical lens (characterized by its focal distance F ) to focus the expanded beam at a selected region in the burner. The choice of F greatly influences the results especially when the region of interest has a large size and the expansion of the laser sheet in the transverse direction becomes non negligible.

In the case of the EM2Soot burner (chapter 9), its width of ≈ 110 mm requires that the laser sheet thickness does not change by a large amount over the burner dimension. If this condition is satisfied one may get quantitative 2-D field LII measurements. We will see that the best choice is to focus the laser sheet at a quarter width and to only use data collected over one half of the width.. The effect of the sheet expansion is demonstrated by making use of a supplementary test burner (Multiple Diffusion Burner MDB) designed to:

• Precisely measure the focal distance (F ) of the spherical lens that depends on its temperature and on the laser wavelength, • Account for the non homogeneity of the laser sheet thickness for the soot volume fraction measurements in wide configurations. The discussion on the expansion of the laser sheet on the LII results in presented in section 6.4 but the calibration procedure is first described in the following.

Calibration of LII signal via MAE

As discussed in sections 3.2.1 and 3.2.3, the LII technique needs to be calibrated in order to measure quantitatively soot volume fraction in laminar or turbulent flames. On the contrary, the MAE technique measures the soot volume fraction without calibration but it can only be used on steady axisymmetric flames in order to be able to deconvoluate the absorption signal. For these reasons, both techniques were used parallelly in this work to calibrate the LII on laminar flames, so that it an be used in turbulent ones, assuming that the soot optical properties do not change when considering the same fuel (ethylene) in both cases. Furthermore, the MAE principle of deconvolution was applied to the LII 2-D field on the laminar configuration to estimate any loss-signal from selfabsorption due to soot particles. In the following, all MAE and LII signals are averaged temporally over 150 images to improve signal-to-noise ratio. The work presented in this section relies on two publications [START_REF] Franzelli | Multi-diagnostic soot measurements in a laminar diffusion flame to assess the isf database consistency[END_REF][START_REF] Roussillo | Improving the reliability of the ISF experimental database on pulsed sooting laminar diffusion flames: Soot volume fraction measurements using mae and LII techniques[END_REF] and is the result of a collaboration with UPMC university. For a better understanding, LII (or MAE) signals will designate the temporal mean signal over the set of images under consideration.

Experimental setup of MAE

The experimental setup is described in this section for the two wavelength setup. Two 100 mW (± 0.5 mW) continuous wave lasers operating at 645 nm (-5/+7 nm) and 785 nm (± 0.5 nm) are used as the light source to measure the two-dimensional field of the spectral absorption coefficient. The choice of the laser wavelength was the result of a trade off between sensibility of the sensor and precision of the measurements. Indeed, the measurements of absorption and emission by the soot particles must be detected by the sensors at similar sensor's dynamics and one must assure that the absorption is higher that the scattering by the soot particles resulting in the choice of wavelengths in the upper visible spectrum. On the other hand, for temperature measurements, it's necessary to have a sufficient gap between the two wavelengths. The two laser beams are carefully mixed and extended to an outgoing diameter of 70 mm, passes through the flame and is collected on two Photon Focus MV1 12-bit camera mounted with a conventional lens and equipped with a narrow band filter centered on each wavelength. A delay generator, piloting both the camera and the mechanical shutter, enables the capture of images with and without the laser to infer the absorption of the laser by the soot particles and the local emission of the flame.

MAE measurements on the laminar configuration

The YDB described in chapter 5.1 is used to calibrate the LII signal with the MAE technique. This burner is frequently used with four sooting points corresponding to various dilution of ethylene. We focused here on the 60 and 80 % case, since MAE accuracy greatly improve with the total soot loading (absorption is indeed directly proportional to the soot volume fraction). The MAE technique has been used in this configuration with the two laser wavelengths with the corresponding soot absorption function as resumed on Tab. 6.1. As presented in chapter 2 the experimental measurements of E(m, λ) present a degree of variability, since they are dependent on the fuel considered, on the soot maturity [START_REF] Cléon | Laser induced incandescence determination of the ratio of the soot absorption functions at 532 nm and 1064 nm in the nucleation zone of a low pressure premixed sooting flame[END_REF][START_REF] Kempema | Investigation of in-flame soot optical properties in laminar coflow diffusion flames using thermophoretic particle sampling and spectral light extinction[END_REF] and on the laser wavelength λ. In this work we adapted the value E(m, λ) reported by Kempena et al [START_REF] Kempema | Investigation of in-flame soot optical properties in laminar coflow diffusion flames using thermophoretic particle sampling and spectral light extinction[END_REF] and Coderre et al. [START_REF] Coderre | Spectrally resolved light absorption properties of cooled soot from a methane flame[END_REF] to our MAE setup by testing Santoro's flames established on a Santoro burner type [START_REF] Quay | Spatially resolved measurements of soot volume fraction using laser-induced incandescence[END_REF]. The value E(m, 645nm) = 0.38 gives consistent results on comparative measurements of soot volume fraction on this reference flame. As shown in chapter 2 in Fig. 2.28, this value is higher than the different value proposed but is in good agreement with the value indicated in Fig. 2.27. However, it should be noted that due to its high variability this choice can lead to an error on f v of up to a factor of two and must be always took into consideration to compare soot volume fraction results with numerical simulation or other data from the literature. Only the soot volume fraction measurements derived from λ = 645 nm will be considered for calibration of LII, as measurements at λ = 785 nm have a signal to noise ratio less important due to a lower absorption of the laser by the soot particles. In the following section, each result is the mean of 150 images assuring a convergence of the data. Results for this wavelength are presented in Fig. 6.5. As expected, the maximum soot volume fraction increases with the amount of ethylene in the inner tube. The highest soot volume fraction is measured in the wings of the flames, as classically observed in many previous works [START_REF] Dworkin | Computational and experimental study of a forced, time-dependent, methane-air coflow diffusion flame[END_REF][START_REF] Kuhn | Soot and thin-filament pyrometry using a color digital camera[END_REF][START_REF] Santoro | Soot particle measurements in diffusion flames[END_REF]. One can ob- serve that some artificial noise appears in the results along the r = 0 axis which can be explained by the deconvolution process used to calculate the soot volume fraction field. It is possible to reduce this noise using the Tikhonov regularization as presented in [START_REF] Legros | Simultaneous soot temperature and volume fraction measurements in axis-symmetric flames by a two-dimensional modulated absorption/emission technique[END_REF] but this process is not considered in this work.

LII measurements on the YDB

Linearity issue

The LII signal is proportional to the soot volume fraction but one must be assured that the detector is used in its linear regime. But as we can expect that soot production is the premixed turbulent case to be much more lower than in the laminar case, it is necessary to adapt the detection system for both cases. For that, one could initially think of modifying the gain of the detector to decrease or increase the sensitivity of the detector but gain of CCD are known to be highly non linear. To overcome this issue, it is convenient to use a neutral density with various transmittance levels (T r) to divide linearly the incoming signal. The transmittance T r is expressed as follows:

T r = 1 log(OD)
.100 (6. where OD is the optical density of each neutral density. The choice of the density is then a compromise between signal to noise ratio and the limit of linearity of the detector. To decide, it is convenient to study the evolution of the total LII signal with the value of neutral density placed in front of the detector. This evolution is represented in Fig. 6.6, where < . > is the time-temporal average operator defined as:

< LII >= 1 N x N y N t Nt t=1 NxNy x=1,y=1 LII(x, y, t) (6.4)
where N t is the number of frame, and N x and N y is the number of pixels on the CCD detector As shown in this figure, two different regimes can be deduced:

• The linear regime: for T r comprises between 0 and 25 % of transmittance, the total LII signal is proportional to the transmittance of the density, so that in this regime, the LII signal is proportional to soot volume fraction, • The saturation regime: for T r higher than 25 %, more and more pixels are above the limit of linearity of the detector and, as illustrated in Fig. 6.7, are saturated so that the LII signals is no longer proportional to the soot volume fraction all over the flame. It is important to note that these curves are specific to the optical setup, collection system so that the value of 25 % is of course not universal. Finally, a neutral density with OD = 1 corresponding to a transmittance of T r = 10 % is selected so that each LII signal collected is located in the linear regime of the detector. The real LII signal is obtained by multiplying the results by 10.

LII results

The two previous flames are now studied with the LII technique. As shown in 

Calibration procedure

As already explained before, the LII signal needs to be calibrated to obtain quantitative results for the soot volume fraction. For that, two calibration procedures have been studied. As the two cameras used for LII and MAE measurements do not have the same geometric scale, a rescaling of the MAE data had to be performed before any calibration procedure. Independently of the calibration procedure chosen, one may note that the calculated calibration constant is tightly linked to the optics and the acquisition setup for LII (camera, objective and filter) so that this calibration procedure must be performed at each change of the optical setup.

Use of the whole signal

A first strategy for the calibration is based on the use of the entire signal of both MAE and LII. Indeed, if the MAE signal is strictly proportional to the LII signal for every pixels (x, y) then:

f M AE v (x, y) = C calib I LII (x, y). (6.5) 
One can get the calibration constant C calib by integrating the entire 2-D field of MAE and LII over each 2-D field:

< I LII >= C calib < f M AE v > (6.6)
This method is easy to implement but it may lead to strong inaccuracies due to the following errors:

• The "onion peeling" method for the deconvolution of the MAE signal is responsible for the noise along the r = 0 axis [START_REF] Dasch | One-dimensional tomography: a comparison of abel, onionpeeling, and filtered backprojection methods[END_REF] contrary to raw LII signal that does not require any deconvolution. • This calibration procedure is only valid with the assumption that the LII signal coming from the middle of the flame is not absorbed in its path towards the camera by external soot layers of the flame, i.e. the self-absorption is negligible. The calibration constant can then be deduced from the linear interpolation between < I LII > and < f M AE v > obtained from two different flames (60 % and 80 % flame) and presented in Fig. 6.9. This deconvolution procedure leads to the following calibration constant C calib,tot = 76384.

Use of the wings signals

In order to overcome the possible bias in the calibration procedure highlighted in the previous section, it was proposed to only consider the wings signal that are only slightly affected by the deconvolution process in MAE and by selfabsorption of the LII signal. More precisely, as the laser is slightly attenuated through the flame leading to a lower signal in the left part of the flame, only the right wing of the signals is considered in the following section. As a pixel to pixel correspondence between MAE and LII signal is not possible due to the rescaling implementation, we chose to compare the whole LII signal issues from the wing. As highest soot volume fraction area are measured in the wings of the flame (Fig. 6.5 and 6.8), the resulting calibration constant can be expressed as a function of the p maximums considered in the chosen wing: This method leads to the following calibration constant for the two flames:

ĪLII (p) = C calib (p) f M AE v (p) (6.
C 60 % Calib wings = 72250 C 80 % Calib wings = 66200
The value of 66200 corresponding to the 80% flame was retained as MAE precision increases with the absorption i.e. with the total soot volume fraction.

The black dotted lines in Fig. 6.10, illustrates the variability of the calibration constant with the number of maximums considered. For the 80 % flame, this variability is around 16 % and about 12 % for the 60 % flame, which should be accounted for while estimating errorbars for the soot volume fraction.

Methodology to account for the laser sheet expansion in large scale systems

The LII setup used in the previous sections were adapted to laminar diffusion flames characterized by small dimensions compared to the focal length of the spherical lens used to create the laser sheet. As this technique will be used in chapter 11 to characterize soot production in a wider burner called EM2Soot, it is important to see how the laser sheet expansion throughout the burner will impact the results and their interpretation. To do so, effects of this expansion are first investigated in specific laminar configurations, leading to the definition of a correction function. This function is then used to correct the bias in LII measurements. The third one is a 2-D burner (2DB) allowing the stabilization of a 2-D diffusion flame. More details on this configuration can be found in [START_REF] Cetegen | Soot topography in a planar diffusion flame wrapped by a line vortex[END_REF]. YDB operates with a fuel stream composed of 32 % ethylene and 68% nitrogen. 2DB operates with a similar mixture, so that the soot production is low and the obscuration of the quartz windows is negligible during the LII detection experiments. Two Continuum (SL3 and SLII-10) 1064 nm Nd:YAG lasers are employed in this work. They will be respectively designated as lasers L 1 and L 2 in the following. They feature different beam diameters defined by their waist w 0 , i.e. the initial diameter of the beam at the laser output (w 1 0 = 9 mm and w 2 0 = 7 mm respectively). The laser L 1 being the laser used in the previous experiments used to calibrate the LII signal. The initially round laser beams are shaped into sheets using a cylindrical diverging lens (f 1 = -50 mm) and coupled with four different spherical converging lens (F = 500, 700, 810 and 1000 mm) to investigate focal length effects. Gain and acquisition time of the camera were set so that the camera operates in the linear regime of the detector in all configurations (i.e. the maximum signal is limited at 40 000 counts over 65 536).

Experimental setups

Evolution of the LII signal with distance from the focal point

We first consider results from the MDB flame experiments with the laser L 1 and F = 1000 mm. The laser sheet is focused on the centerline of the second injector (flame B) as illustrated in Fig. 6.11. By carefully moving the laser sheet generating lens, it is possible to determine the exact location of the focal line. It corresponds to the real focal length of the spherical lens at the considered laser wavelength (i.e. λ = 1064 nm) where a minimum LII signal is found for flame B (due to the minimum laser sheet width at this point). Here, the real focal length is found to be F real = 1130 mm. Therefore the MDB will be used in the following to verify that the laser is correctly focused on the center of the other burners and to measure the effective focal length of every lens employed in this work. As the three burner exits are nominally identical, one may expect to obtain three identical LII signals. However, as shown in located on flame B). As this expansion is symmetrical with respect to the focal point, when the laser is perfectly focused on flame B, the LII signal collected from flame A is nearly identical to the one collected on flame C. It should be noted that a small difference can be observed between the two flames: the LII signal maximum is found on the left of the flame A and on the right of the flame C. This is due to the direction of propagation of the laser coming from the left to the right so that the laser sheet width is slightly thicker on the left (respectively right) than on the right (respectively left) for the flame A (respectively flame C).

The results obtained clearly indicate that a non negligible effect on the LII signal is observed depending on the distance x from the focal line. Before quantifying such an effect, it is important to verify that all LII measurements are carried out on the plateau regime so that LII measurements are independent from the laser fluence around its nominal level. Concerning the MDB (with the laser sheet focused on flame B), it is important to verify that the three flames are effectively in the plateau regime for LII measurements by varying the energy of the laser. Here the energy of the laser was reduced by a half wave plate, so that the other general characteristics of the laser are unchanged.

In the following, only the normalized soot volume fraction will be considered. Consequently, the results are independent of the sooting properties of the flame and we introduce the total mean LII signal (averaged temporally and spatially) defined as follows:

< LII > (x) = 1 N tot Ntot t=1 i,j I LII (i, j, t, x) (6.8) 
with I LII (i, j, t, x), the LII signal collected on the pixel (i, j) at a time instant t with the focal line located on x.

The resulting curves have been normalized by the maximum on flame A (which is close to the one measured on flame C) and are plotted in Fig. 6.13, validating the use of a fluence of 0.5 J.cm -2 in all experiments.

Determination of the correction function

In order to determine the evolution of the laser sheet thickness with the distance x from the focal line and its effect on the resulting LII signal, the laser sheet generating lens is gradually moved from x = -130 mm to x = 130 mm. The evolution of the total mean normalized signal < LII > with x is represented in Fig. 6.14. It presents an interesting behaviour: around x = 0 mm the signal is nearly constant so that no correction is needed in small laminar configurations (below ≈ 10 mm width). For larger displacements, the mean LII signal evolves in a nearly linear fashion with the lens displacement but the evolution presents at least two changes in slope at x = ± 30 mm and x = ± 70 mm. This figure may be used to derive a correction function Γ accounting for the expansion of the laser sheet and defined as: This function allows to retrieve the signal if the laser beam was focused at the point under investigation.

Γ(x) = < LII(x) > < LII(x = 0) > . ( 6 
The experiment carried out on the MDB to derive the Γ function has also been carried out on the YDB and the on 2DB. Results are represented in Fig. 6.15 and show that this correction function does not depend on the burner configuration. This result was expected since such behaviour is only due to the geometrical properties of the laser beam and does not depend on the flame (as soon as the laser beam thickness is fully occupied by soot). Then, the above correction factor has been applied to scale the raw mean LII signal obtained using the YDB during the translation of the laser sheet generator as illustrated in Fig. 6. [START_REF] Lapuerta | A method to determine the fractal dimension of diesel soot agglomerates[END_REF]. Here, we consider a lens translation within x ≈ ±50 mm that approximately corresponds to the width of the EM2Soot burner, the turbulent configuration that will be presented in Chapt. 

Dependence on focal lengths and laser beam diameter

The dependence of the correction function Γ with respect to the focal length and laser beam diameter may be deduced from a theoretical model sketched in Fig. 6.17. In this schematic representation, D corresponds to the diameter of the distorted laser beam arriving on the converging lens after passing through the first diverging lens, which is not represented in this figure since it has no effect in the transversal direction. Indeed, it has been verified that the initial laser beam diameter (i.e. its width) was not modified by the first lens in the middle of the spherical lens. In this ideal configuration, one can assimilate the half-angle of the laser sheet α by the tangent of this angle so that:

α ≈ tan(α) = D/2 F (6.10)
where F is the measured focal length. The laser sheet expansion function e can then be expressed as:

e(x) = | x | F D. (6.11)
The LII signal is proportional to the soot volume fraction of the soot particles illuminated by the laser sheet. Considering a steady laminar flame, the LII signal is then proportional to the expansion e(x) which is the key parameter controlling the correction factor Γ. Indeed, with α a parameter that depends on the laser properties. Therefore, the slope of the correction factor is expressed as:

Γ(x) = < LII(x) > < LII(0) > = α | x | F D (6.12)
S Γ = dΓ dx = α.sign(x) 1 F D (6.13)
This relation may be validated by examining effects of changes in focal length F corresponding to three other spherical lenses F = 500, 700 and 810 mm. As for the previous lens, these values correspond to the announced focal length.

For each spherical lens, the real focal length is measured using the MDB and the results are summarized on Tab. 6.2. The integrated < LII > signals are plotted in Fig. 6. [START_REF] Abid | Quantitative measurement of soot particle size distribution in premixed flames the burner stabilized stagnation flame approach[END_REF]. All these curves have a similar behaviour, i.e. a plateau region around x = 0 mm where no correction is needed, and a nearly linear evolution at higher values of x. The slope S Γ of the curves increases with a decrease in focal length F . As expected, a higher expansion of the laser sheet is observed for smaller focal length, resulting in an augmented error in the LII signal. Therefore, the usual recommendation to use high focal length values for LII measurements is consistent with the present results, i.e. it minimizes the laser sheet expansion rate and its subsequent effect on the LII signal.

The effect of the laser beam diameter on the correction function Γ may be examined by making use of laser L 2 . This second laser has an initial beam diameter equal to 7 mm (versus 9 mm for laser L 1 ). The evolution of the cor- rection factor for the different lenses and the two lasers is represented in Fig. 6. [START_REF] Bockhorn | Soot formation in combustion: mechanisms and models[END_REF]. The correction functions Γ, obtained from a linear fitting of the experimental points in Fig. 6. [START_REF] Bockhorn | Soot formation in combustion: mechanisms and models[END_REF], are plotted as a function of the normalized x/F real quantity, as suggested by Eq. 6.12. One first observes that the correction factors suitably scale with x/F real for both lasers, confirming the trends derived from Eq. 6.12. In addition, the slope of the correction factor S Γ depends on the diameter of the laser beam. More specifically, the slope of the correction factor for the 7 mm laser beam diameter is lower than that corresponding to the 9 mm laser beam for identical spherical lens. To highlight these conclusions, the evolution of the slope of the correction factor as function of the inverse of F real (noted F = 1/F real ) is plotted in Fig. 6.20 for the two lasers. A linear regression with a very good agreement with the experimental points is observed, validating the tendency obtained from Eq. 6. [START_REF] Okyay | Soot aggregate complex morphology: 3D geometry reconstruction by SEM tomography applied on soot issued from propane combustion[END_REF]. It confirms that the slope of the correction factor decreases with an increase in focal length. From Eq. 6.13, one can derive the measured diameter of the laser beam by calculating the resulting slope:

G Γ = dS Γ d F = αD (6.14)
In the present case, The value obtained is larger than the nominal value when α is considered to be independent from the laser characteristics ( G(L 1 ) G(L 2 ) = 9/7 = 1.28) and may be due to the different distributions of energy in the laser beam and other minor differences between the two lasers. However, the expected behaviour, i.e. bigger D leads to a greater correction, is verified. In conclusion, the use of a long focal lens is necessary to limit the laser sheet expansion rate and thus the correction that needs to be applied to raw LII signals. However it should be reminded that, since the laser beams have a 2-D Gaussian shape, their divergence cannot be neglected over long distances so that it is not possible to use excessively long focal lengths. For small burners, the correction is not required but LII measurements in larger burners used for example in turbulent configurations may require an application of the correction scheme to compensate for the sheet expansion.

G Γ (L 1 ) G Γ (L 2 ) = 3 

Methodology to account for self-absorption of the LII signal

Following the calibration procedure, it is possible to account for the selfabsorption of the LII signal in case of axisymmetric flames. Indeed, as discussed in the literature [START_REF] Migliorini | Absorption correction of two-color laser-induced incandescence signals for soot volume fraction measurements[END_REF][START_REF] Liu | Effects of soot absorption and scattering on LII intensities in a laminar coflow ethylene/air diffusion flame[END_REF][START_REF] Choi | Calibration and correction of laser-induced incandescence for soot volume fraction measurements[END_REF], the LII signal collected by the camera at 90 o with respect to the laser sheet may be reabsorbed due to the presence of soot in the signal detection pathway. This signal trapping depends on the soot volume fraction field (higher f v value leads to a higher absorption) and diameter of the flame (bigger flame corresponds to a longer pathway and consequently a higher absorption). Liu et al. [START_REF] Liu | Effects of soot absorption and scattering on LII intensities in a laminar coflow ethylene/air diffusion flame[END_REF] performed numerical simulations of the LII signal with different hypothesis on absorption and diffusion phenomena, concluding that the signal trapping must be taken into account especially on the 108 Chapter 6 -Implementing the LII technique to obtain quantitative soot volume fraction measurements flame centerline for short detection wavelengths. Choi et al. [START_REF] Choi | Calibration and correction of laser-induced incandescence for soot volume fraction measurements[END_REF] were able to quantify the correction on soot volume fraction for various soot loads, whereas Migliorini et al. [START_REF] Migliorini | Absorption correction of two-color laser-induced incandescence signals for soot volume fraction measurements[END_REF] found that absorption can be neglected by performing f v measurements with two-color LII in cases where LII self-absorption can be considered independent of the wavelength.

Here, we propose a LII correction for self-absorption directly adapted from the MAE theory described in [START_REF] Legros | Simultaneous soot temperature and volume fraction measurements in axis-symmetric flames by a two-dimensional modulated absorption/emission technique[END_REF]. The detected LII signal I d jl , discretized at every mesh point (r j , z l ) j=1,N ;l=1,M , is the result of the emitted LII signal, which is weighted by the absorption field κ along the detection pathway. As the signal undergoes different absorptions depending on the length traveled through the flame, the resulting signal detected by the CCD is convoluted. To reconstruct the original emitted signal one may use an iterative process applied to the detected signal under the hypothesis of flame rotational symmetry. This allows to reconstruct the flame cross section for each height above the burner (HAB), as illustrated in Fig. 6.21. To illustrate the deconvolution process, one may consider the detected signal I d 4l , illustrated in Fig. 6.21, which can be written as:

I d 4l = I e 4l e -6 m=4 A OP 4m κ ml (6.16)
where I e l4 is the emitted signal, (κ ml ) m=4,6 is the flame absorption field and A OP is a matrix representing the different chord lengths [START_REF] Legros | Simultaneous soot temperature and volume fraction measurements in axis-symmetric flames by a two-dimensional modulated absorption/emission technique[END_REF] crossed by the In its general formulation and for every height above burner z l , the emitted signal is the solution of the system:

BI e LII = I d LII (6. 17 
)
where I e = (I e jl ) j=1,N , I d = (I d jl ) j=1,N and B is the diagonal matrix defined as:

B ll = e -N m=j A OP jm κ lm . (6.18)
To find the emitted LII signal, an iterative procedure, illustrated in Fig. 6. [START_REF] Frenklach | Twenty-third symposium (international) on combustion detailed modeling of soot particle nucleation and growth[END_REF], is needed since the absorption coefficient field itself is a function of the emitted LII signal, which is unknown. For the present measurements, the iterative procedure has been applied by assuming E(m, λ) = cte, which is acceptable for wavelengths higher than 450 nm [START_REF] Mouton | Analyse des processus de nucléation et de croissance des particules de suie dans des flammes par fluorescence induite par laser en jet froid appliquée aux hydrocarbures aromatiques polycycliques et par incandescence induite par laser[END_REF]. The solution convergence is reached after four iterations. Even though, one can expect that the value of C calib is not affected by this iterative procedure since it has been calculated on the wings of the flame where a weak effect of self-absorption is expected, the two cases must been considered. That's why, we'll consider either a fixed calibration constant measured on the first iteration or an evolutive calibration constant measured at each step. For that, the number of maximums considered is set at p = 1000 and kept constant throughout the procedure. To better understand the effect of the absorption procedure, one can consider the correction factor R that compares the corrected soot volume fraction with the initial soot volume fraction field:

R(x, y) = f abs v (x, y) f v (x, y) (6.19)
The results are illustrated in Fig. 6.23 and 6.24 for the 60 % and the 80 % flame. The calculated correction factor for the 60 % flame is very close to 1 everywhere in the flame with the constant calibration or with the adaptive calibration. This flame does not produce enough soot to absorb the LII signal so that the correction procedure is not required in this case. For the 80 % flame, two different results are obtained. For the constant calibration case, a maximum correction is obtained the central regions of the flame, whereas it is close to 1 for | r/d f |≥ 0.3 mm, corresponding to the wings of the flame. This procedure induces a maximum correction of 20 % on f v for the 80 % flame, showing that self-absorption is not negligible for the configuration under investigation. As it will be shown in the chapter 9, soot volume fraction is much more lower in the turbulent configuration so that LII self-absorption won't be considered. In any case, such an iterative procedure could not be applied in turbulent configuration because of the symmetry assumptions needed by the deconvolution process. 112 Chapter 6 -Implementing the LII technique to obtain quantitative soot volume fraction measurements 

Discussion of the total errors in soot volume fraction by LII

In addition to the uncertainties on E(m, λ), several errors during measurements should be considered in order to get precise data on soot volume fraction. In this section, some errors are estimated using a laminar configuration and their extension to the turbulent configuration will be discussed.

The different errors orginate from:

• The calibration procedure presented in section 6 (ratio of the maximum in LII and MAE signal), • The background and flatfield correction (linked with the camera),

• The self-absorption of LII signal (due to the flame) due to the presence of soot in the detection pathways to the detector that could reabsorb the incoming LII signal, • The calibration procedure: as it has been shown, different procedures presented in section 6, have been applied to measure the calibration constant. It gave different results also depending on the considered flame. For example as shown in Fig. 6.10, the calibration constant was estimated at 66200 for the 80 % flame and 72250 for the 60 % flame resulting in an error of 9.1 %. • The natural variability of the flame: Due to natural flickering and/or variability in the regulation of the mass flow meter, the laminar flame presents some small instability. This instability can be estimated by considering the variability of the flame luminosity measured with a ICCD camera or from direct images of the flame broadband emission of light. The evolution of the integrated signal is represented in Fig. 5.5 and illustrates a variability of 3.5 %.

Conclusion

The LII technique has been successfully implemented in the EM2C laboratory to measure the soot volume fraction field in sooting flames. The calibration has been performed by using a complementary technique (MAE) based on the absortion of a small energy laser. A method derived from the MAE has been developped to estimate the LII self-absorption in laminar sooting flames. Finally, a methodology to account for the laser sheet expansion and its impact on the quantitative LII results has been developped. Its consequence in turbulent flame will be thorouhly investigated in chapter 11. The LII technique is now applied to the YDB and the results are presented in the following chapter.

Chapter 7

Characterization of soot production in the Yale Diffusion Burner

Introduction

This chapter aims at characterizing the soot production in the Yale Diffusion Burner (YDB) system presented in chapter 5.1 and comparing different results for the soot volume fraction, the primary particle diameter and the temperature of the flame with data of the literature. This chapter relies mainly on a publication presented at the International Symposium on Combustion 2018 [START_REF] Franzelli | Multi-diagnostic soot measurements in a laminar diffusion flame to assess the isf database consistency[END_REF]. The first part of this chapter describes results obtained for the 80 % dilution flame (represented in Fig. 7.1). Dilution effects on soot production and temperature distribution are discussed in a second stage. of the flame. Data from previous studies performed at Yale with LII [START_REF] Smooke | Soot formation in laminar diffusion flames[END_REF] are also plotted in Fig. 7.2b for comparison. The new MAE and LII results are greater by about 20% than LII data from the literature but they feature the same general aspect with a high level of soot in the lateral region of the flame. The observed differences between the present data and those from the literature are within the uncertainties discussed in the previous chapter, but they may also be due to additional differences in the LII experimental setup: the choice of the laser wavelength (λ=532 nm) and the resulting choice for E(m), which in the previous studies was higher (E(m λ=532 nm )=0.45), the filter used for LII and the experimental technique to obtain the calibration. Literature values of f v obtained from pyrometry [START_REF] Kuhn | Soot and thin-filament pyrometry using a color digital camera[END_REF] are also plotted in Fig. 7.2. They show a good agreement with the present database in the flame wings, but are smaller in the centerline compared to the LII results. This is possibly due to the deconvolution procedure as discussed for the MAE technique.

Soot volume fraction

Primary particle diameter

The evolution of the LII signal decay contains information on the primary particle size distribution (PPSD) [START_REF] Bladh | Probing the smallest soot particles in low-sooting premixed flames using laser-induced incandescence[END_REF] so that size data may be extracted from time-resolved 2D LII signals, based on a regression method relying on modeled LII signal as described in section 3.2.2. An example of Time Resolved-LII (TiRe-LII) images I i = I(t i ), normalized by the signal I 0 at t 0 =0 ns, is displayed in Fig. 7.3 for the 80% case. The decay time being longer for larger primary particles, it can be deduced that the PPSD is spatially variable. In 120 Chapter 7 -Characterization of soot production in the Yale Diffusion Burner particular, big size particles are expected to be found in the flame outer region, which is confirmed in Fig. 7.4. We now compare the monodisperse hypothesis with a polydisperse hypothesis assuming a log-normal distribution in particle sizes.

Monodisperse reconstruction

Eighteen diameters from d p = 4 nm to d p = 100 nm are considered to build the look-up table using the LII-SIM web tools [START_REF] Mansmann | Liisim: a modular signal processing toolbox for laserinduced incandescence measurements[END_REF]. The parameters retained for the simulations are as follows:

• • Mass accomodation coefficient: 1

• Bandpass wavelength min/max: 400/450 nm Results in terms of mean primary particle diameter for the 80% case are illustrated in Fig. 7.4 for six τ ij . They confirm the qualitative trend deduced from Fig. 7.3, since the largest primary particles, with a diameter of about 90 nm, are located in the flame wings whereas the presence of smaller primary particles (with d p ≈ 40 nm) characterizes the central region. The quality of the results strongly depends on the decay time used to perform the minimization, i.e. on the retained gate delays. In particular, for small gating delays results are quite noisy. In [START_REF] Chen | Determination of soot particle size using time-gated laser-induced incandescence images[END_REF], it is indicated that gating delays should be sufficient to avoid the effects of the vaporization period. For the fluence considered in the present experiments (0.45 J/cm 2 ), vaporization is not negligible at the beginning of the simulated LII signal and up to t 3 = 100 ns, explaining the trends observed in Fig. 7.4. However, it has been verified by performing LIISim-Web simulations with a lower 0.1 J/cm 2 that even in case of negligible vaporization, results are highly dependent on the choice of τ ij when small gating delays are considered (not shown). In contrast, when the gating delays are sufficient, results on d p become consistent. It is then important to choose detection gates that are sufficiently delayed while preserving a good signal-to-noise ratio. This implies that information will be lost in the region characterized by the smallest particles, that appears as black zones in Figs. 7.3 and 7.4. The proper choice depends on the flame under investigation and on its particle size distribution.

Polydisperse reconstruction

A second look-up table is then built with the LIISim-Web tool using the same parameters as in the monodisperse simulation but considering polydisperse soot particles. Six values of d cmd are considered between 10 and 60 nm and σ varies from 1.1 and 1.7 with an interval of 0.1. Results based on the polydisperse population are plotted in the right hand side of Fig. 7.4. They qualitatively reproduce the same spatial distribution of d p found in the monodisperse case with the smallest and biggest particles located on the flame centerline and wings, respectively. However, compared to the monodisperse calculation, the diameter for the biggest particles is about 60 nm, a value smaller than that of the monodisperse results. The centerline primary particle diameter is approximately of 30 nm, close to the monodisperse value. This seems to indicate that a quasi-monodisperse population of primary particles characterizes the centerline, whereas a polydisperse population is observed in the flame wings. This is confirmed by standard deviation results, that are quite small on the centerline and increase in the flame wings. The present results show trends that are similar to those of Chen et al. [START_REF] Chen | Determination of soot particle size using time-gated laser-induced incandescence images[END_REF] obtained for the Santoro burner, confirming the present interpretation. However, it is worth noting that the present results depend on the model used to create the look-up table. For example, a constant gaseous temperature is here assumed for simplicity, even if temperature results have been presented in the previous section. The impact of this assumption has been estimated in [START_REF] Chen | Determination of soot particle size using time-gated laser-induced incandescence images[END_REF] to be about 4 % in decay times. In addition, the role of the post-processing procedure and other model assumptions, such as considering single particles instead of aggregates, thus neglecting the shielding effect, is estimated in [START_REF] Chen | Determination of soot particle size using time-gated laser-induced incandescence images[END_REF] to introduce errors of 30 % in d p and 5 % in σ p . More generally, modeling of the LII signal is known to be characterized by a large variability, especially at high fluence levels [START_REF] Michelsen | Modeling laser-induced incandescence of soot: a summary and comparison of LII models[END_REF]. It is therefore important to provide access not only to the final results in terms of d p and σ p but also to TiRe-LII signals like those shown in Fig. 7.3 and to LII simulated signals used to create the look-up table (Fig. 7.5).

Comparison with data from the literature

The TiRe-LII measurements are now compared with different data from the literature. 

Comparison with TEM measurements

TEM measurements performed at Yale are available at different locations for the 80% case [START_REF] Kempema | Investigation of in-flame soot optical properties in laminar coflow diffusion flames using thermophoretic particle sampling and spectral light extinction[END_REF], which are here compared to the TiRe-LII data presented in Fig. 7.5. Results from TEM (vertical bars) are displayed in Fig. 7.6 for four positions together with the lognormal fittings to the sampled TEM (continuous) and to the LII (dashed) data obtained previously using a polydisperse population. The values of d p using a monodisperse assumption are also shown in Fig. 7.6. The exact radial position for TEM measurement in the flame wings not being provided, the LII data has been extracted at the location of maximum d p . In general, for all spatial locations, the LII particle size population is shifted towards larger diameters compared to TEM distributions. Concerning the centerline (top), LII results slightly overestimate d p and σ p compared to TEM measurements when using a polydisperse assumption. With the monodisperse model, d p is strongly overestimated. In the TEM results, σ p is nearly constant for HABs of 5 to 6 cm. This tendency is correctly retrieved by the LII measurements. As expected, TEM results in the flame wings show higher values of d p and σ p compared to those found on the centerline. Although LII results retrieve the same qualitative behavior, d p values are strongly overestimated in the wings when using a polydisperse assumption and even larger differences are found for the monodisperse case. Uncertainties on the radial position of TEM measurements may partially explain such discrepancies, since it has been observed in the LII results that a variation of 0.5 mm in the radial position decreases the d p value by about 30%. In addition, TEM measurements present in the flame wings a population that cannot be represented with a log-124 Chapter 7 -Characterization of soot production in the Yale Diffusion Burner normal distribution, so that the assumption underlying the polydisperse LII model might not be valid. Furthermore, neglecting the shielding effect due to the formation of aggregates can also partially explain the observed differences as invesgatigated by [START_REF] Chen | Determination of soot particle size using time-gated laser-induced incandescence images[END_REF]. One may note that the present results feature trends for TEM-LII comparison that are similar to those observed for state-of-the-art measurements on the Santoro burner [START_REF] Kempema | Investigation of in-flame soot optical properties in laminar coflow diffusion flames using thermophoretic particle sampling and spectral light extinction[END_REF][START_REF] Chen | Determination of soot particle size using time-gated laser-induced incandescence images[END_REF]. In general, such a comparison may be critical since LII and TEM techniques do not strictly measure the same quantity (effective and measured diameters, respectively). Finally results for the 32% case (Fig. 7.7) are compared with the d p field measured with a TiRe-LII technique at Adelaide using a mono-disperse assumption [START_REF] Foo | Experimental investigation of acoustic forcing on temperature, soot volume fraction and primary particle diameter in non-premixed laminar flames[END_REF]. While a nearly homogeneous spatial distribution of d p is also observed in the Adelaide measurement, it should be noticed that d p has been estimated to be close to 50 nm, whereas in the present measurements d p is less than 30 nm with both monodisperse and polydisperse distributions. At this point, it is not possible to identify the source of this difference, which may be due to variations in the measurement set up, processing tools or models used to calculate the look-up table associated with the LII signal. However, on the basis of TEM results for the 80% case (showing that only a small number of particles exceeds 50 nm), a mean d p value of 50 nm is quite unlikely for the 32% flame.

Comparison with TiRe-LII measurements

In general, it can be concluded that PPSD results present a high variability and that it is essential to include data from as many measurement techniques as possible to create a reliable experimental database for modeling validation.

Temperature results

Temperature fields obtained with MAE and pyrometry techniques are illustrated in Fig. 7.8 with the pyrometry measurements with and without constant properties (R-PYRO and PYRO [START_REF] Kuhn | Soot and thin-filament pyrometry using a color digital camera[END_REF], respectively) obtained at Yale and are compared in Fig. 7.9. Similar results are deduced with the four pyrometry techniques in the flame wings, with a maximum temperature difference of less than 100 K. It can be noticed that pyrometry results obtained here with a digital camera (PYRO-DIG) are detected for a wider radial region. However, it should also be noticed that the new LII results (presented in Fig. 7.2) extends to a wider radial position, possibly explaining the difference with previous pyrometry data. On the contrary, pyrometry from MAE fields needs a sufficiently high soot concentration to yield information on κ λ , reducing the region where the signal is detectable. Temperature deduced from MAE in the flame wing is much higher than those obtained from pyrometry, whereas results are closer in the flame middle. This may highlight the effect of the model used to represent the spectral dependence of m λ in the pyrometry procedure. However, a simulation of a 1D counterflow diffusion flame representative of the flame under investigation (ambient temperature, atmospheric pressure, strain rate of 1 s -1 , 80% ethylene diluted with N 2 ) has been performed using the models presented in [START_REF] Rodrigues | Unsteady dynamics of PAH and soot particles in laminar counterflow diffusion flames[END_REF] and shows that the maximum temperature does not exceed 2150 K. Therefore, numerical results seem to indicate that the high values detected in the wings with the MAE may not be physical. In this regard, it is worth remembering that the accuracy of the MAE temperature measurements depends on the optical thickness along the line-of-sight because inferring the temperature first requires the measurement of the absorption coefficient field [START_REF] Legros | Simultaneous soot temperature and volume fraction measurements in axis-symmetric flames by a two-dimensional modulated absorption/emission technique[END_REF]. In the YDB flame, the optical thickness is significantly lower than that of the Santoro burner, the MAE technique having been validated with this burner configuration [START_REF] Legros | Simultaneous soot temperature and volume fraction measurements in axis-symmetric flames by a two-dimensional modulated absorption/emission technique[END_REF]. The lower optical thickness of the YDB flame and the sharp temperature gradients in the flame wings possibly alter the κ λ resolution and, consequently reduce results accuracy. In conclusion, measurements of f v and temperature feature a significant variability that needs to be quantified by comparing different experimental techniques and to be accounted for during the validation process of numerical models.

Dilution effects 7.5.1 Dilution effects on the soot volume fraction field

The results for the 2-D field for the soot volume fraction measured by LII are plotted in Fig. 7.10. In order to better understand the effect of the dilution on the soot volume fraction, the results for each dilution are integrated spatially over the entire flame (= r 0 < f v > dr) and its evolution with the quantity of ethylene is represented in Fig. 7.12 as well as the evolution of the absolute maximum. Both maximum and integrated soot volume fractions increase with the quantity of ethylene with a similar trend. This result is the consequence of the augmentation of the available ethylene in the flame, increasing the overall production of soot. One may note in Fig. 7.10 that the location of the maximum of soot volume fraction is closely linked to the dilution of ethylene. Indeed, for X C 2 H 4 = 32 %, the maximum is located along the r = 0 axis while the maximum is located in the wings of the flame for the highest dilution of ethylene. It is possible to quantify this trend by looking for the maximum of the soot volume fraction both locally along the r = 0 axis and globally in the entire flame. To highlight this process, we consider the 10 first maximums in both cases (noted f max v for simplification) and the results are plotted in Fig. 7.11. It shows that for dilutions lower than 50 %, the peak soot volume fraction is located along the r=0 axis while for higher dilutions, the peak soot volume fraction is located in the wings of the flame which confirms observations in Fig. 7.10. This conclusion has also been found numerically and experimentally as pointed out in [START_REF] Smooke | Soot formation in laminar diffusion flames[END_REF] and as illustrated in Fig. 7.13 on the same burner. The displacement of the peak soot volume from the centerline to the wings of the flames was explained in [START_REF] Smooke | Soot formation in laminar diffusion flames[END_REF]. It was concluded that the increase of the temperature along the centerline of the flame was more effective than the increase of residence time due to the rise of the length flame. To characterize this evolution, a normalized height (η = zD/ V ) was introduced where z is the axial height, D is the species diffusivity and V the volumetric flow rate. The evolution of the normalized soot volume fraction and temperature along the centerline with η is represented in Fig. 7.14. For the shortest flame, the temperature reaches higher values along the centerline comparatively to the 60 and 80 % flame, increasing the soot production. The displacement of the maximum was also identified in another experiment carried out on the YDB by considering the effect of O 2 enrichment in the air coflow [START_REF] Jain | Experimental and numerical study of variable oxygen index effects on soot yield and distribution in laminar co-flow diffusion flames[END_REF]. Starting from a pure methane/air diffusion flame, with the maximum located along the r = 0 axis, it is possible to displace the location of the maximum by increasing the quantity of oxygen in the coflow of air and defined by the Oxygen Index (OI), from 21 % up to 76.3% as illustrated in Fig. 7.15. One can also note that the overall maximum for soot volume fraction first increases with increasing level of OI up to OI= 36% and then decreases. This results from a competition between the enhanced soot production due to the high OI with the residence flame-region residence time. By numerically analyzing Lagrangian trajectories (plotted as white lines in Fig. 7.16) of soot particles in Fig. 7.17, it has been found that the soot residence time increases from the centerline to the wings of the flame but that this increase is much more greater for the flame with the highest Oxygen Index due to the flame length reduction (more than a factor of 2). At the same time, by considering the evolution of the soot source term from the centerline to the wings of the flames, it has been found that for all flames with various OI, the source term decreases up to a factor of 2 between the centerline and the wings of the flames. In our case (C 2 H 4 diluted by N 2 ), the results are the opposite since the maximums are located in the wings of the flames with the longest flame and along the centerline for the shortest flame. As our experiments were carried out with a constant OI, i.e. 21 % for air, we must consider the effect of the dilution by nitrogen that leads to similar conclusion. By increasing the level of dilution by nitrogen, one can expect to decrease the flame temperature and the PAH concentration. In contrary, with low nitrogen concentration, for example for the 80% flame, the flame temperature is the highest especially in the wings, explaining the location of the maximum. In summary, one can expect the dilution of nitrogen in the inner jet to play an antagonist role to the OI in the coflow surrounding the inner jet however these two parameters influence the flame temperature and consequently the soot production level.

To quantify the impact of the dilution of the inner jet by inert gas, we introduce the relative impulse of ethylene and nitrogen in the inner jet defined as follows:

I i = X i ρ i V i (7.1)
where X i is the concentration of the gas i, ρ i its mass volumetric at room temperature and V i its velocity. The ratio of the impulse I r is then defined by:

I r = I C 2 H 4 I N 2 = X C 2 H 4 ρ C 2 H 4 X N 2 ρ N 2 (7.2)
The hypothesis is that this ratio is the key parameter for the 2-D soot volume fraction field distribution, so that the soot volume fraction peak would be located in the wings of the flame for I r > 1 and along the r=0 axis for I r < 1.

The evolution of the location of the maxima (wings and total maximum) with the quantity of ethylene is displayed in Fig. 7.11. A good agreement is obtained since the transition was observed for a dilution of 55 %.

Dilution effects on the PPSD

The TiRe-LII technique is now applied to investigate flames at four dilutions with the monodisperse and log-normal assumptions. Results are displayed in 132 Chapter 7 -Characterization of soot production in the Yale Diffusion Burner Fig. 7.18. To our knowledge, this is the first time that the effect of dilution on primary particle size distribution is investigated on the YDB flame. First, one observes that the spatial distribution of d p , which is qualitatively the same for monodisperse and polydisperse assumptions, is correlated with the f v fields (shown in Fig. 7.12). A nearly homogeneous value of d p is identified for 32% and 40% cases, whereas big primary particles are found in the flame wings for 60% and 80% cases. Small values of σ p are found for the 30% and 40% cases so that the primary particle distributions can be considered as quasimonodisperse. Therefore, d p results are similar when assuming monodisperse or polydisperse populations in these two flames. In contrast, high values of σ p are observed in the wings of 60% and 80% flames, where a polydisperse population is expected and confirmed by the differences in d p corresponding to monodisperse and polydisperse results. One may generally conclude that by increasing the presence of fuel in the diluted mixture, higher values of f v are observed in the flame wings, where the soot population of primary particles is also more polydispersed and shifted towards larger diameters. This probably results from two effects modifying chemical and collisional soot processes: the increase of precursors concentrations with reactive species concentrations, and the change in flame temperature as a consequence of the streams' physical properties variation [START_REF] Du | The influence of carbon dioxide and oxygen as additives on soot formation in diffusion flames[END_REF][START_REF] Liu | The chemical effects of carbon dioxide as an additive in an ethylene diffusion flame: implications for soot and NOx formation[END_REF]. It should be noticed that dilution by nitrogen may also affect particle optical properties, introducing another uncertainty in soot volume fraction measurements. For simplification, their quantification will be considered here small compared to the global uncertainty on E(m) already discussed in Sec. 2.3. 

Dilution effects on temperature

The effects of the dilution of the temperature field measured by pyrometry with the digital camera are presented in Fig. 7.19. From this figure, it can be seen that the maximum soot temperature decreases with the increase of ethylene dilution. This is the consequence of a higher overall soot production leading to an increase of the thermal loss by radiation by the soot particles

Conclusion

Different measurements have been carried out on the four diffusion flames produced by the Yale Diffusion Burner in order to measure the soot volume fraction, the primary particle diameter and the flame temperature. Measurements are compared with previously published data showing that some differences exist for the same measurement methods and the same flame. Consequently, when performing comparisons between numerical results with experimental results, one must pay attention to the consequent variability that can be observed in the database.

Chapter 8

Pulsed laming sooting flames Introduction

Numerical models for soot production are usually developed and validated on laminar diffusion or premixed flame configurations [START_REF] Santoianni | Temperature imaging in an unsteady propane-air counterflow diffusion flame subjected to low frequency oscillations[END_REF][START_REF] Lima De O | Experimental aspects of soot presence in pulsating diffusion flame[END_REF][START_REF] Aleksandrov | Experimental investigation of the impact of imposed air inlet velocity oscillations on soot formation and oxidation using an advanced 2-colour-TIRE-LII[END_REF][START_REF] Decroix | Transient Flow Field Effects on Soot Volume Fraction in Diffusion Flames[END_REF][START_REF] Hentschel | Soot formation and oxidation in oscillating methane-air diffusion flames at elevated pressure[END_REF][START_REF] Dworkin | Computational and experimental study of a forced, time-dependent, methane-air coflow diffusion flame[END_REF][START_REF] Connelly | Quantitative characterization of steady and time-varying, sooting, laminar diffusion flames using optical techniques[END_REF]. As most industrial systems rely on turbulent flames, the extension of the models to turbulent flows is not easy. It is not yet possible to exactly predict the consequences of the scale up from steady laminar flames with low intensity and Reynolds number to high Reynolds number industrial turbulent flames. One issue is to account for the history of the soot particles and suitably describe the competition between the soot scales and those of the turbulent eddies. To overcome the cost of complete turbulent sooting simulations but to understand the basics physics of the effect of flow time scales on soot production, it is convenient to consider cases where laminar flames are modulated and feature cyclic oscillations. This constitutes a first step towards the validation of numerical models. Indeed modulated flames present several advantages with respect to experimentation and numerical simulation. They can be fully investigated in the laboratory without requiring synchronous diagnostics. Diagnostics may be operated successively to obtain information on the soot particles, the flow and the flame. Results may then be merged by combining results obtained at the same phase in the cycle. It is also possible to improve the signal to noise ratio by phase averaging the data. Numerically, the axis of symmetry enables the application of a detailed chemistry model in a two-dimensional field so that the numerical cost is significantly lower than that of a 3D simulation. Finally, adding a controled time-variation perturbation to the exit velocity is sufficient to study the effects of the residence time on soot production. These possibilities are exploited in the present chapter by investigating effects of flow modulations on the soot production. Experiments are carried out on the YDB using LII and considering a range of frequencies between 10 Hz and 50 Hz. One outcome of this investigation is that of identifying the regime of linearity of the flame response. The next section is dedicated to a review of the literature dealing 

Literature review on laminar modulated sooting flames

Numerous experimental and numerical studies exist on laminar diffusion or premixed modulated flames investigating the effects of the frequency and the amplitude of the modulation on soot production.

In the case of the Yale Diffusion Burner (YDB), it was found numerically [START_REF] Dworkin | Computational and experimental study of a forced, time-dependent, methane-air coflow diffusion flame[END_REF] and experimentally [START_REF] Blair | Quantitative characterization of steady and time-varying, sooting, laminar diffusion flames using optical techniques[END_REF] that the peak soot volume fraction over a cycle increases with the intensity of the modulation for a low frequency of 20 Hz.

Regarding the total soot volume fraction over the volume of the flame, the results are not consistent. It was found in forced coflow diffusion flames [START_REF] Sapmaz | Two-dimensional imaging of soot volume fraction in pulsed diffusion flames by laser-induced incandescence[END_REF] that the volume averaged soot volume fraction (i.e. the total soot volume fraction averaged over the volume of the flame) increases when the oscillation frequency is augmented. On the contrary, by using a similar experimental setup, Shaddix and Smyth [START_REF] Shaddix | Quantitative measurements of enhanced soot production in a flickering methane/air diffusion flame[END_REF] found that the volume averaged soot volume fraction at 10 Hz equals the corresponding value for the steady flames whereas a considerable decrease was found in [START_REF] Sapmaz | Two-dimensional imaging of soot volume fraction in pulsed diffusion flames by laser-induced incandescence[END_REF]. This discrepancy might be the result of the use of differing experimental configurations especially regarding the inner tube diameter: 11 mm for [START_REF] Shaddix | Quantitative measurements of enhanced soot production in a flickering methane/air diffusion flame[END_REF] versus 4 mm for [START_REF] Blair | Quantitative characterization of steady and time-varying, sooting, laminar diffusion flames using optical techniques[END_REF] and it is still difficult to understand the effect of such changes on the sooting properties of the flame during modulation of the flow. The differences in results might also be due to the fact that the comparisons should be made for similar Strouhal numbers (St = f L U with L the characteristic length and U the flow velocity) and not for the same modulation frequencies. Recently, Foo [START_REF] Foo | Soot evolution and flame response to acoustic forcing of laminar non-premixed jet flames at varying amplitudes[END_REF] investigated the effect of the inner fuel diameter by considering different burners with inner fuel diameters of 4.0 mm, 5.6 mm and 8.0 mm and modulation levels of 25, 50 and 75 %. It was found that an increase of amplitude from 25 % to 50 % does increase the maximum volume integrated for the 4.0-and 8.0-mm-diameter burners but that a further increase up to 75 % had no effect for the 5.6 diameter burner on the peak soot volume fraction or on the maximum volume integrated soot volume fraction explaining the difference highlighted in the literature. More generally, the global behavior of the flame response to an unsteady flow has been widely studied for non sooting cases and it has been found that flames behave as low pass-filters if the perturbed strain-rate fluctuations do not exceed the extinction value [START_REF] Egolfopoulos | Dynamics and structure of unsteady, strained, laminar premixed flames[END_REF][START_REF] Im | Counterflow diffusion flames with unsteady strain rates[END_REF][START_REF] Candel | Combustion dynamics and control: Progress and challenges[END_REF]. These conclusions were extended numerically to sooting flames [START_REF] Cuoci | Formation of soot and nitrogen oxides in unsteady counterflow diffusion flames[END_REF][START_REF] Cuenot | An unsteady laminar flamelet model for non-premixed combustion[END_REF][START_REF] Haworth | The importance of time-dependent flame structures in stretched laminar flamelet models for turbulent jet diffusion flames[END_REF]. More recently a propane-air counterflow sooting flame submitted to harmonic oscillations investigated in [START_REF] Rodrigues | Unsteady dynamics of PAH and soot particles in laminar counterflow diffusion flames[END_REF] was used to examine soot particles and PAH response to harmonic oscillations. The response featured a greater damping level and an augmented phase-lag as the frequency was increased confirming the experimental results presented in [START_REF] Decroix | Transient Flow Field Effects on Soot Volume Fraction in Diffusion Flames[END_REF] and [START_REF] Santoianni | Temperature imaging in an unsteady propane-air counterflow diffusion flame subjected to low frequency oscillations[END_REF]. More precisely, the phase lag and the 139 damping increase together with the soot particle sizes. The damping and phase lag are greater for the soot particles than for the PAH molecules revealing the differences in rates of PAH formation and soot inception. It was also noted that the temperature was the least affected by the flow modulation [START_REF] Xiao | Relative polycyclic aromatic hydrocarbon concentrations in unsteady counterflow diffuision flames[END_REF]. All these results illustrate the complexity of the investigated phenomenon. The objective of this chapter is to conduct additional LII measurements corrected for self-absorption in various unsteady conditions in the YDB configuration to improve the understanding of the effects of modulation on soot production and to extend the experimental database to allow further numerical validation.

Experimental setup

The Yale Diffusion Burner (YDB), presented in section 5.1 is considered to study pulsed diffusion flames. A loudspeaker is placed at the bottom of the burner where fuel is introduced. A 3D-printed item is placed over the loudspeaker to chanel sound waves in the fuel tube. The loudspeaker is controlled by a sound amplifier piloted with the same delay generator used for LII measurements so that the laser, the camera and the loudspeaker are perfectly synchronized. In pulsed flames measurements, the velocity of the fuel is modulated through the excitation of the loudspeaker so that the flow oscillation is perfectly controlled. Experimentally, the only parameters accessible on the loudspeaker is the amplification tension U of the amplifier device. To understand the physics behind the modulated flames it is important to precisely know:

• The modulation M of the flow that is defined by:

M = V max -V mean V mean × 100 (8.1)
where V max is the maximum velocity of the fuel during an oscillation cycle and V mean the mean velocity of the fuel for the steady flame • For each considered frequency f 0 , the initial time of each oscillating cycle t 0 ; where V f uel (t 0 ) = V max . In the present experiments tests are carried out for several frequencies and associated modulations summarized in table 8.1. Each M and t 0 (f 0 ) were determined with a hot wire at the exit of the fuel tube associated with the delay generator. It's important to note that as the velocity profile of the flow takes the form of a Poiseuille flow, the hot wire measurements will integrate the velocity over its length, leading to a biased measurement of the velocity. However as the steady velocity can be calculated using the mass flow and the measured dimensions of the burner (See Tab. 5.2), it is possible to associate the averaged velocity measured by the hot wire with the real maximum velocity leading to the measurements of M and t 0 . Once t 0 is determined, each cycle is divided in ten phases to study the evolution of soot production over a time period. LII measurements are carried out in a phase locking mode, i.e. each laser pulse is synchronized with a specific phase to acquire 200 images at each phase. Frequencies less than 10 Hz could not be considered in this case due to experimental limitations:

f 0 [Hz] M [%] 10 20 
• The nominal laser frequency is 10 Hz,

• Loudspeakers are not designed to operate at a lower frequency. All the experiments are carried out with the 80 % flame defined in chapter 5 and LII measurement are corrected for self-absorption based on the deconvolution process defined in chapter 6. These three figures exhibit different behaviors with some common features. In all three cases, the flame exhibits a maximum length for the minimum exit velocity meaning that in this case, the flame responds to the flow perturbation with a phase lag of φ = π. The modulations M = 20 % and M = 35 % are globally equivalent except for φ = π. For that value, the flame corresponding to M = 35 % is much longer than the one corresponding to M = 20 %. This indicates that the flame is not far from splitting in two parts. This split can be observed for the highest modulation level (M = 80 %) at φ = 7π/5. This modulation presents several pecularities:

LII results for different modulation frequencies

• The stretching of the flame is maximal as the wings of the flame extend up to 7 cm for φ = π, • A pocket of unburnt fuel characterized by an absence of soot is also detected between HAB=5 and 7 cm for φ = π, • A very small flame area of soot is detected for φ = 8π/5.

Integrated soot volume fraction at f 0 = 10 Hz

To understand the effect of modulation on the soot volume fraction field, one can define (given the asymmetry of the flame) the following volume integrated and time-averaged soot volume fraction operator :

< f v >= V F T f v dV dt = 1 N N i=1 r,z 2πrf v (r, z, i)drdz (8.2)
The sum is here carried out over N = 200 images Results for the three modulation levels are plotted in Fig. 8.4 as a function of the phase as well as the integrated soot volume fraction corresponding to the steady flame. A sinusoidal perturbation is applied to the flame, and one can expect a sinusoidal response of the flame if the system operates in the linear range. This is used to define a fit sinusoidal fit s(t) with an offset such that:

s(t) = Acos(2πf 0 t + Φ) + B (8.3)
In this expression A represents the amplitude of oscillation, Φ is the phase lag between the flow modulation and the oscillation of the integrated soot volume fraction and B is an offset coefficient. This waveform is added to Fig. 8.4 For f 0 = 10 Hz, one finds that Φ = 3.5 rad, meaning that the integrated soot volume fraction responds to the flow modulation with a delay about equal to a half-period τ T /2. It is interesting to note that this time lag is τ 55 ms.

The peak of integrated soot volume fraction increases for all forcing levels (up to a factor of 2 between M = 20 % and M = 80 %) a result which differs from that reported in [START_REF] Foo | Soot evolution and flame response to acoustic forcing of laminar non-premixed jet flames at varying amplitudes[END_REF] as presented in section 8.1. Two different behaviours can be identified in Fig. 8.4:

• A linear regime for M = 20 % and M = 35 % so that the fitting curve is in agreement with the experimental signal, • A non linear regime for M = 80 % where the signal ceases to be sinusoidal. For the three modulations, the mean value (i.e. the mean value of the integrated soot volume fraction over an entire period) are extremely close and can be considered to be equal. This value is slightly below that found in the steady case (by about 8 % ). Different trends are reported in the literature :

• Sapmaz and Ghenai [START_REF] Sapmaz | Two-dimensional imaging of soot volume fraction in pulsed diffusion flames by laser-induced incandescence[END_REF] observe a notable decrease of the integrated soot volume fraction between the steady and the unsteady case modulated flame at 10 Hz; • Shaddix and Smyth [START_REF] Shaddix | Laser-induced incandescence measurements of soot production in steady and flickering methane, propane, and ethylene diffusion flames[END_REF] showed that the two values were almost equals for a frequency of 10 Hz. Our experiments are closer that of Shaddix and Smyth since the slight difference might be attributed to experimental uncertainties (non uniformity of the laser sheet might appear at the top of the the longest flame especially for φ ≈ π for example).

Evolution of the amplitude A of the integrated soot volume fraction sinusoidal fitting with the modulation M

The amplitude A deduced from the sinusoidal fitting of the integrated soot volume fraction with the modulation M is plotted in Fig. 8.5. The linear correlation based on the amplitude deduced from the first two modulation levels M = 20 % and 35 % illustrates a clear linear behavior of the evolution of A with M while the point corresponding to M =80 % does not belong to the linear range. As it was shown in the previous section that the case for M = 80 % could be considered as non-linear, the meaning of the amplitude A is of course not pertinent. The linear regression is based on only the two experimental points with considering that A must be equal to 0 for a modulation level M equal to 0 %.

Spectral density of the integrated soot volume fraction signal at f 0 = 10 Hz

The non-linearity highlighted for M = 80 % can also be validated by making use of the Fast Fourier Transforms to estimate the spectral density of the different signals as illustrated in Fig. 8.6. In a linear system, any sinusoidal perturbation is transformed into another sinusoidal perturbation so that the FFT of the output signal would present only one harmonic centered on the frequency of the sinusoidal perturbation. In a non linear system, harmonics of the fundamental frequency should appear in the output FFT signal so that one can estimate the non linearity of the signal by measuring the strength of the different harmonics. In our case, given the experimental errors and the complexity of the phenomenon, one can estimate the non-linearity of each excitation by considering the relative strength of the second harmonic and beyond to the first harmonic corresponding to the modulation frequency. To simplify the discussion, one can define the relative weight of the i th harmonic to the first harmonic at the frequency f 0 and a modulation M by:

H i (f 0 , M ) = h i (f 0 , M ) h 1 (f 0 , M ) (8.4)
with h 1 (f 0 , M ) the intensity of the first harmonic with the frequency f 0 and a modulation M . The spectral density of the M = 80 % signal features several harmonics with a relatively high level (Fig. 8.6). In addition,

H 4 (10, 80%) = H 2 (10, 20%) (8.5)
so that the fourth harmonic of the M = 80 % signal has the same level as the second harmonic of the M = 20 % signal. This indicates again that the flame response is non linear for high levels of modulation and this is specifically the case for the integrated soot volume fraction measured for a modulation of 80 % at 10 Hz.

Phase diagram for f 0 = 10 Hz

The effect of the modulation of the fuel can also be understood by plotting the the integrated soot volume fraction at the different phases in the cycle with the corresponding fuel velocity in Fig. 8.7. It is also interesting to plot the evolution of the integrated soot volume fraction for the steady case with inlet velocity ranging from the minimum to the maximum inlet velocity obtained during the flow modulation. This figure is a clear way to understand that the response of the integrated soot volume fraction is phase lagged with respect to the flow modulation since it takes the form of elliptic curves that are not aligned with the steady flame reference curve. The two ellipses in fact represent the calculated sinusoidal response in this phase diagram. The time history of the flame response is also highlighted since a single fuel flow velocity can be associated to two different integrated soot volume fraction results for a given modulation M level. The flame evolutions for a modulation M = 9 % is in this case closer to a quasi steady response to the flow perturbations. Indeed, for φ = π, the inlet fuel velocity is minimum and the flame features the shortest length. The two highest modulation levels exhibit different characteristics. The flame splits in two parts around φ = 4π/5. The amount of unburnt fuel detached from the main flame increases with flow modulation so that the highest modulation features a comparable peak of f v peak for φ = 3π/5 in the detached soot pocket (3.24 ppm and 3.30 ppm for the main flame). Given the amount of soot detached from the main flame, considering the detached flame when evaluating the evolution of the integrated soot volume fraction with the phase of the flow modulation may cause an effect on the analysis. For this reason, the two cases are considered in the following section.

Integrated soot volume fraction at f 0 = 20 Hz

The integrated soot volume fractions corresponding to flow modulations M = [9 15 20] % are plotted in Fig. 8.12 without considering the detached flame. With f 0 = 20 Hz, the best sinusoidal fit is obtained with Φ = 6.5 rad. The phase lag is augmented as the frequency is increased from 10 to 20 Hz. The corresponding delay is slightly greater than a period of oscillation (τ 51 ms) and takes about a value which is close to that found for f 0 = 10 Hz. For the three modulations (M = [9 15 20] %), the experimental data and the sinusoidal fit are in good agreement indicating that the flames respond linearly to the flow modulation. The mean value over a period of the integrated soot volume fraction is below the mean of the steady case as also observed for f 0 = 10 Hz (even though the relative difference is now of 4.3 %). Fig. 8.13 displays the temporal evolution of the integrated soot volume fraction for a flow modulation level M = 35 % for two conditions by considering:

• The whole flame for the 35 % modulation • Only the main flame (corrected case) for φ = [3π/5; π] so that the top flame pocket is not included. Several differences may be seen in this figure :

• The phase lags are slightly different; (φ(M = 35%) = 6.3 and φ corrected (M = 35%) = 6.6) but are close to the one determined for lower modulation levels, • The amplitude A of the resulting modulation of the integrated soot volume fraction is quite different: 2.5 versus 3.6 for the corrected case, • The mean value of the integrated soot volume fraction for the uncorrected case is higher than the integrated soot volume fraction for the steady case contrary to the previous measurements at 10 Hz and 20 Hz with the low modulation levels, • A better agreement is found between the experimental data and the sinusoidal fit for the uncorrected case. Given these first results, it is reasonable to consider that the detached flame must be taken into account when evaluating the evolution of the volume integrated soot volume fraction over a period.

Evolution of the amplitude A of the integrated soot volume fraction sinusoidal fit with the modulation M

The evolution of the amplitude A of the sinusoidal fit of the integrated soot volume fraction with the modulation M is plotted in Fig. 8.14. As for the 10 Hz modulation frequency, a linear evolution of A with M is obtained for M = [9 15 20]%. Without the correction, the amplitude A is lower for M = 35 % than for M = 20% so that one may consider that the corrected case, (i.e. not accounting for the detached flame) is more representative for further discussion. Even with the correction, the 35 % modulation still cannot be suitably described by the linear fit that was used for the lowest modulation level. The response to this modulation level is clearly in the nonlinear regime. The second harmonic H 2 (20, 35) has a relative level that is three times higher than for the other modulations with a relative intensity of 0.1. This confirms that the flame response for M =[9 15 20] % is in the linear regime and that the response is nonlinear for M = 35 %.

Phase diagram for f 0 = 20 Hz

The effect of the modulation of the fuel can also be understood by considering the evolution of the integrated soot volume fraction for the different phases as a function of the fuel velocity. This is examined in Fig. 8.16 where the integrated soot volume fraction is plotted for the steady case for different fuel velocities matching those corresponding to the modulated cases. The experimental data are now aligned with the reference curve (shown in green) so that one may consider that the flame responds in a quasi steady manner. But in fact, the phase lag was measured to be close to 2π explaining the location of the experimental data points. 

Modulation at f 0 = 30 Hz

Results for the different modulation levels M at f 0 = 30 Hz are displayed in Fig. 8.17-8.20. For this frequency, the effects of the difference in levels cannot be clearly distinguished for the two lowest modulation levels. For M = 20 %, a clear evolution of the shape of the 2D soot volume fraction field is measured. The stretching of the flame is maximal for Φ = π. For M = 35 %, the flame adopts a singular shape. An inner region with no soot is detected for Φ = 2π/5. By considering the evolution of the flame during a period, one can assume that this region is composed of fresh fuel which will be consumed at a later time so that the soot free area will also disappear for Φ = 3π/5. For this modulation level, a break down of the flame is also observed for Φ = 7π/5. data and the sinusoidal fit is obtained so that one may consider that the flame response is in the linear regime. The mean value over a period of the integrated soot volume fraction is here again below the corresponding value for the steady case (with a difference of 7 %).

Evolution of the amplitude A of the integrated soot volume fraction sinusoidalfit with the modulation M

The linearity of the response may also be examined by plotting , the amplitude A of the sinusoidal fit of the integrated soot volume fraction as a function of the modulation level M plotted. Fig. 8.22 shows the linear regression based on the amplitude deduced from these points illustrates a clearly linear behavior of A with M confirming our previous conclusion regarding the linear domain.

Spectral density of the integrated soot volume fraction signal at f 0 = 30 Hz

The linear regime for M = 35 % may also be deduced from a spectral analysis of the integrated soot volume fraction signal (Fig. 8.23).

The different spectral densities show that harmonics are very low indicating that the response is linear. For M = 5 %, the spectrum features a relatively high harmonic content that is not consistent with previous observations. At this low level of modulation small errors can have a major impact on the As for the two previous frequencies, the phase diagram for f 0 = 30 Hz is presented in Fig. 8.24. For all the different amplitude of modulation, the phase diagram experimental points appears as elliptic curves (not shown) centered on the steady point (V = 35 cm/s and < f v >= 8 AU) and representing the sinuosoidal response. Increases in the modulation level lead to an increase in the size of the elliptical trajectory so that a wider area is occupied by the flame response.

Modulation at f 0 = 50 Hz

The result for the modulation M = 20 % at f 0 = 50 Hz is presented in Fig. 8.25. For this modulation, the flame is significantly distorted. The flame length is relatively constant around 6 cm indicating that the flame response is damped as the modulation frequency is increased.

Integrated soot volume fraction at f 0 = 50 Hz

The evolution of the integrated soot volume fraction corresponding to the flow modulation level M = 20 % is plotted in Fig. 8.26. As for the previous results, the mean value of the integrated soot volume fraction is slightly below the steady case. The sinusoidal fit is in good agreement with the experimental data so that one can conclude that the response is in the linear regime. A phase lag of Φ = 13.2 rad is calculated. This corresponds to a time lag τ 2.10T = 42 ms. This dela is slightly lower than those obtained previously.

Spectral density of the integrated soot volume fraction signal at f 0 = 50 Hz

The linear regime for M = 20 % can be confirmed by considering the spectral content of the integrated soot volume fraction signal plotted in Fig. 8. [START_REF] Geigle | Soot formation and flame characterization of an aero-engine model combustor burning ethylene at elevated pressure[END_REF]. This shows that the level of the different harmonics is near 0 for f /f 0 > 3. soot volume fraction (Fig. 8.30). In order to improve the results, the peak soot volume fractions are averaged over the 10 first maxima. The peak maximum soot volume fraction increases for all modulation frequencies with the modulation level but this is quite limited (less than 0.3 ppm) contrary to previous studies where the augmentation was more important. It was measured for example in [START_REF] Foo | Soot evolution and flame response to acoustic forcing of laminar non-premixed jet flames at varying amplitudes[END_REF], with a 4-0 mm inner tube diameter (which is very close to the one considered in the present experiment), an augmentation from 1.6 ppm for the steady case to 2.65 ppm and 3.48 ppm for a modulation of 25 % and 50 %. This important difference could be explained by the high soot volume fraction of the steady case (≈ 5 ppm) so that the sooting properties of the flame might not be enhanced contrary the experiments presented in [START_REF] Foo | Soot evolution and flame response to acoustic forcing of laminar non-premixed jet flames at varying amplitudes[END_REF].

The evolution of the peak volume averaged soot volume fraction with the modulation level M behaves in a different way. The maximum is multiplied by two between the steady flame and the highest modulation of 80 % for the 10 Hz frequency. For all frequencies, as expected, the maximum tends to the steady solution for the lowest modulation level.

Phase diagram at iso-modulation

The evolution of the phase diagram at iso-modulation level and for M = 20 and 35 % is represented in Fig. 8.31. This figure shows that for the same frequency, the response of the flame is globally the same, except for a change in the response amplitude. 

Bode diagram

The previous results, may now be used to study the flame response to flow modulation in the form of a Bode plot. For that, it it is necessary to define a gain G that characterize the variation of the integrated soot volume fraction in the unsteady flame with the variations of the flow modulation.

G(M, f ) = A/ < f v > steady (V max (f, M ) -V mean )/V mean (8.6)
where A is the coefficient obtained in the previous section in the sinusoidal fit defined in Eq. ( 8.3) for the evolution of the integrated soot volume fraction. From Eq. ( 8.1), one obtains the following expression for G: so that G can be expressed as:

G(M, f ) = A/ < f v > steady M (8.7)
On Fig. 8.32, the Bode diagram obtained for M = [ 20 35] % is represented showing that the flame may be assimilated to a low pass filter. The gain G presents two different behaviors:

• For f 0 = 10 Hz, G is close to -3 dB so that the relative perturbation of the integrated soot volume fraction is nearly proportional to the relative flow modulation. As for f = 0 Hz, i.e. for the steady flame, the gain is equal to 0 dB, one may consider that the gain is nearly flat below 10 Hz, • For higher frequencies, the gain decreases linearly drops by -28 dB (for f 0 = 50Hz) so that the flame does not respond to the flow modulation. This is so because the flame has a longer time scale with respect to the period of flow modulation. The phase Φ scales linearly with the modulation frequency and this may be expressed in the form:

Φ = 0.29f 0 (8.8)
This expression indicates that the time lag τ is of the order of 50 ms as indicated in the detailed analysis of the different operating conditions.

Conclusion

The self-absorption correction process developed in the previous chapter has been successfully applied to sooting flames modulated at different frequencies with a driver unit. This is used to identify effects of flow modulations on the flame in terms of integrated soot volume fraction (averaged over the entire volume of the flame). The response of the flame lies in the linear regime at low modulation levels. Non linear effects are manifested at higher levels of modulation as can be seen by considering the time response, the phase diagram trajectory and the spectral content of the integrated soot volume fraction signal. A gain and phase-lag are identified for the flame response when the system operates in the linear range. The flame acts as a linear low pass filter with a characteristic time lag. At high frequencies the gain is reduced and the flame does not respond to the incoming perturbations.

Introduction

As pointed out in chapter 2, many experiments already exist on turbulent sooting configurations but there are no experimental data on soot production in perfectly premixed turbulent flames operating in rich conditions. This situation has some attractive features and may in particular be quite interesting for numerical simulations because it is not influenced by mixing between fuel and oxidizer. Using rich premixed flame, it is possible to investigate equivalence ratio effects on soot production independently from reactant mixing. On the practical side, one has to solve the challenging problem of designing a combustor that will be able to operate under turbulent rich conditions and to use preferably a swirling injection system in a flame configuration that is closer to those found in industrial applications. The EM2Soot test rig designed at EM2C laboratory responds to this challenge. It is able to operate under variable equivalence ratio and power loads. The pressure in the system is close to the atmospheric value. Perfectly premixed gases are injected through a swirler. The geometry of this novel configuration is first described in Section 9.1 . The domain of operation is explored in Section 9.2 as well as the flame dependence on injection parameters. The initial experiments carried out in this system indicated that the thermal conditions of the walls had a notable influence on soot production. These different aspects are examined in section 9.4 where the evolution of the soot volume fraction is examined as a function of parameters such as the equivalence ratio, the flame power or the wall temperature. This chapter is adapted from an ASME conference publication [START_REF] Roussillo | A new experimental database for the investigation of soot in a model scale swirled combustor under perfectly premixed rich conditions[END_REF].

The EM2Soot burner

As indicated in the introduction, the objective has been to design a laboratory scale fully premixed swirled combustor operating under rich conditions to study soot production. It was not easy to find previous work with a similar objective so that the development of the EM2Soot test configuration was essentially based on an iterative procedure focused on the injector design and combustion chamber definition. The idea was to stabilize a sooting flame attached to the bluff-body located at the exit of the injector in order to give a fixed boundary conditions for future numerical simulation. Different parameters defined below and displayed in Fig. 9.1 have been studied

• The area A of the confinement (i.e. the combustion chamber)

• The diameter of the bluff-body (if present) D bb • The inner diameter of the insert D i

• The diameter at the exit of the injector D s = D i + 2∆

• The length of the step ∆ (if present)

• The swirl number S • The angle α. Following the choice of injector design, the selected confinement was then transformed into a square configuration by keeping the total area constant to be able to perform laser based diagnostics in the combustion chamber. The geometry of the burner comprises three components: the plenum, the injector and the combustion chamber. The system is fed with ethylene and air at ambient temperature (T inj = 293 K) that are mixed in the upstream manifold. The mixture is injected at the bottom of the plenum through two radial tubes of 12 mm inner diameter. Honeycomb is inserted in the injection duct to break down any residual structure resulting from the interaction of the two radial jets. The fresh mixture then passes through a radial swirler (geometrical swirl number S = 0.7) before reaching the injector end-piece. Twelve thermocouples (as shown in Fig. 9.1) are inserted in the bluff body (1 thermocouple: r = 0), in the bottom of the chamber (3 thermocouples located at r = [35.5 43.5 51.5] mm ) and along one side bar (8 thermocouples localized at HAB i = 23 + (i -1)30 mm). These sensors measure the temperature on the inner side of the chamber and give an indication of the gas temperature in the vicinity of the wall. The combustion chamber is composed of four quartz windows for laser based diagnostics. A convergent nozzle is installed at the exit of the chamber, allowing the stabilization of a second flame fed by the ambient external air (as illustrated in Fig. 9.3) that burns the hot exhaust of the rich premixed flame (unburnt gases, hydrogen, carbon monoxide,..). The second flame does not influence the primary combustion region because the chamber is sufficiently long and because of the convergent nozzle that avoids a possible entrainment and recirculation of ambient air. This second flame is of no relevance to the present analysis. The first configuration, called EM2Soot-A, comprises a chamber which measures 250 mm in height and has a square cross section of 118×118 mm 2 . Four quartz windows (90 mm×250 mm×3 mm) are mounted between metal bars as sketched in Fig. 10.8. The final injector design (Fig. 9.1) comprises a bluffbody (D bb = 10 mm) with an injector (D i = 17 mm, D s = 22 mm, 2α = 30 o ) which can be resumed in "injector 17-22-30". In this configuration, the effects of the flame power, of the equivalence ratio and of the thermal environment are presented in the following sections.

Flame parametrization

The burner is designed to stabilize the flame for a wide range of experimental conditions, in terms of flame power release and equivalence ratio φ. As the EM2Soot burner is used under rich conditions, two definitions for the power of the flame can be used: -The total flame power, P tot = P CI C 2 H 4 ṁF , where ṁF is the total flow rate of ethylene injected in the burner. This corresponds to the heat release of both premixed and diffusion flames as illustrated in Fig. 9.3. -The premixed flame power P prem = P CI C 2 H 4 ṁP F , where ṁP F corresponds to the effective flow rate of ethylene that reacts inside the premixed flame: ṁP F = ṁO 2 /s, with s = 3.43 the stoichiometric coefficient for ethylene/air combustion and ṁO 2 the total flow rate of oxygen injected in the burner. One may note that the equivalence ratio, the premixed flame power and the total power are linked through: so that only two of these parameters are needed to fully define the operating conditions of the system. It is convenient to use the equivalence ratio φ and the premixed flame power P prem for that purpose. One may note that the power released in the premixed flame is essentially proportional to the mass flow rate of oxygen which is approximately proportional to the total mass flow rate of air (since the mass flow rate of ethylene is negligible with respect to the mass flow rate of air). The power release then defines an injection velocity into the system and fixes a Reynolds number. It is also worth noting that P prem only provides an estimate of the heat release because the final state of the burnt gases corresponds to an equilibrium of gases like CO, H 2 and unburnt hydrocarbons. It will be shown in section 9.4 that the thermal environment has a strong impact on soot production in the system. This may be characterized in an arbitrary way by an inner wall temperature T c measured by a thermocouple inserted in one of the side bars at mid height (113 mm above the chamber backplane: bottom of the burner close to the bluff-body). In conclusion, results will be presented in terms of the equivalence ratio φ, premixed flame power P prem and characteristic wall temperature T c .

φ = s ṁF ṁO 2 = P tot P prem (9.1) 

Definition of a mean time-averaged soot volume fraction

In order to study the effect of the three parameters on soot production defined in the previous section, only the area comprised between the green lines in Fig. 9.4 is considered as most of the light is emitted from this lower part of the chamber, where a yellow flame characterized by a high luminosity is observed. This image can be interpreted as a first indication of soot presence and location. The evolution of the soot production and the flame luminosity in this zone is studied by making use of LII and images of the flame broadband emission of light recorded with a Nikkon D-7000 with an exposure time of 2 ms. This camera records visible light in a wavelength range extending from 420 to 690 nm [START_REF] Masanori | Estimation of spectral distribution of sky radiance using a commercial digital camera[END_REF]. These long exposure light emission images will be used to illustrate the effect of the equivalence ratio, flame power and thermal environment on soot volume fraction. However, one should remember that the flame broadband light emission is strongly related to the flame/soot temperature via the Planck's law.

The LII signal is stored into a 3-D matrix:

f v (x, y, t) ∈ R Nx×Ny×Nt +
, with N x = 1024, N y = 1024 and N t = 400. The time-average operator • is defined as:

fv (x, y) = 1 N t Nt 1 f v (x, y, t). (9.2) 
Time-averaged levels of soot volume fraction are calculated over 400 images, a sufficiently large number of instantaneous fields assuring that the time-averaged value is converged. This implies an acquisition time of 40 s (images are captured at 10 Hz), sufficiently small to prevent the obscuration of the quartz window by soot particles and assuring a quasi-steady thermal state. Following the time-average operator, the spatial averaging operator < • > over the area A g = N xg × N yg , takes the form:

< f v >= 1 N xg N yg Nx g Ny g x=1,y=1 f v (x, y), (9.3) 
Finally, all results are analyzed through the combination of both operators leading to the mean time-averaged soot volume fraction defined as:

< fv >= 1 N x N y N t Nt t=1 Nx g Ny g x=1,y=1 f v (x, y, t) (9.4) 
9.4 Effect of T c , φ and P on soot production

Effect of the thermal environment

Because soot production takes place in the vicinity of the wall, it is important to note that the wall temperature increases and that the radiation intensity a. b. and the soot volume fraction also increase with time. This process starts as the wall temperature increases from its initial ambient value (293 K). Although the wall temperature increase was expected and is due to radiative and convective heat transfer from the flame, the increase in soot yield with time indicates that the thermal environment in turn modifies the flame and the corresponding soot production. This may be illustrated by considering a thermocouple located in one of the bars forming the chamber structure located at y = 113 mm from the backplane. For simplicity, its temperature (T c ) will be designated as the "wall temperature" in the following. By changing the value of T c through the preheating process, while all other variables are kept constant, it is possible to characterize the effect of the thermal environment on the flame and on soot production. This is illustrated in Fig. 9.5a (corresponding to P prem = 7.14 kW and φ = 2.1) by plotting the flame luminosity as a function of the wall temperature. It is found that the visible radiation signal increases with the wall temperature. Results in Fig. 9.5 show that both flame intensity and soot volume fraction increase with the wall temperature. In particular, the mean time-averaged soot volume fraction is multiplied by a factor of 4 when the temperature T c is augmented from 370 to 680 K. As a conclusion before performing LII measurements, one should verify that the chamber has attained the thermal equilibrium, which results from the sootheat transfer coupling. Unfortunately, this operation requires a long time (of the order of 30 minutes), and cannot be performed due to the fast obscuration of the quartz windows by the soot particles formed in the flame. Under heavily sooting conditions this obscuration takes about two minutes. To circumvent this issue and assure that the experiment is operable, the chamber is first preheated with a lean flame (φ = 0.5, P tot ≈ 7 kW). This procedure is employed before each experiment until the target temperature is reached. The equilibrum temperature matching the one from the rich sooting regime was not considered due to the intense heating of the quartz windows eventually leading to damage. In the following experiments, this temperature was a. lean region between φ = 0.4 and φ = 0.7 and decreases between φ = 1.3 and φ = 1.5. It was not possible to stabilize and consequently to investigate the flame in the vicinity of the stoichiometric value because of flashback issues. The signal detected by the camera starts to rise again for φ > 1.5. This is not due to the OH * chemiluminescence but to the radiation of soot particles that is strong enough to compensate the low filter transmissivity in the band 800-1200 nm. For equivalence ratios exceeding φ=2.4, the signal decreases due to the reduction in soot volume fraction in this regime as already shown in Fig. 9.7. One may deduce from this observation that the first soot particles appear at φ ≈ 1.6, close to the value determined in laminar premixed flames [START_REF] Bladh | Probing the smallest soot particles in low-sooting premixed flames using laser-induced incandescence[END_REF][START_REF] Betrancourt | Investigation of the size of the incandescent incipient soot particles in premixed sooting and nucleation flames of n-butane using LII, HIM, and 1 nm-SMPS[END_REF] 1 . The soot emission becomes so dominant that it is not possible to obtain with the current setup images of OH * emission fields of the flame at equivalence ratios corresponding to the range where soot is present. Concerning LII measurements (Fig 9 .7b), the soot volume fraction is only detectable when the equivalence ratio exceeds φ = 1.7, a value that is probably linked to the detection limit of the optical setup (f min v = 10 ppb). The soot volume fraction increases with φ reaching a maximum at φ = 2.1. It then decreases after this critical value until the rich extinction limit φ = 2.8. It is found that φ = 2.1 is the equivalence ratio leading to a maximum of soot production for all the power levels considered in this configuration. Experiments also indicate that the flame power does not affect the value of the critical equivalence ratio, i.e. the maximum soot volume fraction is recorded at a fixed equivalence ratio of φ = 2.1 for a wide range of Reynolds numbers. However this critical equivalence ratio is probably strongly dependent on the burner design. Soot luminosity and total soot volume fraction increase with the premixed power release P prem , as observed in Fig 9 .9. However, after an initial quick growth, the soot volume fraction reaches a "plateau" at higher power levels. These conclusions regarding the effect of the equivalence ratio and the thermal environment on the soot production have also been investigated in a simple numerical configuration presented in Appendix A.

Conclusion

An innovative model scale combustor called EM2Soot has been successfully designed to stabilize rich premixed ethylene/air turbulent sooting flames. Soot production was studied quantitatively with LII for different equivalence ratios, flow rates and thermal conditions. A strong interaction is highlighted between the thermal environment (estimated by a selective thermocouple inserted in a metallic bar holding the quartz windows) and the soot production. It is found that the soot volume fraction is increased as the wall temperature is augmented. Furthermore, these experiments highlight two critical equivalence ratios, the first (φ = 1.6) is the minimum equivalence ratio to detect soot particles through their black-body radiation while the second (φ = 2.1) is the optimum equivalence ratio for soot production. These values are expected to

Introduction

We now investigate soot production under rich premixed conditions by examining a specific operating point. This point chosen on the basis of the study presented in chapter 9 is characterized by an equivalence ratio φ = 2.1 and a total flame power P tot = 15 kW. The power release in the premixed flame of 7.4 kW assures a sufficient level soot production allowing LII measurements at an acceptable rate of obscuration of the quartz windows. It is then possible to use laser based diagnostics with an acceptable periodicity of window cleaning. The flame investigated in this chapter and shown in Fig. 10.1 is first studied by PIV in section 10.1. Soot production is then characterized in section 10.2 using the laser induced incandescence technique and is based on the publication to the previous Symposium of Combustion [START_REF] Roussillo | Experimental investigation of soot production in a confined swirled flame operating under perfectly premixed rich conditions[END_REF]. Results obtained are discussed in section 10.3 in regards with the new results obtained regarding the laser sheet spatial expansion throughout the burner and presented in Sec. 6.4. are quite close at 293 K (1.16 and 1.18 for nitrogen and ethylene). Particles of TiO 2 with a diameter comprised between 1.0 and 2.0 µm are seeded in the flow. A set of 1500 couples of Mie scattering images are analyzed using the Dantec DynamicStudio software. Measurements are carried out using a 32×32 pixels interrogation area with an overlap of 25% and an adaptive correlation algorithm. Finally, the velocity field in the chamber is investigated in three areas corresponding to three different levels to characterize the flow in the entire chamber. All images presented in the following also show the metallic corner bars holding the quartz windows and hiding a region of 1 cm on the left and right sides of each figure.

EM2Soot-A results

Fig. 11.2 shows the two dimensional velocity field in a plane passing through the center of the injector for HAB (Height Above the Burner) < 8 cm. The velocity vectors are colored by the value of their norm and the red line delineates the position of the IRZ (Inner Recirculation Zone) where the axial velocity v is equal to zero. This figure highlights a specific behavior at the exit of the injector, the flow is almost tangential to the burner backplane creating two recirculation zones between HAB = 1.5 cm and HAB = 4 cm next to the lateral quartz windows. The existence of these two regions is confirmed by the radial and axial velocity components plotted in Fig. 10.3. This flow structure is the result of the coupling between the swirl number and the angle α of the injector endpiece.

The velocity decreases with HAB so that in the second part of the burner (HAB > 8 cm) it is necessary to increase the delay between the two frames used in the PIV (δt 2 = 100 µs) to augment the quality of the measurements. The resulting velocity fields are presented in Fig. 10.4. The middle part of the burner (9 cm < HAB<15 cm) is characterized by a low velocity (up to 0.9 m.s -1 ), with a positive axial velocity close to the walls and a low negative value in the middle of the burner. One also notes that the radial velocity is close to 0 for HAB above 8 cm, so that the flow becomes essentially parallel with a low axial velocity component.

Reactive flow under rich operating conditions

Contrary to the non reactive case, under rich reactive conditions there is no need to seed the flow with particles as soot particles may be used as tracers of the flow and are present almost everywhere in the chamber. PIV measurements carried out in the EM2Soot-A configuration are presented in Fig. 10.5 a) with the corresponding axial and radial component of the velocity in b) and c).

In reactive conditions, the velocity at the exit of the injector is also tangential and close to the burner backplane. The Inner Recirculation Zone is here closed contrary to the non-reactive case. Beyond HAB= 14 cm, the flow is mainly convected vertically along the quartz windows with a radial component close to 0. This kind of flame structure is already described in some previous studies but only for lean premixed flames. The effect of the injector endpiece angle is considered for example by Vanoverberghe and al. [START_REF] Vanoverberghe | Confined annular swirling jet combustion[END_REF] in an analysis of what they designate as Coanda Stabilized flames where a ring flame clinges to the injection wall. The effect of the endpiece angle, also called quarl or cup in the technical literature, is also investigated in a recent study by [START_REF] Degenève | Effects of a diverging cup on swirl number, flow pattern and topology of premixed flames[END_REF] and illustrated in Fig. 10.6. Although these measurements were carried out in a lean premixed reactive conditions without bluff-body and with a high-quarl angle of 45 o , some similarity can be found with the present data. The IRZ occupies a major part of the chamber and the stream is nearly horizontal at the injector exit. The major differences being the absence of bluff-body in Fig. 10.6, resulting in a small area up to HAB = 4 cm with a positive axial velocity around the axis of the burner created by the exit velocity of the fresh gases.

Flame reaction zone measured by OH * chemiluminescence

It is shown in the previous chapter that it is not possible to measure the OH * chemiluminescence signal in a sooting flame due to the low OH * concentration in the flame and to the high level of black-body radiation of soot particles that is detected because of the secondary rebound of the OH * bandpass filter. However, by considering the OH * field from a lean flame (φ = 0.66) in Fig. 192 Chapter 10 -Characterization of the gaseous and solid phases in the reference configuration that the OH * signal essentially originates from the combustor backplane plane, indicating that the swirled flame expands in the lateral direction. This peculiar flame structure has already been observed for perfectly premixed lean swirled flames [START_REF] Jourdaine | Effect of quarl on N 2 -and CO 2 -diluted methane oxy-flames stabilized by an axial-plus-tangential swirler[END_REF] in a similar burner and depends on the injector geometry. By assuming that the flame structure will keep a similar shape at higher equivalence ratios, one may consider that the reaction zone for the sooting flames examined in this configuration is established near the combustor backplane. This is also confirmed by the presence of a blue flame in this region for φ = 1.6 -1.7 (Fig. In the absence of the OH radical in the rest of the chamber and in the presence of an ambient gas stream depleted in oxygen in the rich premixed operating conditions, soot oxidation is expected to be quite limited in this configuration contrary to the situation prevailing in turbulent diffusion flames.

Soot production characterization

Soot production is investigated in EM2Soot-A with the LII setup described in chapter 6. This analysis is based on results reported in an article presented at the International Symposium on Combustion 2018 [START_REF] Roussillo | Experimental investigation of soot production in a confined swirled flame operating under perfectly premixed rich conditions[END_REF]. These original data are presented in the present section. They will then be revisited in section 10.3 by making use of a more recent understanding of effects induced by the laser sheet expansion and its consequences for LII measurements. The following data correspond to the original article and the data has been directly extracted from that reference [START_REF] Roussillo | Experimental investigation of soot production in a confined swirled flame operating under perfectly premixed rich conditions[END_REF].

Soot structure

Images of the LII signal in the form of instantaneous soot volume fraction fields are displayed in Fig. 10.8a. It is worth noting that the laser beam enters the chamber from the left side. A net reduction in the intensity level can be observed on the right side, providing an indication on the soot absorption of the laser sheet as it travels in the chamber. Measurements in the right side of the a. ) close to the bottom plane (HAB < 4 cm), which is fairly small compared to the levels classically observed in turbulent nonpremixed flames [START_REF] Mahmoud | The effect of exit strain rate on soot volume fraction in turbulent non-premixed jet flames[END_REF][START_REF] Lee | Measurements of soot, OH, and PAH concentrations in turbulent ethylene/air jet flames[END_REF]. Further downstream, the level of instantaneous f v generally decreases. Soot volume fraction regions appear in the form of layers of approximately 0.5-2.5 mm thickness, which are clearly distinguishable and geometrically similar to those found in previous experiments [START_REF] Franzelli | Time-resolved spatial patterns and interactions of soot, PAH and OH in a turbulent diffusion flame[END_REF][START_REF] Lee | Measurements of soot, OH, and PAH concentrations in turbulent ethylene/air jet flames[END_REF]. A close-up view of these ligaments is presented for two HABs in Fig. 10.8b. The effect of turbulent eddies on the ligaments is quite visible, as they are wrinkled and distorted by the turbulent flow. Close to the injection plane (bottom image in Fig. 10.8b), larger eddy structures can be observed, so that soot particles occupy a reduced surface area, i.e. a high preferential concentration of soot particles prevails. Downstream (top image in Fig. 10.8b), large eddy structures are less visible reducing the preferential concentration of soot. One may note that the spatial soot organization differs from that observed in the swirled non-premixed flame investigated by Geigle et al. [START_REF] Geigle | Soot formation and flame characterization of an aero-engine model combustor burning ethylene at elevated pressure[END_REF][START_REF] Geigle | Investigation of soot formation in pressurized swirl flames by laser measurements of temperature, flame structures and soot concentrations[END_REF], which is one of the best experimental databases available in the literature for confined swirled sooting flames. This is most likely due to the different combustion modes. In particular, soot appears near the chamber walls in the present configuration in contrast with the pattern obtained in the DLR flame where f v reaches its largest levels in the middle of the chamber and is nearly negligible in the outer recirculation zone close to the walls. (We will however see in chapter 12 that it is possible to obtain "V" or "M" flame patterns which are closer to those investigated in [START_REF] Geigle | Soot formation and flame characterization of an aero-engine model combustor burning ethylene at elevated pressure[END_REF][START_REF] Geigle | Investigation of soot formation in pressurized swirl flames by laser measurements of temperature, flame structures and soot concentrations[END_REF] by modifying the geometry of the injector endpiece). Soot ligaments are also shorter than those found in the present experiment but both configurations feature a high spatial preferential concentration of soot, also designated as spatial intermittency. In the DLR flame, soot presence is related to the mixture fraction field and is linked to locally rich zones promoting soot production. The spatial distribution of soot then depends on turbulent mixing. In the present premixed flame, soot production is not governed by the local equivalence ratio since it is homogeneous in the whole chamber. Here, soot is expected to be mainly affected by the turbulence through fresh and burnt gas mixing, its effects on local flame properties (such as temperature or soot precursor concentration) and the stretch induced on soot ligaments by turbulent eddies. Spatial soot structures are now investigated by examining LS images [START_REF] Franzelli | Time-resolved spatial patterns and interactions of soot, PAH and OH in a turbulent diffusion flame[END_REF] to collect information on soot presence and complement the LII data. This is exemplified with quasi-simultaneous measurements of LS and LII performed with the same laser sheet generator with two Nd:YAG lasers doubled to 532 nm. Light scattering is measured with a first low energy laser shot 20 ns before the LII shot to prevent any parasitic LII signal and vaporization of smallest soot particles. Results are displayed in Fig. 10.9. The LII signal (red) only features a few ligaments close to the wall as it pertains to sufficiently high detectable values of f v . The LS signal (black) is superimposed on the LII signal where this signal is present but also recovers more soot ligaments everywhere in the chamber. These ligaments may be constituted by a small number of large aggregates or a big number of nuclei particles, so that the total soot volume fraction is negligible and therefore not detectable by the LII. At this point, it is not possible to know which is the correct interpretation. However, since light scattering of spherical particles in the Rayleigh regime is proportional to d 6 p , the first proposition, i.e. small number of large aggregates with bigger primary particle diameter d p compared to soot nuclei, seems more likely but there is no clear proof of it at this stage. This point might be resolved in the future by performing time-gated LII measurements [START_REF] Franzelli | Multi-diagnostic soot measurements in a laminar diffusion flame to assess the isf database consistency[END_REF]. A two-dimensional instantaneous field of light scattering is displayed in Fig. 10.10a by combining two uncorrelated images. Long soot ligaments highly wrinkled by the turbulent eddies are detected in the whole region. By comparing LII and LS instantaneous results (Figs. [START_REF] Seinfeld | Clouds, contrails and climate[END_REF].8b and 10.10a, respectively), it can be deduced that sufficiently high values of f v prevail along the walls, but soot particles are actually present everywhere in the chamber.

Time-averaged and RMS fields of f v

The time-averaged field of soot volume fraction f v is obtained by summing n = 300 images. Results are shown in Fig. 10.11a. As already indicated, the asymmetry of the results is due to the soot absorption of the laser sheet that enters the chamber from the left. Time-averaged results confirm that f v is nearly negligible in the middle of the chamber and takes detectable values close to the walls. The time-averaged soot volume fraction initially reaches a maximum value of 10 ppb (region A for 1 < HAB < 5 cm), then decreases downstream to around 6 ppb (region B for 5 < HAB < 12 cm) and finally increases again to about 8 ppb (region C for 12 < HAB < 18 cm). The trend observed for f v dif- a.

-4 -2 0 2 4 r [cm] fers from what may be concluded from the flame luminosity image Fig. 10.1. 1Considering the flame luminosity image one might be led to conclude that soot is present in the whole chamber while LII measurements only show high soot volume fraction levels along the lateral walls. However, the difference is due to the fact that the light intensity signal is integrated along the line-of-sight and cannot be compared to the planar 2-D field of f v obtained with LII. Second, from Fig. 10.1, f v is expected to reach its maximum value near the chamber backplane and to rapidly decrease from that point. These conclusions are not confirmed by the LII measurements since f v plotted in Fig. 10.11a features high values at HAB ≈ 16 cm. This definitely indicates that flame luminosity cannot be used to estimate the spatial evolution of f v in the chamber since light is integrated over the line of sight and the radiated intensity also depends on the forth power of the temperature.

Results from the standard deviation of f v , σ, are displayed in Fig. 10.11b. One finds that σ is maximum in region A and decreases in regions B and C, whereas f v has a non monotonic behavior. This indicates a complex behavior of soot production that may be investigated by characterizing the temporal intermittency of the soot distribution.

Temporal soot intermittency and turbulence effects

Soot production in turbulent flames is known to be a highly intermittent phenomenon [START_REF] Franzelli | Time-resolved spatial patterns and interactions of soot, PAH and OH in a turbulent diffusion flame[END_REF][START_REF] Qamar | Soot volume fraction in a piloted turbulent jet non-premixed flame of natural gas[END_REF][START_REF] Narayanaswamy | Simultaneous LII and PIV measurements in the soot formation region of turbulent non-premixed jet flames[END_REF], which may be characterized by the intermittency a.

-4 -2 0 2 4 r [cm] index Ω [START_REF] Magnussen | An investigation into the behavior of soot in a turbulent free jet C 2 H 2 -flame[END_REF]:

Ω(x, y) = 1 - 1 N t Nt t=1 I(x, y, t) (10.1) 
where I(x, y, t) is the presence index:

I(x, y, t) = 0 if f v (x, y, t) < 1 if f v (x, y, t) ≥ (10.2)
The previous expression introduces a threshold which corresponds to the arbitrary level below which soot is considered absent to take into account the intermittency.

The 2-D intermittency index, displayed in Fig. 10.12, reaches its minimum in region C, indicating that soot presence is sporadic for small HAB (regions A and B), whereas soot particles are more likely to be continuously detected at higher values of HAB (region C). The temporal intermittency can strongly affect the interpretation of soot production trend, especially when it is based on time-averaged fields. Therefore, a weighted time-average operator • is here introduced to take into account the intermittency of soot particles, by weighting time-averaged soot volume fraction by the presence of soot particles: region are summarized in Fig. 10.13. Here, each variable has been spatially averaged over a surface of 1 cm × 1 cm (r ∈ [-4.9; -3.9] cm). The temporal and spatial evolution of soot volume fraction can be characterized by combining results from Fig. 10.13 with local information on the probability to detect a certain value of soot volume fraction. For this, the probability density function (PDF) of f v for three axial positions corresponding to regions A, B and C are shown in Fig. 10.14. Each histogram represents the distribution of instantaneous soot volume fraction in a square of 5 × 5 mm 2 centered on r = -4.5 cm accumulated over 300 images (HAB = 3, 10, 17 cm). In each histogram, f v and σ values are reported. The red line provides an estimation of the PDF for the f v values below assuming a log-normal distribution. Region A is characterized by a high soot temporal intermittency, indicated by the height of the first vertical bar. When soot is detected, the f v threshold is the most probable value and, at the same time, the highest values of f v (about 0.15 ppm) are observed in this region, leading to a maximum σ value in the center of region A (HAB= 3.5 cm). This region corresponds to the IRZ so that this behavior possibly indicates that the large eddies of the turbulent flow observed in this region in Fig. 10.8c induce a high variability of instantaneous f v values. Thus, soot production can be enhanced or diminished by their actions, a feature discussed in [START_REF] Cetegen | Soot topography in a planar diffusion flame wrapped by a line vortex[END_REF][START_REF] Franzelli | Numerical investigation of soot-flame-vortex interaction[END_REF] for a single vortex interacting with a sooting laminar flames. Downstream, the region close to the wall for 5 < HAB < 12 cm (zone B) features nearly the same level of intermittency as in region A. Its most probable f v value is close to but σ is reduced so that the final time-averaged and weighted time-averaged values are smaller than in region A. Finally, for higher HAB (region C) soot temporal intermittency is drastically reduced. Since σ features its smallest values, f v is high again at HAB= 16 cm. In summary, rich premixed swirled flames feature a strong relation between the spatial structure (Fig. 10.8c) and the temporal variability of f v . Close to the chamber bottom corners, long ligaments of soot are wrinkled by turbulence forming large eddy soot structures with a spatial preferential distribution which temporally results in a high level of intermittency. In addition, strain rate and curvature effects induced by vortices are known to decrease or enhance soot production, respectively, increasing the variability of f v value along a soot ligament [START_REF] Franzelli | Numerical investigation of soot-flame-vortex interaction[END_REF]. Downstream, f v is detectable via LII close to the wall and a quasi-homogeneous spatial distribution of soot is observed (Fig. 10.8c), probably due to an attenuation of the eddies strength near the wall. This results in a thinner PDF for f v and a higher probability to detect soot as a function of time.

f v (x, y) = Nt t=1 f v (x,

Discussion and conclusion

The data described previously correspond to experiments carried out on a turbulent premixed sooting flame. This flame is characterized by PIV, LII, light scattering and OH * chemiluminescence. All the measurements were carried out under a transient mode of operation, making use of a lean preheating flame to assure both a sufficient soot production and the repeatability of the different experiments. The reference point was fixed with the use of reference temperature measured on a thermocouple inserted in one of the metallic bars of the combustion chamber. The LII results suggest that soot particles were mainly concentrated along the quartz windows. Soot particles could not be detected by LII near the r = 0 axis because the soot volume fraction in this region was below the detection limit. Experiments were carried out with an

Introduction

The experiments described in the previous chapter and carried out in the EM2Soot-A configuration indicated that the geometry needed to be improved to increase the field of view. This led to the design of a new chamber designated as EM2Soot-A'. The geometry of the two chambers are shown in Fig. 11.1 highlighting the difference in the corner bars design. It is worth noting that the internal area of the combustor remains the same so that one may expect that the flows in the two systems will be quite similar. To confirm this hypothesis, PIV measurements in non-reactive and reactive conditions are carried out in this new configurations and presented in section 11.1. The new configuration is then investigated by the laser induced phosphorescence (LIP) technique to measure the wall temperature (section 11.2). Finally, LII measurements are presented in section 11.3 together with a thorough discussion of the validity of the method developed to correct for the laser sheet expansion effects. is equal to zero. The dark dotted line illustrates the previous field of view corresponding to the EM2Soot-A configuration.

Characterization of the flow

As for the EM2Soot-A results, the non reactive PIV measurements in EM2Soot-A' feature an almost tangential flow at the exit of the injector, thus creating two recirculation zones on the left and on the right sides of the burner between HAB = 1.5 cm and HAB = 4 cm and next to the lateral quartz. Downstream, the flow is here again mainly vertical along the quartz windows as confirmed when considering the u and v components illustrated in Fig. 11.2 b) and c).

As expected, PIV measurements carried out in non-reactive conditions in an axial plane passing through the center of the injector with both the EM2Soot-A and A' configurations give similar results. The main difference being the increase of the measurable field along the lateral quartz walls allowed by the geometrical change of the chamber. To better illustrate the similarity between the two configurations, we can consider different profiles of the velocity and its component extracted at different heights in Fig. 11.3. The different profiles confirm that the flow features the same velocity profiles in the two configurations EM2Soot-A and A' so that the change in the confinement design has no major impact on the non-reacting velocity fields. 

Reactive flow under rich operating conditions in EM2Soot-A'

PIV measurements carried out in the EM2Soot-A' configuration are displayed in Fig. 11.4 and 11.5. All experiments are carried out after a preheating of the chamber with a lean flame until the temperature of the thermocouple defined in chapter 9 has reached 600 K. In order to enhance the field of view, the camera is slightly moved to the left of the chamber. As the laser light travels from the right to the left, the absorption by soot particles in the right side of the chamber remains limited. The results feature a slight discrepancy between the right part and the left part that could not be explained. Under reactive flow conditions, the velocity at the exit of the injector is also tangential close to the burner backplane confirming that a toroidal flame is formed near that plane. The Inner Recirculation Zone (IRZ) is here closed contrary to the non-reactive case. Beyond HAB = 14 cm, the flow is mainly directed outwards along the quartz windows with a radial component that nearly vanishes. To get a better view of the flow in the downstream region, it is interesting to examine the evolution of the u-component along the height of the burner.

For that, we consider the variable G, defined as follows: The evolution of the normalized volume flow rate G is represented in Fig. 11.6 for the two configurations A and A'. The two curves are quite similar with a minimum located close to HAB = 5 cm. The difference, especially regarding the two different value for HAB = 5 cm can be explained by the larger field of view for the EM2Soot-A' configuration and also by the difference in preheating of the chamber. Indeed, the experiments in EM2Soot-A and A' are carried out when the thermocouple T c reaches 600 K but the position of this probe is not quite the same due to the change in corner bar design. Nevertheless, the two configurations clearly exhibit the same behavior. In both cases, two vortices are present between HAB = 2 cm and HAB = 4 cm on the right and on the left of the burner. These vortices are the consequence of the tangential direction of the velocity at the burner backplane and the presence of the IRZ in the middle of the chamber. A schematic of the flame may be drawn from the previous results, featuring the main areas determined from the PIV and OH* chemiluminescence measurements as shown in Fig. 11.7. The LIP diagnostic presented in section 4.3, is used to measure the quartz window temperature and to compare these measurements with those provided by the thermocouples inserted in one of the corner bar of the chamber. In the present configuration, the challenge was to characterize the wall temperature in a highly turbulent system operating in a transient regime with a heavily sooting flame. As the obscuration of the quartz window was quite strong and would have permanently damaged the phosphorous painting, no test was carried out to measure the internal quartz temperature under rich operating conditions. Nevertheless, the rich flame under investigation is formed in a combustion chamber preheated by a lean flame. It is then natural to first study the internal wall temperature under transient and steady state conditions for the lean flame used for preheating, then measure the external wall temperature results for the lean and rich flames.

G(HAB) = 2π

Experimental procedure for the LIP technique in EM2Soot-A'

The setup presented in section 4.3 is mounted on a three-axis computer controlled translation coupled with the home-made Labview software used for the wall temperature measurements. One of the quartz windows is covered with 10 thin layers of phosphors diluted in a binder as illustrated in Fig. 11.8. Following the painting, the quartz was placed during two hours in an oven (reaching the temperature of T = 600 K) to fix the phosphor painting on the quartz surface.

To assure the repeatability of the experiments under transient conditions, the following procedure was adopted. Starting from a room temperature of approximately 293 K, the chamber is preheated with the lean flame until T c = 618 K, the flame is then stopped until T c = 553 K. The flame is then turned on and measurements are started when T c = 583 K and stopped when T c = 618 K (so that the reference temperature (T ref = 603 K) for PIV/LII measurements falls in the middle of this temperature range). All other experiments are then carried out after the cooling of the chamber down to T c = 553 K. This procedure is carried out to eliminate the first singular experiment caused by the long preheating from the room temperature to the desired temperature and the different intermediate cooling periods are here to assure the repeatability and to represent the chamber cooling when cleaning the quartz windows in the case of sooting flames (for example during LII measurements). As the experiments were carried out in a transient environment, the results depend to some extent on the level where the measurements are started (from the top or from the bottom of the system in case of a vertical displacement of the region being examined ). To distinguish the two measurements, we define T b a ,where a = "i" or "e" for internal or external measurements and b = "du" or "ud" for down to up and up to down measurements. Furthermore, to limit the supplementary heating up of the chamber during the experiments, only sixteen points are probed (with 20 samples at a rate of 4 Hz). The distance between these points is set to one centimeter (∆ HAB = 1 cm) so that the total duration of the experiment does not exceed 150 s.

Wall temperature results

The lean ethylene/air flame is characterized by a total flame power (that coincides with the premixed flame power under lean operating conditions) of P lean = 6.7 kW at an equivalence ratio of 0.6. This flame is worth investigating to evaluate effects of the transient temperature (i.e. the variation in temperature of the quartz window as the system is heating up), to determine the difference of between the internal and external quartz window temperatures and to correlate the quartz window temperature with the thermocouples inserted in one of the corner bars.

Internal quartz temperature

The evolution of the internal quartz window temperature along its central axis starting from the bottom of the quartz is presented in Fig. 11.9 for three different tests illustrating the good repeatability of the experimental process. It features a maximum difference of 60 K for HAB = 20 mm which corresponds to a 6% variation. This temperature variability is due in part to errors associated with the LIP method which is less accurate in the high temperature range and in another part to the mode of operation.

As experiments are carried out in transient conditions, the RMS obtained at each position does not represent the mathematical RMS that we could expect in steady conditions. For this reason, the "RMS" is renamed T var and illustrates the variability of the results. The specific T var measurements presented in this figure indicate that the variability decreases with HAB. This evolution is logical as the calibration curve obtained for the LIP experiments present highest RMS values at high temperature [START_REF] Degeneve | Optimisation de la mesure de temperature de paroi par thermographie de luminophore appliquee à la combustion[END_REF].

The temperature maximum position is reached at HAB = 15 mm, as illustrated in Fig. 11.9 with the black curve which presents an additional experiment carried out with a spacing between measurements (∆ HAB = 0.5 cm) that is two times smaller than that of the other experiments.

All the experiments illustrate the same trend: the temperature drops around 820 K for HAB= 6 cm and rises after that until a secondary maximum of 850 K is reached at HAB= 10.5 cm. Finally, the temperature decreases to about 800 K for HAB= 18 cm. Given that the heating flame is characterized by a toroidal flame close to the combustor backplane, one may expect the temperature to decrease monotonically after the first maximum is reached. The secondary rise is in fact the consequence of the transient mode of operation in which the quartz window temperature continues to rise during the experiments. To illustrate this issue, one can consider the up-to-down measurements shown in Fig. 11.10. The up-to-down measurements show that there is no secondary maximum around HAB = 110 mm. The maximum temperature is here around 1100 K due to the period of time required to reach the bottom of the quartz window starting from the top of the burner. Finally, to get a better result for the quartz window temperature, one can consider to average the two previous measurements and overcome the drift in temperature. This is based on the assumption that the temperature rise can be considered to be a linear function during the short test time. The averaged results are plotted in Fig. 11.11 together with the corner bar temperatures measured by the thermocouples (data are averaged during the same duration of the LIP experiments). As the thermocouples are inserted in the metallic bars, one may consider that no correction for radiation is needed to get the correct temperature (corrections are required to obtain the real temperature when the thermocouple is not protected from direct radiation [START_REF] Shaddix | Correcting thermocouple measurements for radiation loss: a critical review[END_REF]). By taking into account the averaging process, the measurements exhibit a region with a constant temperature of 820 K between HAB = 7 cm and HAB = 11 cm indicating that the secondary maximum observed in Fig. 11.9 was a consequence of the temperature transient evolution. Temperature measurements at a constant level HAB are displayed in Fig. 11.12. For technical reasons, the temperature could not be measured on the left side of the burner. Indeed, the laser used is inclined so that on the left side, the lateral bar limit the field of view. The profile exhibits a quasi constant temperature at each level (with a maximum variation of 80 K) and closely follow results obtained on the central axis represented by the three points. The thermocouple temperatures at the corresponding HAB are also plotted and found to be in good agreement with the LIP results. The asymmetry of the LIP results is the consequence of the swirler that sets the fluid in rotation a feature that has already been observed in similar geometries [START_REF] Rodrigues | Modélisation multi-physique de flammes turbulentes suitées avec la prise en compte des transferts radiatifs et des transferts de chaleur pariétaux[END_REF][START_REF] Degenève | Analysis of wall temperature and heat flux distributions in a swirled combustor powered by a methane-air and a CO 2 -diluted oxyflame[END_REF]. Using the data plotted in Fig. 11.12, it is possible to obtain the two-dimensional field of the internal quartz window temperature displayed in Fig. 11.13.

External quartz temperature

The same process can be applied to measure the external quartz window temperature. This measurement has several advantages:

• It is possible to reach the thermal equilibrium when operating with the lean flame as the external temperatures are lower than those found on the internal face of the quartz window and the LIP method can still be applied • The measurements under transient rich conditions are possible without damaging the phosphors painting. A comparison between the external quartz temperature measurements for lean defined by:

α = k ρc p , (11.3) 
where k, ρ and c p are respectively the thermal conductivity, the density and the specific heat of the quartz. The typical values for the quartz are: k = W.m -1 K -1 , ρ = 2650 kg.m -3 and c p = 0.79.10 3 J.kg -1 K -1 . The characteristic time of the LIP experiments is 150 s leading to a Fourier number of F o = 5.87. This number is low over the duration of the experiments but is even lower when considering the first experimental points measured by the LIP method as illustrated in Fig. 11.15. One may conclude that the rich flame does not have sufficient time to influence the external quartz temperature. The region with the constant temperature can be linked with the previous PIV measurements carried out under rich conditions. Indeed, as can be deduced from Fig. 11.4, a region with low velocity is present near the quartz window. As this region is essentially traversed by hot combustion gases (the reaction zone being close to the combustor backplane), this might explain the temperature plateau observed on the inner face of the quartz window. Finally, one may now compare the transient internal and external results corresponding to operation under lean flame conditions and obtained from the averaging process described previously (Fig. 11.16). This exhibits a mean difference of 91 K with a maximum of 165 K in the flame reaction zone. Qualitatively, there are internal and external temperatures both feature a plateau region for HAB comprised between 7 and 11 cm. Since P lean = 6.14 kW, is close to the premixed flame power of the rich flame examined in this chapter (P prem = 7.14 kW) and since the two flame structures are relatively close (with a reaction zone located near the chamber backplane), one may consider that the corresponding fields of quartz window temperatures are qualitatively similar. This conclusion is of course not fully demonstrated but is necessary for future numerical simulations as the internal quartz temperature could not be measured under rich flame conditions.

11.3 Laser Induced Incandescence (LII) results

Experimental setup

The experimental setup is modified by taking into account return of experience from EM2Soot-A and the knowledge acquired from the calibration process described in chapter 6. A Pimax 3 EM-ICCD with a gate width of 100 ns, a total gain of 1000 mounted with a 50 mm F/2 objective and a 425 nm bandpass filter (± 25 nm) is used to capture the LII signal, thus increasing the signalto-noise ratio and reducing the detection limit of the system. The same laser sheet generator is used in the present experiments. It comprises a commercial spherical lens with a nominal focal length of 1000 mm (in reality 1130 mm as explained in Sec. 6.4) coupled with a cylindrical diverging lens (f = -50 mm). Following the analysis of the laser sheet spatial expansion effects, the laser sheet is focused on a line located in the first left quarter of the chamber (the laser enters the chamber from the left to the right) and the right part of the chamber is hidden so that the camera is not saturated by the resulting LII signal from that region. This is necessary because the laser sheet expansion is important in this part of the combustor giving rise to a saturated incandescence signal that may potentially damage the camera detector. The effect and the relevance of the correction scheme defined in Sec. 6.4 will be discussed in the following sections.

Instantaneous soot volume fraction results

LII measurements are carried out at different levels in the burner. A selection of results obtained assembled in Figures 11.17 In this configuration, soot is detected in the form of long layers in the whole chamber with the maximum soot volume fraction (around 40 ppb) measured close the injector unit for r close to -4 cm. Around the injector, soot seems absent corresponding to the tangential flow of fresh gas (Fig. 11.4) which corresponds to the assumed reaction zone determined in Fig. 10.7 presented in the previous chapter. By enhancing our system of detection and changing the focusing point, the results are clearly modified but the level of soot volume fraction remains globally the same. The qualitative difference is the result of the modified design of the metallic bar in which the reference thermocouple is inserted, so that the preheating of the chamber differs from that corresponding to EM2Soot-A.

When comparing the two results displayed in Fig. 11.17 and 11.18, the effect of the correction is visible in the instantaneous images as it lowers the soot volume fraction along the quartz and the central axis where the laser sheet expansion is maximal. Before considering its effect on mean soot volume fraction, one must first investigate the relevance of a such a correction scheme in a turbulent configuration characterized by a spatial and temporal intermittency of the soot particles.

11.3.2.1 Is the correction relevant in turbulent sooting flames ?

The correction procedure has been defined and verified for three different laminar flames, leading to the determination of different correction factors depending on the spherical convergent lens used for LII measurements. It is based on the fact that since the laser sheet width is not constant throughout the burner, the total quantity of soot illuminated by the laser is increased, leading to higher value of soot volume fractions. This is obviously true for laminar flames, where soot particles occupy the whole flame volume. In our case, as illustrated in Fig. 11.17 and 11.18, soot appears in the form of long thin layers. Due to the turbulent flow, the whole chamber is not filled with soot so that it is possible that the correction is no longer relevant. To examine this issue, one may deduce the presence of soot in the out of plane direction from an estimate of its presence in the 2D field. To do this, it is more convenient to consider light scattering of soot particles with a laser at λ = 532 nm rather than LII, which is affected by the laser sheet enlargement. As scattering by soot particles is not proportional to the soot volume fraction but rather to the presence index of soot, one may assume that it is less affected by the laser sheet expansion. 

Auto-correlation measurements for the soot particles presence

To identify a characteristic length between the soot layers, it is possible to define an auto-correlation γ as: Based on the hypothesis presented in section 6.4, one may now consider that the laser width varies from 0.67 to 0.82 mm throughout the burner. As the characteristic distance between soot layers is much greater than the laser sheet width, one may conclude that the soot particles do not occupy the whole volume defined by the laser sheet. The application of the full correction is then leading to an underestimation of the soot volume fraction far for the focal line.

γ x (x,

Determination of the soot spatial occupancy ω

A first approach to estimate the spatial occupancy of soot particle is presented in the following theoretical development. It is based on the theory developed in reference configuration Sec. 3.2.1.3. Let's define at each point (i, j) the soot spatial occupancy ω ij (x) by assuming that the spatial occupancy in the transverse direction is close to the one observed in the axial direction:

ω ij (x) = 1 N (x)N tot Ntot k=1 i+N (x)/2 l=i-N (x)/2 I(l, j, k) (11.6)
with N (x) = Int(e(x)/∆x 0 ) is the number of pixel considered along the Ox axis (and displayed in Fig. 11.25) and I(i, j, k) is the soot presence index derived from the light scattering measurements.

The soot volume fraction can then be obtained as:

f ijk v = I LII (i, j, x, k) K 2 1 Γ ij (x) (11.7)
where Γ ij (x) = 1+ω ij (x)(Γ(x)-1). ω ij (x) can vary between 0 and 1, if ω ij (x) is equal to 1, soot particles are uniformly distributed in all layers included in e(x) and the whole correction Γ(x) has to be applied. In case of a small occupancy rate, the correction is almost negligible. As this method is complicated to implement locally on each frame, one can simply estimate the area occupied by the soot in the binarized light scattering images and make the hypothesis that the mean spatial occupancy ω of soot in the third dimension can be estimated from the temporal mean of the spatial occupancy on each image of light scattering. Consequently, ω is defined from the binarized light scattering results from Fig. 11.23 as:

ω = 1 N x N y N tot Ntot k=1 Nx,Ny i=1,j=1 I(i, j, k) (11.8) 
where I(x, y) is the presence index defined previously. One finds a mean spatial occupancy ω of 0.4, so that the correction factor is modified accordingly:

Γ(x) = 1 + ω(Γ(x) -1) (11.9) 
As this procedure relies on many assumptions it may potentially introduce a bias. It is then reasonable to consider three types of results deduced from raw LII measurements, i.e.:

• The raw soot volume fraction f raw v corresponding to the raw LII data calibrated with the calibration constant, • The soot volume fraction corrected for the initial the laser sheet expansion f corr v (i.e. initial correction Γ), represent the minimal and maximal values for the soot volume fraction results without considering any other uncertainties. In the following, the three results will be presented and discussed in order to understand the validity of the correction method with regards to the other measurements.

Mean soot volume fraction results

The burner is here divided in six heights for the LII measurements. At each level, n = 800 LII images are recorded. The evolution of the mean and the RMS of the 2-D signal averaged over the frame are shown in Fig. 11.26 where X represents either the mean or the RMS normalized by their maximum show that the convergence is obtained starting from a number of images equal to n conv = 450 frames. In the previous experiments carried out on the EM2Soot-A burner at the same experimental point [START_REF] Roussillo | Experimental investigation of soot production in a confined swirled flame operating under perfectly premixed rich conditions[END_REF] and presented in the previous chapter, soot particles were only detected by LII along the walls (as illustrated in Fig. 10.11) of the burner while light scattering images exhibited soot particles in the entire chamber. The different results are displayed in Fig. 11.27 for the raw soot reference configuration volume fraction data, in Fig. 11.28 with the application of the correction scheme and finally in Fig. 11.29 with the application of the modified correction taking into account the measured soot concentration. The velocity field determined under reactive conditions is also superimposed in the different figures together with the line where the axial velocity is equal to 0, i.e. v = 0 m.s -1 corresponding to the IRZ region defined previously.

It is now possible to illustrate the effect of the two corrections on the interpretation of the soot volume fraction results. First, similarities can be observed between the new data reported in Fig. 11.27 and the data obtained in the previous experiments [START_REF] Roussillo | Experimental investigation of soot production in a confined swirled flame operating under perfectly premixed rich conditions[END_REF] and reported in Fig. 10.11a. The mean soot volume fraction is maximum in both cases in the ORZ where the flow forms a vortex pattern located between HAB = 1 cm and HAB = 4 cm. But in contrast with the distribution of soot volume fraction displayed in Fig. 10.11a, one finds in Fig. 11.27 that soot is also present and detectable in the middle of the chamber in the vicinity of the central axis of the chamber r = 0 (i.e. in the IRZ) and also close to the quartz windows. Furthermore, the shape of the fresh stream at the exit of the injector, is characterized by a very low soot volume fraction confirming the trend derived from the instantaneous measurements. This region corresponds to the reaction zone, explaining the low mean soot volume fraction. These differences are associated both with the lower detection threshold of the new camera and with the change in the position of the focal line. This line was at r = 0 and it is now located at r = -3 cm, limiting the effects of laser sheet expansion in the first-half of the burner. The quantitative difference between the previous results and new results is the consequence of the change of design between the two configurations EM2Soot-A and EM2Soot-A'. The change in geometry of the corner bar leads to a different reference temperature T c (the position of the thermocouple is indeed slightly displaced with respect to its initial position). By taking into account the correction and modified correction (Fig. 11.28 and Fig. 11.29), the position of the maximum is no longer located near the quartz wall but it is shifted in the ORZ. The effect of the correction is important inside of the Inner Recirculation Zone (IRZ), delimited by the red line, since the distance to the focal line of the laser sheet is here maximum. In the uncorrected case, the mean soot volume fraction is relatively high (compared to the global maximum of 18 ppb) and constant around 14 ppb. For the corrected case, the mean soot volume fraction drops to around 10 ppb due to the correction scheme. Regarding the evolution along the central axis, the mean soot volume fraction drops in all cases on the downstream side of the IRZ for HAB = 12 cm, indicating that the recirculation zone has a notable impact on the total soot volume fraction. Finally, in the burnt gases region, adjacent to the upper part of the ORZ, it is interesting to note that the flow features a high mean velocity and is oriented towards the axis of the burner (this is designated as the skewed region). Both the uncorrected and the corrected data exhibit in this region a local minimum in mean soot volume fraction. Further downstream, along the quartz window, the flow is mainly parallel to the chamber walls, its velocity is reduced and the mean soot volume fraction first increases and then takes a nearly constant value. This is observed in all the distributions appearing in the different cases considered. This region characterized by a high mean soot volume fraction with upstream velocity vector could explain the plateau observed in the evolution of the quartz window temperature between HAB = 5 cm and HAB = 12 cm. As a first approximation, one may consider that the uncorrected and the corrected data provide upper and lower bounds for the soot volume fraction and that the modified correction represents a good approximation of the real soot volume fraction. It may be concluded that the full correction tends to underestimate the volume fraction far from the focal line of the laser sheet, and it may be suggested that the modified correction may probably yield a better of the soot volume fraction. The corresponding data and the raw LII data may then be used to measure the intermittency effect on the soot distribution in the EM2Soot-A' configuration.

Mean weighted soot volume fraction results

Soot production in turbulent flames is known to be a highly intermittent phenomenon [START_REF] Franzelli | Time-resolved spatial patterns and interactions of soot, PAH and OH in a turbulent diffusion flame[END_REF][START_REF] Qamar | Soot volume fraction in a piloted turbulent jet non-premixed flame of natural gas[END_REF][START_REF] Narayanaswamy | Simultaneous LII and PIV measurements in the soot formation region of turbulent non-premixed jet flames[END_REF], which can be characterized by the intermittency index Ω [START_REF] Magnussen | An investigation into the behavior of soot in a turbulent free jet C 2 H 2 -flame[END_REF]:

Ω(x, y) = 1 - 1 N t Nt t=1 I(x, y, t) (11.10) 
where I(x, y, t) is the presence index defined by:

I(x, y, t) = 0 if f v (x, y, t) < 1 if f v (x, y, t) ≥ (11.11)
The temporal intermittency can strongly affect the interpretation of soot production, especially when it is based on time-averaged fields. It is therefore logical to introduce a weighted time-average operator • to take into account the intermittency of soot particles, by weighting the time-averaged soot volume fraction by the presence of soot particles:

f v (x, y) = Nt t=1 f v (x, y, t)I(x, y, t) Nt t=1 I(x, y, t) (11.12) 
We consider in this case a critical threshold = 8 ppb and the results are illustrated in Fig. 11.30 a) for the non corrected case and b) for the modified corrected case. These figures exhibits a similar behavior, the weighted mean is maximum around the two vortex around 18 ppb. By choosing a higher value of , it is possible to more precisely study the location of the highest soot volume fraction particles. For example, with = 16 ppb, Fig. 

2-D RMS and intermittency index results

The 2-D intermittency index I is shown in Fig. 11.32.

In both cases (i.e. with or without the application of the modified correction), the interpretation of the intermittency index remain the same. Indeed, the intermittency is very low inside the two vortices (around 0.1) showing that soot particles are present at nearly every instant in these regions. The output of the injector is characterized by a very high intermittency (around 0.9), validating the previous interpretation of the quasi absence of soot particles in the fresh stream where the combustion reaction takes place. The region between the walls and the vortex is characterized by a medium value (0.4 for the non corrected versus 0.7 for the modified corrected case) intermittency. In both cases, the region following the external contour of the IRZ is characterized by local maximum intermittency. In these regions the velocity vectors are directed towards the center of the chamber. The two dimensional field of RMS values σ (defined in Eq. 11.13) is shown in Fig. 11.33. The 2-D RMS is maximal (7 < σ < 11 ppb) in both cases inside the vortices close to the injector bottom.

A secondary maximum also exists in the vicinity of the quartz wall for HAB around 10 cm. reference configuration by the highest mean soot volume fraction and also the peak instantaneous soot volume fraction illustrating the effect of a high residence time on the soot volume fraction. Above the ORZ, the skewed region defined by the PIV results displayed in Fig. 11.5 presents a similar PDF as the one obtained in the reaction zone with a low soot volume fraction, a rather high σ and a most probable value close or superior to for the raw correction. In the IRZ, the interpretation is strongly influenced by the modified correction scheme as the mean soot volume fraction is divided by a factor of up to 1.8. In both cases, the IRZ features a low RMS (i.e. σ) of instantaneous soot volume fraction. When considering the modified results, the intermittency in the IRZ is very low as already confirmed in Fig. 11.32 and the most probable value of f v is 15 ppb while the maximum soot volume fraction decreases from 70 ppb for HAB = 3 cm to 45 ppb for HAB = 9 cm. In the burnt gases region (Fig. 11.36) characterized by a medium level of intermittency, the most probable value of f v is close to and the highest soot volume fraction is equal to 40 ppb. The RMS σ is minimal leading to a maximum soot volume fraction of 40 ppb. Finally, in zone A, which is highly influenced by the modified correction scheme for the laser sheet expansion the intermittency features a medium level as already observed in Fig. 11.32 and the situation is similar to that observed for the IRZ.

σ(x, y) = 1 N -1 Ntot i=1 | f v (x, y, i) -fv (x, y) | 2 ( 

Conclusion

The EM2Soot-A' configuration investigated in the present chapter is an improved version of EM2Soot-A that is mainly designed to augment the field of view and allow measurements near the lateral walls of the combustor. This new configuration is characterized by PIV, LIP and LII. All the measurements were carried out by carefully assuring the same experimental conditions in the inherently transient evolution of the wall temperature. The experimental procedure uses a lean flame for preheating to assure a measurable level of soot production and the repeatability of the different experiments. The reference point was fixed with the use of a reference temperature measured with a thermocouple inserted in one of the metallic corner bars of the combustion chamber. PIV measurements provide indications on the locations of the IRZ and of two ORZ. These regions can be linked with the LII measurements. The ORZ regions are characterized by a high soot volume fraction which is the consequence of the high residence times coupled with the high temperatures prevailing in these locations. It is found from LIP that the maximum quartz window temperatures correspond to the locations of the ORZ. The interpretation of the measured soot volume fraction inside the IRZ is strongly infuenced by the application of the correction for the laser sheet expansion. Due to the turbulence and consequently the spatial intermittency of soot particles, it is shown that the correction scheme had to be adapted to take into account the soot concen-

Chapter 12

Effect of injector's geometry on soot production Introduction In the previous chapters, we considered two different versions of EM2Soot called EM2Soot-A and A' that differ only in the combustion chamber design. In the present chapter, we investigate the effect of a modification of the injector design on both the shape of the flame and the soot production. The general motivation is to examine a situation that is closer to those found in industrial applications where flames usually adopt "M" or "V" shapes. These flame geometries differ from the one examined in the previous chapters, and their analysis may provide further insights on the processes governing soot production. The consequence of the injector modification is first documented for lean and rich flame conditions (section 12.1). A reference flame is then examined using PAH PLIF and LII in section 12.2 and 12.3. Finally, a comparison between the results obtained in EM2Soot-A' and EM2Soot-B is carried out in section 12.4.

EM2Soot-B design

The new configuration EM2Soot-B is formed by the EM2Soot-A' chamber equipped with a different injector design as shown in Fig. 12.1. In this injector, the exit step is still present but the angle α is set to 0 in order to limit the interaction of the flame with the chamber backplane. This small geometrical change has a notable effect on the stabilization of the lean flame used to preheat the chamber. It will be seen that it also modifies the rich flame geometry and changes the soot production investigated via LII and PAH PLIF. 

Lean flame

The first major difference with the previous configuration pertains to the stabilization of the lean flame. The toroidal flame geometry observed in EM2Soot-A' that was spreading in the vicinity of the chamber backplane is replaced by a flame pattern that takes a more common shape of a "V" or "M" flame. In agreement with [START_REF] Guiberti | Analysis of the topology of premixed swirl-stabilized confined flames[END_REF], "V" flames are observed for low equivalence ratios (φ = 0.47) while "M" flame are established for higher values of equivalence ratio (φ = 0.6). This is shown in the different photographs gathered in Fig. 12.2. By setting the angle α to 0, the Coanda effect responsible for the previous flame shape can no longer divert the fresh stream and make it stick to the burner backplane, consequently limiting the strong interaction between the chamber backplane and the combustion process. In the following experiments, the burner will always be preheated with a "V" flame, as it was found experimentally that the "M" flame could damage the bluff-body. It turns out that for the "M" flame the edge of the reaction zone is too close to this element augmenting the heat load and increasing the local temperature.

Rich flame

Experimental approach

The new configuration differs from EM2Soot-A' in its sooting properties and this requires a modification in the experimental approach used to characterize this flame. First of all, as it will be shown, the flame has globally lower sooting production levels so that it is necessary to work at a higher total flame power (minimum 25 kW) to be able to quantitatively measure soot by LII with the present experimental setup, and with a higher preheating of the quartz windows (here again monitored by the thermocouple T c ). Furthermore, due to the low sooting properties as well as the change of the type of flow, the quartz windows remains clean for a longer period of time (up to 5 minutes), limiting the need for stopping the combustion process to clean the quartz after every one minute run. For these reasons, contrary to the EM2Soot-A' where the wall temperature was fixed only by preheating the chamber with the lean flame, it was possible in this case to preheat the chamber first with a lean flame until 600 K and then use the rich flame to continue heating up the chamber (without obscuring or damaging the quartz) up to the desired temperature (here equal to T c = 690 K). This is why each measurement (laser diagnostic or direct photograph exposure) is started at a fixed equivalence ratio, total flame power and at a single temperature obtained with the preheating lean flame, and then shifting to rich conditions and running the different experiments while the temperature increases. It is possible in this way to fix conditions in term of mass flow rate and measure the precise effect of the quartz temperature on soot production. The heating process can be summarized as follows:

T c = 293 K Lean flame -------→ T c = 600 K Rich flame ------→ T c = 690 K Experiments -------→ T c = 710 K (12.1)

Experimental conditions and soot production

It is interesting to first examine the evolution of the flame luminosity with the equivalence ratio for different premixed flame powers (i.e. at different Reynolds numbers as shown in section 9.4.2) at a fixed temperature of T c = 700 K. The corresponding data are presented in Fig. 12.3. This figure indicates that the evolution of the sooting properties of the flame is the same for all the premixed flame powers tested. This behavior has already been pointed out in the EM2Soot-A' configuration in chapter 9. One of the major differences with the EM2Soot-A' configuration is that the soot is here mostly present far from the injector backplane, downstream of a distinguishable blue flame where the main combustion reactions must take place. By considering the evolution of the flame shape between φ = 1.5 and φ = 2.4, it can be noted that the blue flame adopts a different shape that evolves from an "M" flame for φ = 1.5, to a "V" flame for φ = 1.6 and φ = 1.7. For higher equivalence ratios, the blue flame is detached from the bluff body but still adopts a "V" flame configuration. For φ > 1.7, the blue flames are surrounded by yellow Outer Recirculation Zones (ORZ) where soot can be detected 12.3 with a lower emission of light. Contrary to the EM2Soot-A' experiments where flame stabilization could be obtained for a wide range of equivalence ratios (between 1.6 and 3), the domain of operation of the present configuration is restricted to values between 1.6 and 2.4. For higher equivalence ratios, soot is no longer detected and a rich extinction of the flame is obtained. The minimal equivalence ratio for soot1 production is close to the one determined with the EM2Soot-A' (φ ≈ 1.6 ) but the critical equivalence ratio for which the soot production is maximal is shifted from φ = 2.1 for EM2Soot-A' to φ = 1.85. To enhance the comparison with the previous configuration EM2Soot-A', the flame obtained on EM2Soot-B with the experimental conditions of the previous flame is also presented in the red square in Fig. 12.3. It corresponds to a total flame power of P prem = 7.14 kW with an equivalence ratio φ = 2.1 showing that soot production is notably reduced with only a small change in the injector geometry.

In order to validate the previous conclusions regarding the critical equivalence ratio for soot production from flame luminosity, the total soot volume fraction < f v > has been measured by LII above the blue flame region of the flames appearing in Fig. 12.3. Results plotted as a function of the equivalence ratio are displayed in Fig. 12.4. These results confirm that the critical equivalence ratio has the value determined previously of 1.85. In addition, it is found that a higher wall temperature leads to a higher soot production, in agreement with the previous study on the EM2Soot-A [START_REF] Roussillo | A new experimental database for the investigation of soot in a model scale swirled combustor under perfectly premixed rich conditions[END_REF].

The effect of the wall temperature was also observed in terms of flame luminosity, as can be seen in Fig. 12.5, confirming once again the strong relationship between the quartz temperature and the total soot production highlighted in the previous chapter. As for the previous experiments, a lean flame is used to preheat the chamber up to 630 K before switching to the rich flame.

All the LII measurements are carried out for T c between 690 and 710 K assuring a sufficient soot production for LII detection. As the level remains, in this case, very low comparatively to the previous EM2Soot-A' configuration, the gain of the EM-ICCD camera had to be increased up to 2000 in order to get a sufficient LII signal level. In our case, the experiments on the chamber are divided in five sections at different HABs. n = 500 images are collected so that the quartz windows are not damaged by the heat load from the flame. The laser sheet is here focused on a line in the first quarter of the chamber and results are symmetrized. As pointed out in the previous chapter, the application of the modified correction taking into account the soot presence index does not modify the interpretation of the results, so that all results are presented without applying this modified correction. This simplifies the exploitation of the results. Furthermore, as the signals (LII or PAH PLIF) are relatively low, the camera is pointed to the first quarter of the chamber (versus the middle in the previous chapter), resulting in a small loss in the field of view of 3 mm but reducing the parasitic signal of light reflection originating from the metallic bar. This reduced field of view is indicated in all figures by the white lines in the left and right sides of the figures. Obscuration of the quartz windows is in this case negligible compared to that prevailing in the previous configuration.

The flame under investigation is shown in Fig. 12.7. This combustion process will now be characterized by PAH-PLIF, LII and PIV.

Characterization of soot precursors: PAH PLIF results

Based on Sec. 4.2.2.1, PLIH PAH measurements are carried out with two different laser wavelengths to infer the position of small and large PAH molecules. The first one is a 266 nm laser. Consequently, the PAH PLIF signal must correspond to the small PAH created in the flame (as illustrated in Fig. 4.7). The energy flux from the laser is set at a very low fluence of 0.05 J.cm -2 to avoid any parasitic LII from soot particles. The same laser sheet generator used for LII measurements is used in this case and the laser sheet is focused on a line situated at the first quarter of the chamber to limit the expansion of the laser sheet. The fluorescence signal is collected with a bandpass filter (between 325 nm and 450 nm), mounted on the EM-ICCD camera with a gate delay of 0 ns and a gate width of 50 ns to limit the parasitic signal associated with the flame luminosity. Finally, a laser wavelength of 532 nm is used to infer the position of the large PAH molecules 4.7, captured with a bandpass filter (575 ± 25 nm) with the same optical setup previously described. All experiments are carried out following the same experimental procedure presented in sec. 12.1.2.3. The PAH-PLIF technique only provides qualitative results and the data presented in the following will be normalized by the maximum of the measured PAH induced fluorescence.

Instantaneous PAH PLIF results

A collection of instantaneous PLIF PAH measurements at different HABs is displayed in Fig. 12.8 for the 532 nm laser wavelength and in Fig. 12.9 for the 266 nm laser wavelength. As classically observed in the turbulent flames [START_REF] Franzelli | Time-resolved spatial patterns and interactions of soot, PAH and OH in a turbulent diffusion flame[END_REF][START_REF] Geigle | Visualization of soot inception in turbulent pressurized flames by simultaneous measurement of laser-induced fluorescence of polycyclic aromatic hydrocarbons and laser-induced incandescence, and correlation to OH distributions[END_REF], PAHs are characterized by large diffuse structures, which in this case are mainly concentrated in the IRZ. The PAH-PLIF signal is also detected in the ORZ but at a relatively low level. PAH PLIF signal seems to be higher close to the bottom of the injector in the measurements corresponding to a laser wavelength of 266 nm.

Mean PAH PLIF results

The symmetrized mean PAH-PLIF results obtained from the averaging of n = 500 images at λ = 532 nm, i.e. large PAH, are plotted in Fig. 12.10 and normalized with respect to the time-average maximum. From this image, one may first conclude that the method used to preheat and carry out the experiments is highly reproducible as the figure exhibits a fairly good spatial continuity between the different sections. The PAH field is strongly related to the flame zones, schematically represented in the top-right of Fig. 12.6, i.e. the reaction zone, the ORZ, the IRZ and the burnt gas zone. Close to the injector exit, a low PAH-PLIF signal (around 0.2) is detected that originates from the reaction zone. Downstream in the same zone, the PAH-PLIF signal is slightly higher showing that the presence of PAH is here at a medium level. This region is characterized by the blue flame taking a "V" shape as observed in Fig. 12.7.

The two ORZ regions are also characterized by a medium level in PAH-PLIF signal (between 0.3 and 0.7), where soot presence is detected by looking at the flame luminosity as illustrated in Fig. 12.6 V . The region situated above the flame reaction zone near the combustor axis, is characterized by a high PAH-PLIF signal and corresponds to the IRZ where soot is clearly visible (Fig.

12.6V ). A large region with a low PAH-PLIF signal (around 0.2-0.4) is also observed corresponding to the burnt gases region close to the walls.

It is now interesting to consider the PAH PLIF signal obtained at λ = 266 nm and displayed in Fig. 12.11 where the different zones defined in the previous figures are also indicated. This figure corresponds to the smallest PAH and many differences can be be observed between the small and the large PAH. The small PAH molecules are mainly present in the region close to the chamber backplane, and especially in the ORZ. The reaction zone which was characterized by an absence of large PAHs is now characterized by a low to high (from the bottom to the top) evolution of the PAH PLIF signal (0.4-0.7) highlighting the formation of the first aromatics rings. The major difference between the two figures can be observed in the IRZ, since the small PAH signal is globally very low except between HAB = 7 cm and HAB= 10 cm, corresponding in Fig. 12.10 to the maximum PLIF signal of the large PAH. Contrary to the results presented in Fig. 12.10, the reaction zone features a non homogeneous PAH PLIF signal: from a high signal 0.7 close to the middle of the burner, the PAH PLIF signal decreases to 0.3 in the outer region.

It is interesting to combine the previous data and form the synthetic image of these results displayed in Fig. 12.12, illustrating on the left the mean PAH PLIF signal at 266 nm (small PAHs) and on the right the mean PAH PLIF signal at 532 nm (large PAHs). This clearly shows a stratification between the small PAHs, mainly present near the injector and the chamber backplane, and formed shortly after the combustion reaction and the large PAHs resulting from the growth of the small PAHs.

Intermittency results of PAH

The 2-D intermittency index Ω for the PAH is illustrated in Fig. 12.13 for P AH = 0.3 for the laser at 266 nm (left) and 532 nm (right). This figure clearly emphasizes the difference between the main location of small and large PAHs. The intermittency of small PAHs is close to 0 in the ORZ, the IRZ and the reaction zone whereas the large PAH intermittency is close to 0 only in the IRZ (which mean indicates that the probability to find large PAH in the IRZ is very high).

12.3 Investigation of soot production: LII results

Instantaneous soot volume fraction results

A collection of instantaneous LII measurements corresponding to different HAB is presented in Fig. 12.15. In this configuration, soot is detected in the form of layers, mainly located between 5 cm< HAB< 11 cm. The maximum soot volume fraction is around 8 ppb. The location of most of the soot volume fraction is in good agreement with the flame luminosity displayed in Fig. 12.7, i.e. in the IRZ above the flame reaction zone. Soot is also detected in the two ORZ, but with a very low soot volume fraction of 2-3 ppb close to the detection limit of the system.

Mean soot volume fraction results

The mean soot volume fraction results are presented in Fig. 12.15 with two iso-contours of the mean PAH PLIF signal extracted from Fig. 12.11 and Fig. 12.10 to highlight the correlation between the presence of soot with the presence of PAH.

The "V" shape of the flame reaction zone, characterized by a very low mean soot volume fraction below the detection threshold of 1 ppb, can be clearly identified up to HAB = 7 cm. This region matches the iso-contour (I P AH = 0.5 corresponding to the small PAHs where the mean PAH was measured to be lower. This region corresponds to the blue region of the flame shown in Fig.

12.6V . Following the "V"-shape flame, the IRZ starting around HAB= 7 cm up to 15 cm with -3 < r < 3 cm is characterized by a mean soot volume fraction of around 2.5 ppb and a maximum of PAH-PLIF signal (Fig. 12.10).

The presence of a local maximum of soot volume fraction can also be identified in the two ORZ where a medium concentration of PAH (both small and large PAHs) is also measured. Soot appears to be maximum close to the quartz windows for HAB higher than 11 cm, which could be linked to the medium concentration of PAH (small and large PAHs). The presence of this high soot volume fraction region is probably a consequence of the flow pattern, governing the local residence time and the spatial distribution of soot precursors, i.e. of PAH. However it should be reminded that the thickening of the laser sheet (here focused at the first quarter of the chamber) potentially affects the LII results and to some extent the presented conclusions 6.4) even though as it was shown in the previous chapter, this correction is directly impacted by the soot concentration.

The evolution of the mean corner bar temperatures with HAB is measured by the thermocouples for both the lean preheating flame (displayed in Fig. 12.2b) and for the rich studied flame is represented in Fig. 12.16. The temperature is here maximum at HAB = 7 cm for both cases (lean and rich flames). The maximum is obtained in a section where the distance between the 'M' shape soot-free zone and the quartz window is minimal. T The reaction zone is then also closest to the thermocouples, explaining the maximum temperature at this height.

Weighted mean results

As for has been presented for the EM2Soot-A configuratio, it is possible to define a weighted mean to account for the soot intermittency. The mean weighted result for = 1.5 ppb is displayed in Fig. 12.17. This result emphasizes the presence of soot in the two ORZ located at the bottom of the burner as well as the presence of soot close to the backplane for HAB down to 1 cm along the r = 0 axis. The weighted mean is maximum along the burner axis r =0 axis around HAB = 8 cm where the PAH PLIF of large PAH molecules was also found to reach its maximum (Fig. 12.10).

RMS and intermittency index results

The 2-D intermittency index I is illustrated in Fig. 12.18 for = 1.5 ppb.

It clearly shows different regions for the soot presence. In this flame, soot is absent most of the time in the "M" shaped region corresponding to the reaction zone with an intermittency at least higher than 0.7 so that the probability to find soot in this region is low. Close to the injector for r = 0 cm, the intermittency is higher, confirming that the presence of soot noted in the weighted mean (Fig. 12.17) at this location must be extremely rare. Upstream this region, the IRZ (HAB > 7 cm) is characterized by an intermittency lower than 0.2 meaning that the presence of soot is extremely probable at every instant. The two ORZ are also characterized by a medium level of intermittency of 0.4 highlighting the presence of soot particles close to bottom of the burner near the quartz windows. The two-dimensional RMS field σ is shown in Fig. 12.19 and is quite similar to the two dimensional field of weighted mean volume fraction already presented in Fig. 12.17.

PDF of soot volume fraction and soot evolution along the burner axis

The evolution with the axial position of f v , Ω, f v and σ variables along the r = 0 axis are gathered in Fig. 12.20. Here, each variable has been spatially averaged over a surface of 0.1 cm in height by 0.4 cm in the transverse direction (r ∈ [-0.2; 0.2] cm). This figure shows an interesting behavior, which confirms some of the conclusions of the previous sections. For low HAB, the mean soot volume fraction is very low corresponding to the bottom of the IRZ with a medium level in weighted mean volume fraction and a very high intermittency so that soot particles are nearly absent from this region. Downstream, f v , f v and σ(f v ) increase with HAB, reaching a maximum for HAB ≈ 7 cm where the intermittency is minimal. Finally, between HAB = 8 cm and HAB = 15 cm a slight decrease is observed for f v , f v and σ(f v ) corresponding to the IRZ defined in Fig. 12.10.

It is worth at this stage to consider local information on the probability to detect a certain value of soot volume fraction. For this, the probability density functions (PDF) of f v for the four regions delineated in Fig. 12.10 are represented in Fig. 12.21. Each histogram represents the distribution of instantaneous soot volume fraction in a square of 5 × 5 mm 2 located in the Reaction Zone, the IRZ, the ORZ and the burnt gases region. In each histogram, f v and σ values are also reported. The red line provides an estimation of the PDF for the f v values below the threshold assuming a log-normal distribution. The Reaction Zone is characterized by a high soot temporal intermittency, indicated by the height of the first vertical bar. When soot is detected, the f v threshold ( = 1.5 ppb) is the most probable value. In addition, the lowest values of f v are observed in this region (f max v = 8 ppb), leading to a minimal mean soot volume fraction of 0.22 ppb. Surrounding the reaction zone, the ORZ features a lower level of intermittency. Its most probable f v value is equal to but the maximum and the mean soot volume fraction are respectively 2 and 7 times higher than in the Reaction Zone illustrating the consequence of a higher residence time in this region. In the IRZ, the intermittency is even lower and the most probable f v value is greater than so that both the peak for the soot volume fraction and the mean soot volume fraction (15 ppb and 3.1 ppb) are the highest for the four regions considered. Finally, the burnt gases region features a behavior close to that observed in the ORZ. 12.4 Analysis of the difference with the EM2Soot-A' configuration

The comparison between the EM2Soot-A' configuration and the new set up with a modified injector (EM2Soot-B), reveals several major differences. First of all, regarding instantaneous measurements, filaments appear longer and wrinkled by the flow in EM2Soot-A' (Fig. 11.17) with a higher peak soot volume fraction, by more than a factor of 4 than in EM2Soot-B. The decrease of the peak soot volume fraction in the EM2Soot-B is also confirmed by the time-averaged results as the mean soot level is reduced by a factor of 4.5 even despite the fact that the reference temperature T c is higher and the power release is more than double that of EM2Soot-B (16.2 kW vs 7.4 kW). Apart from the level of soot production, the change in the injector design has also a great impact on the main location of soot in both configurations. This is a direct result of the change in the flow pattern topology. Indeed, in EM2Soot-A', the region corresponding to the flame reaction zone was measured to be close to the bluff-body [START_REF] Roussillo | A new experimental database for the investigation of soot in a model scale swirled combustor under perfectly premixed rich conditions[END_REF] where the shape of the fresh stream can be detected and characterized by a very low soot volume fraction in Fig. 11.27 as for EM2Soot-B (Fig. 12.15). Both configurations exhibit a local maximum of f v in the two ORZ. However, contrary to EM2Soot-A', the maximum in the ORZ of EM2Soot-B is much lower than the maximum measured in the IRZ. It is also found that soot presence is strongly linked to the difference regarding the IRZ and ORZ, i.e. to the residence time of soot particles. It is consequently tied to the flow pattern. Indeed, it is found that EM2Soot-B features a timeaveraged distribution of f v that is close to the one obtained by Geigle [START_REF] Geigle | Investigation of soot formation in pressurized swirl flames by laser measurements of temperature, flame structures and soot concentrations[END_REF] in experiments on a turbulent non-premixed "V"-shaped flame. At first sight, it seems than the distribution of soot volume fraction is linked to the flow pattern and is less dependent on the combustion mode. Finally, the main differences between the two configuration are summarized in Fig. 12.22 that shows the main zones defined previously.

Conclusion

The present chapter describes results obtained for a new configuration called EM2Soot-B that includes a modified injector element. By slightly changing the swirling injector geometry, it was possible to modify the shape of the flame from a toroidal pattern to a "V" or "M" shape depending on the equivalence ratio. As a consequence, the total production of soot was notably modified both qualitatively and quantitatively. The peak soot volume fraction, both instantaneous and time-averaged, drops with respect to that obtained in the original configuration (EM2Soot-A'). The shape of the flame and consequently the main soot-areas are also profoundly changed. Indeed, the soot was mainly measured in the ORZ close to the bottom of the injector and in the IRZ for 

Conclusion

The present chapter draws general conclusions based on the results presented in this Ph.d thesis. The following points will be discussed in more detail in what follows:

• The calibration of the Laser Induced Incandescence on the Yale Diffusion Burner, • The development of a database of modulated YDB flames and analysis of the volume integrated soot volume fraction as a function of frequency, • The investigation of laser sheet expansion effects on LII measurements and development of a correction method to account for the spreading of the laser sheet, • The design of a novel rich premixed turbulent flame configuration and the characterization of the soot production process in this setup, • The modification of the injection unit and the investigation of its influence on the soot production process. The chapter ends with perspectives on work that might be carried out to pursue the present research effort.

Soot production in laminar flames

The work carried out on the Yale Diffusion Burner (YDB) has focused on the measurements of the soot volume fraction and soot particles diameter by LII. The YDB produces a laminar flame that is well documented in the literature and may serve as a reference. It is important to first study a laminar configuration before considering more complex turbulent flames. The LII technique has been successfully implemented at the EM2C laboratory and its calibration by the MAE technique has been carried out in collaboration with a team of the University Pierre and Marie Curie. This has allowed to infer the two-dimensional field of soot volume fraction and the soot particles temperature. The deconvolution process required to transform raw MAE signals into soot volume fraction has then been adapted to estimate and to correct the LII self-absorption in laminar cases. Two-dimensional soot volume fractions and primary particle diameters have been measured in the different reference flames obtained on the YDB and the corresponding data have been compared to results available in the literature. It has been shown that some discrepan-Conclusion cies exist, which are the consequence of slight differences regarding the burner geometry, a different calibration process for the LII technique and different post-processing method for the analysis of the raw data representing the evolution of the decay time of the LII signal. All these information are crucial for numerical modellers who wish to compare their numerical results with experimental data which feature a certain degree of variability. This is for example the case for the PhD thesis of A. Bodor for validating a detailed model for the prediction of the PPSD (primary particle size distribution). An experimental database of modulated laminar flames has also been established with two-dimensional soot volume fraction fields at several frequencies between 10 Hz and 50 Hz and a series of modulation amplitudes providing an extensive set of results on this particular subject. This has allowed to identify a linear regime for the different flames and to derive a Bode diagram characterizing the flame response in terms of volume integrated soot volume fraction field. This transfer function indicates that the flame behaves like a low-pass filter and that the integrated soot volume fraction only follows the flow modulation in the low frequency range. Parallelly, a study has been carried out to measure the impact of the focal length of the spherical lens required to create the laser sheet used for LII measurements. It has been shown that the expansion of the laser sheet could have a significant impact on the measured soot volume fraction. This effect has also been demonstrated theoretically from the expression of the LII signal coming from soot particles. The present study indicates that the expansion may be limited by making use of long focal distance spherical lens. Nevertheless, this effect needs to be considered when measuring soot volume fraction in burners characterized by dimensions that are much larger than the ones of the YDB, which is usually the case of turbulent flame at a laboratory scale. A correction method has been derived from the laminar results to account for the laser sheet spatial expansion. The validity of this correction procedure has then been demonstrated in various configurations and used with some further improvements in a novel rich premixed turbulent flame configuration called EM2Soot.

Soot production in turbulent rich premixed flames

EM2Soot-A Although many studies have been carried out on soot production in nonpremixed turbulent flames, very little has been done on rich premixed turbulent combustion. It was then decided to design a configuration that would allow such an investigation. The definition of the experimental geometry required an extensive test program in this PhD thesis. A first configuration called EM2Soot-A enabled the stabilization of a turbulent toroidal premixed sooting flame. This configuration showed that a critical equivalence ratio of φ = 2.1 exists for which the soot production was maximal for all the investigated flame powers. It has also been observed that the quartz temperature had a major impact on the soot production so that the preheating of the chamber with a lean flame was necessary to reach soot production levels that would allow LII measurements. The use of a lean flame was also required to reach a quasisteady thermal state before performing the measurements on the rich flame as the obscuration of the quartz window during the experiments limited the testing time to approximately one minute. The first results showed that soot particles were mainly present along the quartz windows and were not detected by LII in the middle of the chamber. However, it was also found that soot could be detected by light scattering in the neighborhood of the burner axis. It was first considered that the soot volume fraction in that region was below the detection threshold but is was then proved that it was a consequence of the laser sheet expansion throughout the chamber. Indeed the laser sheet was focused in the middle of the burner, where its thickness was also the lowest. The absence of LII signal in the middle of the burner was also due to the low detection limit of the initial LII setup that was using a PIMAX 3 ICCD. Lessons learned from the initial experiments on EM2Soot-A led to the design of a second chamber called EM2Soot-A' that was defined to increase the field of view along the quartz windows. It was also decided to use a new EM-ICCD camera to increase the sensitivity of the LII detection setup.

EM2Soot-A'

This new configuration has been extensively investigated by several techniques. The PIV experiments in non-reactive and reactive conditions first showed that the velocity field obtained on EM2Soot-A' was identical to the one obtained on EM2Soot-A. In combination with the data originating from OH* chemiluminescence diagnostics, it was possible to confirm the toroidal nature of the flame with a reaction zone located at the bottom of the burner near the chamber backplane. Two ORZ (Outer Recirculation Zone) were also identified in addition to the IRZ (Internal Recirculation Zones). In order to limit the spatial expansion of the laser sheet, the focal line was formed at the first quarter of the chamber. The application of the correction for the laser sheet expansion consequently showed that soot could be measured by LII in the IRZ. As the correction procedure for the laser sheet expansion was validated in laminar flames, it was necessary to take into account the spatial intermittency of soot particles in turbulent flames. Indeed, in the investigated laminar flames one could consider that soot particles occupy the whole laser sheet thickness which is not not necessarily verified when considering turbulent flames where soot may not always be present. Using the corrected LII soot volume fraction fields it was possible to establsh that soot volume fraction distribution in the chamber was closely linked with the velocity field results obtained with PIV in this configuration. Indeed, the

Conclusion

PIV measurements provided indications on the locations of the IRZ and of two ORZ. These regions were linked with the LII measurements. The ORZ regions has been characterized by a high soot volume fraction which is the consequence of the high residence times coupled with the high temperatures prevailing in these locations.

EM2Soot-B

In order to get closer to industrial flame configurations which commonly present a "M/V" flame shape, the injector design was slightly modified. It was thus possible to the study of soot formation in a "V"-shape flame with soot yields much lower than in the previous configuration. The critical equivalence ratio was also modified to 1.85 (versus 2.1 for the A and A' configurations). The PAH PLIF carried out at two different wavelengths provided results that gave further insight in the soot production process. The small PAHs are created close to the injector whereas the large PAHs are mainly present in the IRZ located upstream along the central axis of the chamber and injection unit. Apart from the flame shape, the change of injector design has also an important impact on the sooting properties of the flame as the soot loading was much lower than in the EM2Soot-A' configuration, opening promising paths towards the reduction of soot emissions in industrial applications.

Perspective

This study is now part of a larger project funded by the EU to study soot production in different conditions. A new thesis has recently begun on the 2-D laminar flame burner considered in this manuscript to investigate soot production subjected to a controlled vortex formed with two mechanical pistons synchronized with the laser pulse. It aims at a better understanding of the link between vorticity and the soot production. Simultaneously, more work will be carried out on EM2Soot-B to improve the understanding of the soot formation processes in this configuration. It would be interesting for example to carry out simultaneous diagnostics at high frequency to further investigate the link between the flame reaction zone, the production of PAHs and the spatial location of the soot particles. Of course, all these experiments will also serve to guide the numerical simulation of soot production in turbulent flames, an objective that is being pursued in parallel to the present investigation.

Appendix A

Rich premixed strained flame modeling

In order to obtain a first understanding of the observed behavior (Chapter 9), an idealized configuration that has some of the features of this complex turbulent flame is simulated here. A rich premixed strained laminar flame is formed in the vicinity of a stagnation plate with a given temperature is considered here. This rich premixed strained flame may be obtained experimentally by placing a nozzle injecting fresh premixed reactants in the vicinity of a plane thus forming a flat flame near the plane. This configuration is usually designated as a burnerstabilized stagnation (BSS) flame. This model is represented schematically in Fig. A.1. A premixed ethylene/air fresh mixture corresponding to the ambient temperature T f = 293 K is stabilized against a stagnation plate at temperature T wall at distance D/2. The plate temperature, and the equivalence ratio are varied to reproduce the experimental operating conditions. The injection velocity u f is chosen to impose a strain rate a ≈ D/(2u f ) = 1 s -1 . This configuration is of course not quite representative of the turbulent premixed flame investigated in this article but it serves to study the role of the wall temperature and of the equivalence ratio. Considering a self-similarity approximation in the vicinity of the jet central-axis, simulations are performed using the REGATH solver for 0-D and 1-D calculations [START_REF] Darabiha | Transient behaviour of laminar counterflow hydrogen-air diffusion flames with complex chemistry[END_REF]. The detailed KM2 mechanism (202 species with 1351 reactions) [START_REF] Wang | A PAH growth mechanism and synergistic effect on PAH formation in counterflow diffusion flames[END_REF], describing the gaseous phases, is coupled with the sectional method developed in [START_REF] Rodrigues | Unsteady dynamics of PAH and soot particles in laminar counterflow diffusion flames[END_REF] and already validated on experimental laminar strained premixed flames [START_REF] Abid | Quantitative measurement of soot particle size distribution in premixed flames-the burner-stabilized stagnation flame approach[END_REF][START_REF] Camacho | Mobility size and mass of nascent soot particles in a benchmark premixed ethylene flame[END_REF]. All details on the gas and solid phase models can be found in [START_REF] Rodrigues | Unsteady dynamics of PAH and soot particles in laminar counterflow diffusion flames[END_REF].

A.0.1 Effect of wall temperature

It was observed that the total soot volume fractions increases with the wall temperature in EM2Soot. Many reasons can be proposed to account for these trends. Among them, one may exclude any retro-coupling of soot with respect to the temperature field since for the small levels of f v detected in this configuration, the soot radiation contribution can be neglected with respect to the gaseous radiation [START_REF] Rodrigues | Modélisation multi-physique de flammes turbulentes suitées avec la prise en compte des transferts radiatifs et des transferts de chaleur pariétaux[END_REF]. Therefore, a direct effect of wall temperature on the gaseous quantities affecting soot production is the most probable phenomenon. To examine this point and obtain a deeper understanding of the observed trend, it is interesting to consider numerical simulations of soot in the BSS configuration for different values of T wall . Numerical results of soot volume fraction are displayed in ). This finally leads to a higher final soot volume fraction. In view of the behavior observed on the BSS configuration, one can deduce that the strong response of soot production to the thermal environment in the EM2soot configuration is probably governed by the production of polycyclic aromatic hydrocarbon, which is expected to increase with T c . de suies dans une flamme turbulente swirlée riche confinée et prémélangée. Il permet de quantifier indépendamment les effets de la richesse, de la puissance et de l'environnement thermique sur la production totale de suies au sein de la chambre de combustion. Un point de fonctionnement représentatif a alors été étudié et, en parallèle avec la LII, les techniques de vélocimétrie par images de particules (PIV), et de mesure de température des parois par phosphorescence induite par laser (LIP) ont été employées afin de caractériser l'effet de la turbulence sur la production des suies et d'établir une base de données pour la validation de futures simulations numériques. Enfin, la géométrie du brûleur a été modifiée permettant une stabilisation différente de la flamme (en forme d'un V), afin de se rapprocher de topologie de flammes couramment observée dans les configurations industrielles. Un nouveau point de fonctionnement a alors été étudié afin de mettre en évidence le rôle de la géométrie de l'injecteur sur la stabilisation de la flamme et, par conséquent, la production totale de suies. Cette étude ouvrant la voie à une meilleure compréhension du lien entre la géométrie du brûleur et la production totale de suies.

Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Développement de diagnostics optiques pour la mesure de particules de suies : application à des flammes swirlées confinées et prémélangées avec excès de combustible Mots clés : LII, Suies, Flamme riche turbulente prémélangée, Diagnostics laser Résumé : Le contrôle de la production des particules de suies est aujourd'hui un enjeu industriel majeur en raison de leur impact néfaste tant sur le climat que sur la santé humaine et de leur forte contribution aux transferts radiatifs. Pour mieux comprendre et contrôler la production de ces polluants dans les foyers industriels, il est primordial d'améliorer nos connaissances à ce sujet dans un brûleur turbulent. L'objectif de cette thèse est donc de mettre en place des diagnostics optiques pour l'étude des flammes suitées turbulentes et pour caractériser la production de suies dans une nouvelle configuration de combustion prémélangée, confinée, swirlée turbulente académique tout en se rapprochant des configurations industrielles. Une première configuration expérimentale laminaire est donc considérée afin de valider la mise en place de la technique d'Incandescence Induite par Laser (LII) pour mesurer la fraction volumique de suies fv. Il s'agit d'un brûleur conçu à l'université de Yale qui permet la stabilisation d'une flamme laminaire de diffusion éthylène/air. Ce brûleur a été largement étudié dans la littérature nous permettant ainsi de comparer nos mesures aux résultats de différentes équipes internationales. La calibration du signal LII avec la technique MAE (Modulated Absorption Emission) a été effectuée via une collaboration avec l'UPMC, permettant de mesurer quantitativement fv et de comparer les technique MAE et LII. Le brûleur a ensuite été équipé d'un haut-parleur afin de moduler l'écoulement et de pouvoir étudier les effets d'une perturbation contrôlée sur la production de suies, se rapprochant ainsi des phénomènes instationnaires caractéristiques des écoulements turbulents. Enfin, les effets d'élargissement de la nappe laser sur les résultats de la LII sont examinés afin de pouvoir appliquer ce diagnostic optique dans une configuration turbulente innovante caractérisée par de grandes dimensions. Ce brûleur (EM2Soot) a été développé pour mesurer la production de suies dans une flamme turbulente swirlée riche confinée prémélangée. Il permet de quantifier indépendamment les effets de la richesse, de la puissance et de l'environnement thermique sur la production de suies. Un point de fonctionnement représentatif a alors été étudié et, en parallèle avec la LII, les techniques de vélocimétrie par images de particules (PIV), et de mesure de température des parois par phosphorescence induite par laser (LIP) ont été employées afin de caractériser l'effet de la turbulence sur la production des suies et d'établir une base de données pour la validation de futures simulations numériques. Enfin, la géométrie du brûleur a été modifiée permettant une stabilisation différente de la flamme (en forme d'un V). Un nouveau point de fonctionnement a alors été étudié afin de mettre en évidence le rôle de la géométrie de l'injecteur sur la stabilisation de la flamme et, par conséquent, la production totale de suies.

Title: Development of optical diagnostics for soot particles measurements and application to confined swirling premixed sooting flames under rich conditions Keywords: LII, Soot, turbulent premixed rich flame, Laser diagnostic Abstract: The control of soot particles production represents today a major industrial issue because of their harmful impact on both the climate and the human health and their strong contribution to the radiative transfers. To better understand and control the production of these polluting emissions, it is essential to improve our knowledge on this subject in a turbulent burner. The objective of this Ph.D. is to set up optical diagnostics for the study of turbulent flames and to experimentally characterize soot production in a new academic turbulent premixed combustion configuration while approaching industrial configurations, generally confined and swirled flows. For this, a laminar experimental configuration is first considered to validate the implementation of the Laser Induced Incandescence (LII) technique to measure the soot volume fraction fv. This burner designed at Yale University allows the stabilization of a laminar ethylene/air diffusion flame. This burner has been widely studied in the literature, so that it is possible to compare the quality of our measurements with the results of different international teams. Through collaborations with the UPMC, we calibrated the LII signal with the MAE (Modulated Absorption Emission) technique, making it possible to quantitatively measure fv and to compare the MAE and LII techniques. Finally, the burner was equipped with a loudspeaker to modulate the flow and to study the effects of a controlled perturbation on the soot production, thus approaching the unsteady phenomena characteristics of turbulent flows. Finally, the effects of the enlargement of the laser sheet on LII results were also investigated in order to be able to apply this diagnostic technique in an innovative large turbulent configuration. This experimental configuration, called EM2Soot, was developed to measure the production of soot in a turbulent swirled rich confined premixed ethylene/air flame. This burner makes it possible to independently quantify the effects of the equivalence ratio, the total flame power and the thermal environment on the total soot production. A representative operating point was then characterized, in parallel with LII measurements, Particle Image Velocimetry (PIV) and Laser Induced Phosphorescence (LIP) techniques have been employed in order to characterize the effect of the turbulence on soot production and to establish a database for the validation of future numerical simulations. Finally, the geometry of the burner has been modified allowing a different stabilization of the flame (V flame shape). A new operating point is then studied in order to highlight the role of the injector geometry on the stabilization of the flame and, consequently, on the total soot production.
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  ymax y min κ λ (y)B λ (y)e -ymax y κ λ (y ) dy dy (3.32) where • ∆x pix and ∆z pix are the detection pixel's dimensions • Ω coll is the solid angle of collection • η λ is the overall efficiency of the collection optics • y the coordinate along the optical pathway crossing the flame between y min and y max • κ λ the local spectral absorption coefficient • B λ is the spectral blackbody radiative intensity at the local temperature defined on Eq. 3.2 When the laser is on, the resulting energy deposited on the pixel on λ is the sum of of f λ with the energy deposited by the laser beam and absorbed throughout the flame: on λ = of f λ + ∆λ∆t∆x pix ∆z pix η λ φ laser λ e -ymax y min κ λ (y) dy (3.33) In the previous equation, φ laser λ is the incoming laser flux measured in the same experimental condition without the flame. Finally, by successively measuring on λ and of f λ , it is possible to get the spectral absorption coefficient field through: on λ -of f λ = ∆λ∆t∆x pix ∆z pix η λ φ laser λ
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  Figure 6.1: 3-D view of the LII setup used with the EM2Soot burner for soot volume fraction measurements.

Figure 6 . 2 :

 62 Figure 6.2: Illustration of the different timings considered in LII measurements.

Figure 6 . 3 :

 63 Figure 6.3: Evolution of the mean LII signal with the laser fluence obtained on the YDB.

90

  Figure 6.4: Experimental MAE setup adapted from [202].

1 :

 1 Wavelength and corresponding value of E(m) used for the MAE.

91 -Figure 6 . 5 :

 9165 Figure 6.5: Soot volume fraction for the a) 6O% and b) 80% flame measured by MAE at λ= 645 nm.

3 ) 92 Figure 6 . 6 :

 39266 Figure 6.6: Evolution of the total soot volume fraction with the transmittance of the neutral density on the YDB. In blue: linear domain, in red: saturated domain.

Figure 6 . 7 :

 67 Figure 6.7: Evolution of the number of saturated pixels with the transmittance of the neutral density on the YDB.

Fig. 6. 8 ,

 8 the 2-D LII field signals are very close to the one obtained by MAE in Fig. 6.5. A minor discrepancy between the left and the right part can be observed due to the attenuation of the laser coming from the right to the left of the flame. 94 Chapter 6 -Implementing the LII technique to obtain quantitative soot volume fraction measurements -0.5 0 0.5 r [cm]

Figure 6 . 8 :

 68 Figure 6.8: RAW LII results for the a) 6O% and b) 80% flame measured by LII at λ= 1064 nm.

96Figure 6 . 9 :

 69 Figure 6.9: Evolution of < LII > with < M AE > for the 60 % and 80 % flame.

7 )

 7 where S(p) represents the mean value of the p highest signals S measured in the wings. The evolution of the ratio ĪLII / f M AE v (p) is represented in Fig.6.10 a) and b) for the two cases (60 % and the 80 % flame). The value of p = 1000 was considered as the number of maximums located in the wings of both flames (MAE and LII).

Figure 6 . 10 :

 610 Figure 6.10: Calibration curve in the wings for the a) the 60 % and the b) 80 % flames. Red line R: Calibration constant for p = 1000. Bottom dotted line: minimum value of the constant. Top dotted line: maximum value of the constant.

Figure 6 . 11 :

 611 Figure 6.11: Multiple Diffusion Burner with the three pure ethylene diffusion flames. The focal line is here schematically represented in red on flame B.

Fig. 6 .Figure 6 . 12 :

 6612 Figure 6.12: Mean LII signals collected on the MDB with a laser sheet focused on the centerline of flame B with F = 1000 mm and normalized by the maximum signal determined on flame A.

Figure 6 . 13 :

 613 Figure 6.13: Evolution of the total LII signal with the laser fluence for the three flames of the MDB obtained with the 1000 mm focal lens and the laser L 1 (9 mm laser beam). Error bars illustrate the standard deviation of each measurement.

. 9 )

 9 Figure 6.14: Evolution of the normalized total mean LII signal of the flame B (on the MDB) with the displacement x of the laser sheet generator for a focal length F = 1000 mm.

  [START_REF] Ishiguro | Microstructure of diesel soot particles probed by electron microscopy: first observation of inner core and outer shell[END_REF]. The uncorrected raw data and the evolution of the integrated LII signal for the different positions are presented in Fig.6.16a and Fig.6.16b respectively. One notices that the overestimation of LII signal is of up to a factor of 2.3 for x = -53 mm compared to x = 0 mm. Figures 6.[START_REF] Lapuerta | A method to determine the fractal dimension of diesel soot agglomerates[END_REF] 

Figure 6 . 15 :

 615 Figure6.15: Evolution of the correction factor Γ with x for F = 1000 mm calculated both on the MDB burner, the YDB and the 2DB burner with the laser L 1 . Solid lines correspond to the linear regression of the experimental points in symbols.

Figure 6 . 16 :

 616 Figure 6.16: Evolution of the 2-D LII signal collected from the flame on the YDB with x for F = 1000 mm associated with the corresponding integrated signal normalized by its value for x = 0 mm. (a) Raw mean LII signal, (b) integrated raw < LII > signal, (c) corrected mean LII signal using the correction factor Γ and (d) integrated corrected < LII > signal with the raw mean LII signal measured at x = 0 mm as reference.

Figure 6 . 17 :

 617 Figure 6.17: Schematic presentation of the effect of the converging lens on the laser sheet expansion in the transverse direction.
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Figure 6 . 18 :

 618 Figure 6.18: Evolution of the < LII > signal with x for the four convergent lenses tested with the laser L 1 obtained on the YDB.

Figure 6 . 20 :

 620 Figure 6.20: Evolution of the slope S Γ of the correction factor with the inverse focal length of the different lenses.

Figure 6 . 21 :

 621 Figure6.21: Schematic of a flame cross section at a given height HAB above the burner illustrating the difference between MAE and LII measurements, adapted from[START_REF] Legros | Simultaneous soot temperature and volume fraction measurements in axis-symmetric flames by a two-dimensional modulated absorption/emission technique[END_REF].

  Part II -EXPERIMENTAL INVESTIGATION OF LAMINAR DIFFUSION SOOTING FLAMES 109 LII signal (colored in green, blue and magenta in Fig. 6.21).

Figure 6 . 22 : 111 -

 622111 Figure 6.22: Post-processing procedure for LII correction of self-absorption without iteration of the calibration constant.

Figure 6 . 23 :Figure 6 . 24 :

 623624 Figure 6.23: 2D mapping of the correction factor for the 60 % case for a) constant calibration and b) adaptive calibration.

Figure 6 . 25 :

 625 Figure 6.25: Soot volume fraction field for the 60 % flame. A : LII, B: LII corrected for absorption, C: LII corrected for absorption with adaptative calibration, D: MAE, E: LII from [114], F: Pyrometry from [198].

Figure 6 . 26 :Figure 6 . 27 :

 626627 Figure 6.26: Soot volume fraction field for the 80 % flame. A : LII, B: LII corrected for absorption, C: LII corrected for absorption with adaptative calibration, D: MAE, E: LII from [114], F: Pyrometry from [198].

Figure 6 . 28 :

 628 Figure 6.28: Comparison between MAE and LII based on the wings calibration method for the a) the 60 % flame and b) the 80 % flame.

Following the calibration ofFigure 7 . 1 :

 71 Figure 7.1: 80 % flame obtained on the YDB.

119 -

 119 

Figure 7

 7 Figure 7.2: a) 2-D soot volume fraction measurements carried out by LII and b) soot volume fraction measurements at three heights above the burner (represented in white dotted lines in Fig. 7.1) for the 80% case. Comparison of different measurement techniques (LII from Yale[START_REF] Smooke | Soot formation in laminar diffusion flames[END_REF], pyrometry from Yale[START_REF] Kuhn | Soot and thin-filament pyrometry using a color digital camera[END_REF], new LII and MAE results).

  Laser wavelength: 1064 nm • Full width at half maximum of temporal laser beam profile: 9 ns • Soot absorption function: 0.38 • Laser fluence: 0.45 J.cm -2 • Particle density: 1860 kg.m -3 • Initial particle temperature: 1700 K • Gas phase temperature: 1700 K • Gas pressure 1 bar • Molar mass of the gas: 0.028 kg.mol -1

Figure 7 . 3 : 121 Figure 7 . 4 :

 7312174 Figure 7.3: TR-LII images captured at six delay times t i and normalized by the signal I 0 at t 0 =0 ns.
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 775 Figure 7.5: Temporal evolution of the LII signal for a) monodisperse and b) polydisperse populations.

Figure 7 . 6 :

 76 Figure 7.6: Bar graphs of d p along the centerline (top) and wing (bottom) at two HAB from TEM measurements for 80% case [238]. The solid lines are lognormal fittings to the sampled TEM data and the dashed lines are from the present TR-LII measurement.

Figure 7 . 7 :

 77 Figure 7.7: 2D fields of PPSD the 32 % flame. Left: d p from Adelaide TR-LII measurements [261]. Middle d p under monodisperse assumption (τ 13 for 32%). Right: d p and σ for a log-normal polydisperse population ( (τ 13 ,τ 23 ) for 32%,) for 80%.

Figure 7 . 8 :

 78 Figure 7.8: Temperature fields. Comparison of different measurement techniques for temperature (pyrometry from YALE with and without constant properties, new pyrometry data).
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 779 Figure 7.9: Temperature measurements at three heights above the burner for the 80% case. Comparison of different measurement techniques for the temperature (pyrometry from Yale with and without constant properties [114], new pyrometry (digital camera) and MAE results).

127 -Figure 7 . 10 :

 127710 Figure 7.10: Soot volume fraction measurements carried out by Laser Induced Incandescence with the YDB with various dilution of ethylene.

128 Chapter 7 - 5 -Figure 7 . 11 :

 75711 Figure 7.11: Experimental peak soot volume fractions and peak centerline soot volume fractions as a function of the fuel mole fraction measured by LII on the YDB.

Figure 7 . 12 :

 712 Figure 7.12: Evolution of the integrated soot volume fraction and the absolute maximum soot volume fraction with the dilution of ethylene on the YDB. Data are normalized to be plotted on the same graph.

Figure 7 . 13 :

 713 Figure 7.13: Experimental and numerical peak soot volume fractions and peak centerline soot volume fractions as a function of the fuel mole fraction extracted from [114].

130 Chapter 7 -Figure 7 . 14 :

 7714 Figure 7.14: Numerical normalized soot volume fraction and centerline temperatures as a function of the normalized height extracted from [114].

Figure 7 . 15 :

 715 Figure 7.15: Soot volume fraction measurements by LLI and computed results for five oxygen index adapted from [262] on the YDB.

Figure 7 . 16 : 133 Figure 7 . 17 :

 716133717 Figure 7.16: Numerical soot volume fraction measurements for three selected flames with the characteristic Lagrangian trajectories indicated by the white lines extracted from [262].

Figure 7 . 19 :

 719 Figure 7.19: New pyrometry results using a digital camera for four different dilutions of ethylene on the YDB.
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 8 Pulsed laming sooting flames with modulated sooting flames (section 8.1).

8. 3 . 1

 31 Modulation at f 0 = 10 Hz Results obtained for the different modulation levels M = [20 35 80] % at f 0 = 10 Hz are displayed in Fig. 8.1-8.3.

Figure 8 . 4 :

 84 Figure 8.4: Temporal evolution of the integrated soot volume fraction at f 0 = 10 Hz. The value corresponding to steady flames is shown as a orange dashed line. Solid lines correspond to a sinusoidal fit of the experimental data. The mean unsteady case line corresponds to the mean value of any sinusoidal (as the three values are extremely close).

Figure 8 . 5 :Figure 8 . 6 :

 8586 Figure 8.5: Evolution of the amplitude A of the sinusoidal fitting (s(t) = Acos(2πf t+ Φ) + B with the modulation level M of the fuel velocity for f 0 = 10 Hz.

8. 3 . 2 Figure 8 . 7 :

 3287 Figure 8.7: Phase diagram of integrated soot volume fraction at f 0 = 10 Hz for the different flow modulation levels. The green line shows the evolution of the integrated soot volume fraction for the steady case as a function of the fuel velocity. Elliptic response curves are plotted for M = 20 % and M = 35%.

Figure 8 . 8 :

 88 Figure 8.8: Temporal evolution of the soot volume fraction of the modulated flame with a flow modulation level M = 9 % at f 0 = 20 Hz.

Figure 8 . 13 :

 813 Figure 8.13: Temporal evolution of the integrated soot volume fraction at f 0 = 20 Hz for the M = 35 % case and for the corrected M = 35 % case where the top detached flame is not considered. In continuous lines, the sinusoidal fitting of the experimental data. The steady case line correspond to the integrated soot volume fraction of the 80 % flame. The mean unsteady case lines correspond to the mean value of the sinusoidal fitting curve.

Figure 8 . 14 :

 814 Figure 8.14: Evolution of the amplitude A of the sinusoidal fit (s(t) = Acos(2πf t + Φ) + B with the modulation M of the fuel velocity for f 0 = 20 Hz.

Figure 8 . 15 :

 815 Figure 8.15: Spectral density normalized by the level of the first harmonic for the different modulations at f 0 = 20 Hz with the frequency f normalized by the excitation frequency f 0 .
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 8816 Figure 8.16: Phase diagram of integrated soot volume fraction at f 0 = 50 Hz for the different flow modulation. The green line shows the evolution of the integrated soot volume fraction for the steady case as a function of the fuel velocity.

8. 3 . 3 . 1 Figure 8 . 22 :

 331822 Figure 8.22: Evolution of the amplitude A of the sinusoidal fitting (s(t) = Acos(2πf t + Φ) + B) with the modulation M of the fuel velocity for f 0 = 30 Hz.

Figure 8 . 23 :

 823 Figure 8.23: Spectral density normalized by the level of the first harmonic for the different modulations at f 0 = 30 Hz with the frequency f normalized by the excitation frequency f 0 .
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 8824 Figure 8.24: Phase diagram of integrated soot volume fraction at f 0 = 50 Hz for the different flow modulation. The green line shows the evolution of the integrated soot volume fraction for the steady case as a function of the fuel velocity.

Figure 8 . 25 :

 825 Figure 8.25: Temporal evolution of the soot volume fraction of the modulated flame with a flow modulation level M = 20 % at f 0 = 50 Hz.

Figure 8 . 26 :

 826 Figure 8.26: Temporal evolution of the integrated soot volume fraction at f 0 = 50 Hz. The value corresponding to steady flames is shown as a orange dashed line. Solid line correspond to a sinusoidal fit of the experimental data.

162 Chapter 8 -FFTFigure 8 . 27 :

 1628827 Figure 8.27: Spectral density normalized by the level of the first harmonic for the different modulations at f 0 = 50 Hz with the frequency f normalized by the excitation frequency f 0 .

8. 3 .4. 3 Figure 8 . 28 :

 33828 Figure 8.28: Phase diagram of integrated soot volume fraction at f 0 = 50 Hz for the different flow modulation. The green line shows the evolution of the integrated soot volume fraction for the steady case as a function of the fuel velocity.

Figure 8 . 29 :

 829 Figure 8.29: Evolution of the peak maximum soot volume fraction averaged over the 10 first maxima with the modulation M and the frequency f 0 .

Figure 8 . 30 :

 830 Figure 8.30: Evolution of the peak volume averaged soot volume fraction with the modulation M and the frequency f 0 .

Figure 8 . 31 : 166 Chapter 8 -

 8311668 Figure 8.31: Evolution of the phase diagram for a) M = 20% and b) M = 35 % at different frequencies modulations.

Figure 8 . 32 :

 832 Figure 8.32: Bode diagram summarizing the different studied configurations. Top: evolution of the gain with the frequency of the modulation, bottom: evolution of the phase with the frequency of the modulation
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 791 Figure 9.1: Injector design of the EM2Soot burner.

Figure 9 . 2 :

 92 Figure 9.2: EM2Soot-A design.

Figure 9 . 3 :

 93 Figure 9.3: Photograph of the EM2Soot burner during an experiment showing the premixed flame in the combustor, the diffusion flame attached to the exhaust nozzle and the thermocouples locations along one metallic bar of the combustion chamber.

Figure 9 . 4 :

 94 Figure 9.4: Illustrations of the region of interest A g , visualized between the green lines.

Figure 9 . 5 :

 95 Figure 9.5: Effect of wall temperature on: a) flame luminosity and b) soot volume fraction for φ = 2.1 and P prem = 7.14 kW.

Figure 9 . 7 :

 97 Figure 9.7: Effect of equivalence ratio on: a) flame luminosity and b) soot volume fraction f v for P prem = 7.14 kW and T c = 573 K.

Figure 9 . 8 :

 98 Figure 9.8: Evolution of the signal detected with the ASAHI filter for different equivalence ratios with an exposure time of 5 µs. The stabilization of a flame was not possible with this design injector for 0.7 < φ < 1.3 due to the flashback of the flame in the swirler. Data are not shown for 1.7 < φ < 2.4 due to signal saturation of the detector.

Figure 9 . 9 :

 99 Figure 9.9: Effect of P prem on: a) flame luminosity and b) soot volume fraction f v for φ = 2.1 and T c = 573 K.

10. 1 Figure 10 . 1 :

 1101 Figure 10.1: Investigated flame: P tot = 15 kW, φ = 2.1 and T c = 600 K.

Figure 10 . 2 :

 102 Figure 10.2: Velocity fields in non-reacting conditions measured in the axial plane passing through the center of the injector for the EM2Soot-A burner. The time delay between the PIV images is ∆t 1 = 75 µs. The red line delineates the position of the IRZ where the axial velocity is zero (v = 0 m.s -1 ).

Figure 10 . 3 :

 103 Figure 10.3: 2D fields of the radial (left) and axial component (right) of the velocity in non-reacting conditions measured in the axial plane passing through the center of the injector for the EM2Soot-A burner. Time delay between the PIV images ∆t= 75 µs. The red line delineates the position of the IRZ where the axial velocity is zero (v = 0 m.s -1 ).

cFigure 10 Figure 10 . 5 : 191 Figure 10 . 6 :

 10105191106 Figure 10.4: a) Velocity field in non-reacting conditions measured in the axial plane passing through the center of the injector for the EM2Soot-A burner. Time delay between the PIV frames δt 1 = 75 µs and δt 2 = 100 µs, b) radial and c) axial velocity components. The red line delineates the position of the IRZ where the axial velocity is zero (v = 0 m.s -1 ).

Figure 10 . 7 :

 107 Figure 10.7: Integrated OH * field for a) φ = 0.66 and b) φ = 1.48.

Figure 10 . 8 :

 108 Figure 10.8: (a) Two-dimensional mapping of instantaneous soot volume fraction by LII. The map is a collage of selected images recorded at different heights (pixel size ∆x = 0.1 mm). (b) Close-up views of soot structure at two HABs: the camera is equipped with an extension ring (∆x = 0.05 mm).

Figure 10 . 9 :

 109 Figure 10.9: Simultaneous measurements of soot presence by LII (red) and LS (black) at λ = 532 nm.
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Figure 10 .

 10 Figure 10.10: a) Image of light scattering intensity, indicating the instantaneous soot presence (combination of two images recorded at different instants). Parasitic background signals from light reflection on the chamber walls are not eliminated as they provide information on the chamber geometry and on the position of the bluff-body (grayscale). b) Axial velocity field derived from PIV treatment of soot light scattering fields. The black contour corresponds to null axial velocity and indicates the IRZ location.

Figure 10 . 11 :

 1011 Figure 10.11: Two dimensional mapping of (a) time-averaged and (b) standard deviation of soot volume fraction from LII.

Figure 10 .

 10 Figure 10.12: 2-D mapping of (a) temporal intermittency and (b) weighted timeaveraged soot volume fraction field from LII.

( 10 . 3 )Figure 10 . 13 :

 1031013 Figure 10.13: Axial evolution of time-averaged f v , weighted time-averaged f v , standard deviation σ and intermittency index Ω for r ∈ [-4.9; -3.9] cm.

  ppm] f v = 7 .7p p b σ = 6 .1p p b c.

Figure 10 . 14 :

 1014 Figure 10.14: Evolution of the distribution of the soot volume fraction in the three zones A, B and C with the corresponding log-normal fitting curve.

11. 1 . 1 Figure 11 .

 1111 Figure 11.2 shows the two-dimensional velocity field in an axial plane passing through the center of the injector for an HAB (Height Above the Burner)<8 cm. The vectors are colored by the value of their norm and the red line delineates the position of the IRZ (Inner Recirculation Zone) where the axial velocity v

Figure 11 . 1 :

 111 Figure 11.1: Schematic views of the EM2Soot-A (left) and EM2Soot-A' (right) configurations illustrating the differences in the corner bar design resulting in an increased field of view for the EM2Soot-A' configuration.

Figure 11 Figure 11 . 3 :

 11113 Figure 11.2: a) Two-dimensional velocity field measured under reacting conditions (P tot = 15 kW, φ = 2.1) in the axial plane passing through the center of the injector for the EM2Soot-A' burner with δt 1 = 75 µs and δt 2 = 100 µs with b) the radial and c) axial component of the velocity. The red line delineates the position of the IRZ where the axial velocity is zero (v = 0 m.s -1 ). The gray line on a) represents the field of view in EM2Soot-A.

Figure 11 . 4 :

 114 Figure 11.4: Two-dimensional velocity field in reacting conditions measured in the axial plane passing through the center of the injector for the EM2Soot-A burner with δt = 75 µs. The red line delineates the position of the IRZ where the axial velocity is zero (v = 0 m.s -1 ).

206 Chapter 11 -Figure 11 . 5 :

 11115 Figure 11.5: Two-dimensional fields of the radial (top) and axial components (bottom) of the velocity in reacting conditions measured in the axial plane passing through the center of the injector for the EM2Soot-A' burner with δt = 75 µs.

Figure 11 . 6 :

 116 Figure 11.6: Evolution of G for the reacting conditions for the EM2Soot-A and A' configurations.

208 Chapter 11 -Figure 11 . 7 :

 11117 Figure 11.7: Schematic of the flame and its characteristic regions (IRZ: Inner Recirculation Zone, ORZ: Outer Recirculation Zone, reaction zone and burnt gas region. The arrows represent the flow direction.

Figure 11 . 8 :

 118 Figure 11.8: Localization of the phosphor painting on the quartz windows.

212 Chapter 11 -Figure 11 . 9 :

 11119 Figure 11.9: Temperature T du i evolution along the internal surface of the quartz with a down to up translation with ∆ HAB = 1 cm in red colors (three different trials) and with ∆ HAB = 0.5 cm in black. Specific T var value are also plotted on a single curve.

Figure 11 . 10 :Figure 11 . 11 :

 11101111 Figure 11.10: Temperature T du i and T ud i evolution along the internal surface of the quartz. ∆ HAB = 1 cm

Figure 11 . 12 :

 1112 Figure 11.12: Profiles of the internal quartz temperature for different HAB levels obtained under lean flame heating (averaged over the left-right and the right-left direction). ∆ HAB = 1 cm. The points represent the temperature along the central axis and the crosses corresponding to ±5.9 cm are those delivered by the thermocouple located in a corner bar.

Figure 11 . 13 :

 1113 Figure 11.13: Two-dimensional field of the internal quartz temperature derived by interpolating LIP and thermocouple temperatures.

(

  steady and transient), and rich conditions is presented in Fig.11.14 together with the thermocouple temperatures in the corner bar. Steady rich conditions could not be reached without damaging the quartz windows and are therefore not available. Measurements of the external temperature for the lean steady state case confirm the existence of a constant temperature region between HAB = 7 cm and HAB = 11 cm validating the averaging procedure between up-to-down and down-to-up measurements carried out for the transient internal quartz window temperature measurements under lean flame conditions. The interpretation of the external quartz window temperature for the transient rich case is not straightforward as the temperature measurements are carried out after a preheating of the chamber with the lean flame. Consequently, the measured external temperature might still reflect operations with the lean flame used for the preheating. To answer this question, one may calculate the Fourier number F o which provides an indication on the state of heat conduction inside the quartz window. The Fourier number is defined as follows: e the quartz window thickness and α, the thermal diffusivity of the quartz 216 Chapter 11 -Characterization of the gaseous and solid phases in the ext LIP unsteady lean ext LIP unsteady rich ext Thermocouple unsteady lean Thermocouple steady lean

Figure 11 . 14 :FoFigure 11 . 15 :

 11141115 Figure 11.14: External quartz window temperature measurements for lean (steady and transient) and rich (transient) conditions. ∆ HAB = 1 cm.
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 11 Characterization of the gaseous and solid phases in the

Figure 11 . 16 :

 1116 Figure 11.16: Internal and external quartz window temperature measurements for the lean conditions. ∆ HAB = 1 cm.

and 11. 18 .

 18 The first figure is corrected for the laser sheet expansion while the second is not corrected.

Figure 11 . 17 :

 1117 Figure 11.17: Selective collages of instantaneous soot volume fraction results obtained on EM2Soot-A' with the laser sheet focused at r = -3 cm. The right part of the chamber was hidden to prevent the saturation of the detector.

Figure 11 . 18 :

 1118 Figure 11.18: Selective collages of instantaneous soot volume fraction results obtained on EM2Soot-A' corrected for the laser sheet expansion.

Figure 11 . 19 :

 1119 Figure 11.19: Instantaneous measurement of light scattering at λ = 532 nm in the EM2Soot-A' configuration. (The white circle in the middle corresponds to a parasitic reflection signal).

11. 3 Figure 11 . 20 :

 31120 Figure 11.20: Effect of the first Gaussian filter on the raw light scattering data.

Figure 11 . 21 : 1 

 11211 Figure 11.21: Effect of the 2-D high-pass filter.

Figure 11 . 22 :

 1122 Figure 11.22: Effect of the second Gaussian filter.

Figure 11 . 23 :

 1123 Figure 11.23: Binarized light scattering results after the application of the different filters on the raw data.

  y, ∆x) = < I(x, y) × I(x + ∆x, y) > < I(x, y) × I(x, y) > (11.4)In the previous expression I is the presence index of soot in the binarized image shown in Fig.11.23 (I = 0 if soot is absent and I = 1 is soot is detected). The auto-correlation is then measured on 7 different points over 1200 images for ∆ between 0 and 8 mm (each pixels size being equal to 0.1 mm). The results are then averaged over x and y and plotted in Fig.11.24. From this figure, one can identify a characteristic distance d = 2.7 mm that corresponds to the first local maximum following the obvious maximum for ∆x = 0 mm. A second maximum is then also retrieved for ∆ = 5.2 mm which is very close to the expected value of 2d. This characteristic length must now be considered in regards with the laser properties used for LII measurements. Its beam has an angle of divergence of 0.6 mrad, leading to a theoretical laser sheet width at the focal line sheet (with F real = 1130 mm) of: sheet = F × 0.6 × 10 -3 = 0.67 mm(11.5) 

Figure 11 . 24 :

 1124 Figure 11.24: Cross-correlation results in the axial direction (red), vertical direction (green) and averaging of the two directions (orange).
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 111125 Figure 11.25: Schematics representation of the discretization on the CCD detector.

Figure 11 . 26 :

 1126 Figure 11.26: Evolution of the normalized RMS and mean total soot volume fraction with the number of images used for averaging.

Figure 11 . 27 :Figure 11 . 28 :Figure 11 . 29 :

 112711281129 Figure 11.27: Mean soot volume fraction without correction for laser sheet expansion. Reactive PIV measurements are also plotted and the green line delineates the position of the IRZ where the axial velocity is zero (v = 0 m.s -1 ). The evolution of the internal and external quartz window temperatures are plotted on the right. Temperatures are measured in the internal face of the window under lean flame conditions for the internal and on the external face under rich flame conditions.

Figure 11 . 30 :

 1130 Figure 11.30: Mean weighted soot volume fraction measurements obtained in the EM2Soot-A' configuration with = 8 ppb. a) without correction, b) with the modified correction. Reactive PIV measurements are also plotted and the red line delineates the position of the IRZ where the axial velocity is zero, v = 0 m.s -1 .
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 1113113111321133 Figure 11.31: Mean weighted soot volume fraction measurements obtained in the EM2Soot-A' configuration with the modified correction and a threshold level = 16 ppb. Reactive PIV measurements are also plotted and the red line delineates the position of the IRZ where the axial velocity is zero, v = 0 m.s -1 .
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 11341135 Figure 11.34: Evolution of the distribution of the soot volume fraction in the ORZ of EM2Soot-A': a) Raw soot volume fraction data and b) soot volume fraction corrected with the modified correction scheme for the laser sheet expansion.

Figure 11 . 36 :

 1136 Figure 11.36: Evolution of the distribution of the soot volume fraction in three regions in EM2Soot-A' (Zone A is defined in Fig. 11.27). Left: Soot volume fraction corrected for the laser sheet expansion. Right: Soot volume fraction corrected with the modified correction scheme for the laser sheet expansion.

Figure 12 . 1 :

 121 Figure 12.1: Injector design of the EM2Soot-B configuration.

Figure 12 . 2 :

 122 Figure 12.2: Photos of the lean preheating flame for the EM2Soot-B injector design. a) "M" flame with φ = 0.6 and P tot = 8 kW and b) "V" flame with φ = 0.47 and P tot = 6.4 kW.

Figure 12 . 3 :

 123 Figure 12.3: Evolution of the flame luminosity with the equivalence ratio and the premixed flame power for the EM2Soot-B configuration at T c = 700 K. The photo for P prem = 7.14 kW and φ = 2.1 (square) corresponds to the mass flow rate considered in the EM2Soot-A' configuration presented in chapter 9.

Figure 12 . 4 :

 124 Figure 12.4: Evolution of the normalized total soot volume fraction with the equivalence ratio for different temperatures.

Figure 12 . 5 :

 125 Figure 12.5: Evolution of the flame luminosity with the flame temperature ratio and the total flame power for φ = 1.9.

Figure 12 . 6 :

 126 Figure 12.6: Illustration of the effect of the injector design on the flame structure and sooting properties. Flame I: EM2Soot-A' with P prem = 7.4 kW, φ = 2.1 and T c =570 K (T exp = 2 ms), flame II (T exp = 625 ms): EM2Soot-B with the same experimental conditions of flame I, flame III (T exp = 12.5 ms): EM2Soot-B with P prem = 16.2 kW, φ = 2.1 and T c = 570 K, flame IV (T exp = 12.5 ms): with P prem = 16.2 kW, φ = 2.1 and T c = 690 K and flame V (T exp = 12.5 ms): with P prem = 16.2 kW, φ = 1.85 and T c = 690 K.

Figure 12 . 7 :Figure 12 . 8 :

 127128 Figure 12.7: Flame visualization for P prem =16.2 kW and φ=1.85 and T c = 690K

Figure 12 . 9 :

 129 Figure 12.9: Collages of selected instantaneous PAH PLIF results obtained with a laser wavelength λ = 266 nm. Experiments are carried out on EM2Soot-B operating at P prem = 13.5 kW, φ = 1.85 and T c = 690 K.

Figure 12 . 11 :

 1211 Figure 12.11: Mean symmetrized and normalized PAH PLIF results at 266 nm obtained on EM2Soot-B.
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 1212 Figure 12.12: Mean normalized PAH PLIF results for the small PAH at 266 nm (left) and for the large PAH at 532 nm (right) obtained on EM2Soot-B.
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 12 Figure 12.13: 2-D intermittency index of the PAH PLIF results obtained at 266 nm (left) and 532 nm (right) on EM2Soot-B.
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 1214 Figure 12.14: Selective collages of instantaneous soot volume fraction results obtained on EM2Soot-B by LII.
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 1215 Figure 12.15: Mean soot volume fraction measured over 400 images with two superimposed iso-contours of PAH PLIF results measured at 266 nm and 532 nm.
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 1216 Figure 12.16: Evolution of the temperature measured by the thermocouples inserted in one of the chamber for the steady lean flame and the unsteady rich flame.
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 1217 Figure 12.17: Weighted mean soot volume fraction results obtained in the EM2Soot-B configuration with =1.5 ppb.

Figure 12 . 20 :

 1220 Figure 12.20: Axial evolution of time-averaged f v , weighted time-averaged f v , standard deviation σ and intermittency index Ω for r ∈ [-0.2; 0.2] cm in EM2Soot-B.

Figure 12 . 21 :

 1221 Figure 12.21: Evolution of the distribution of the soot volume fraction in four regions of EM2Soot-B: a) Reaction Zone, b) ORZ, c) IRZ and d) burnt gases with the corresponding log-normal fitting curve.

Figure 12 . 22 :

 1222 Figure 12.22: Schematics of the flames obtained on EM2Soot-A' (left) and EM2Soot-B (right) and their characteristic zones (IRZ: Inner Recirculation Zone and ORZ: Outer Recirculation Zone, gray dots correspond to the main soot region in each flame).
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Figure A. 1 :

 1 Figure A.1: Schematic of the burner-stabilized stagnation flame.

  Fig. A.2a for five wall temperatures and confirm the observed tendency. It is found that the profiles of C 2 H 2 and OH species, mainly responsible for soot surface reactions, are not modified by the value of T wall (not shown). In contrast, the profile of coronene Fig. A.2c, representative of soot precursors responsible for soot nucleation and condensation phenomena, is correlated to the temperature profiles as shown in Fig. A.2b. Along the flame, the concentration of the polycyclic aromatic hydrocarbons (PAHs), such as coronene, increases with temperature. At x = 3 cm, the temperature starts to decrease due to the effect of the wall temperature, reducing PAH production, which requires high temperature values. The smallest the wall temperature, the quickest the gas temperature and, consequently, PAH concentration decrease. Therefore, by increasing the wall temperature, a higher concentration of soot precursors is obtained enhancing nucleation and condensation processes as illustrated in Figs. A.2d and A.2e. In turn, this yields soot particles that are characterized by larger volume and surface area, consequently increasing the contribution of surface reactions (Fig. A.2f
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  Chapter 2 -Soot generalities Concern about soot effects on health and the environment are being raised worldwide, making it urgent to understand the mechanisms underlying soot production and to develop methods that can limit soot release in the atmosphere. Some examples on how soot has affected the environment and human activities are reviewed in what follows (Sec. 2.1). Soot characteristics and formation processes are considered next (Sec. 2.2). Because soot is most often characterized and measured with optical diagnostics, it is then logical to discuss optical properties of soot particles (Sec. 2.3). The last section (Sec. 2.4) gives the position of the present research contributions with respect to the abundant technical literature.
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 51 Announced geometric characteristic of the YDB from [235].
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 5 2: Geometric measurements of the YDB.

	Name	% Ethylene % Nitrogen V (cm/s)
	80 % flame	80	20	35
	60 % flame	60	40	35
	40 % flame	40	60	35
	32 % flame	32	68	35
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 53 The four flames studied with the YDB system.
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 62 Correspondence between the nominal focal length and the real focal length measured with the MDB.

	1			
		F=500 mm	
	0.8	F=700 mm F=810 mm	
	0.6	F=1000 mm	
	0.4			
	0.2			
	-150 -100 -50 0	0	50	100 150
			x [mm]	

106

  Chapter 6 -Implementing the LII technique to obtain quantitative soot
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Figure 6.19: Evolution of the correction factor Γ for the two considered laser (Laser L 1 : 9 mm diameter and laser L 2 : 7 mm diameter) with the normalized displacement x/F real .
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 71 Evolution of the ratio of impulsion with the quantity of ethylene for the YDB.
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	X C 2 H 4	32 % 40 % 50 % 60 % 80 %
	I r =	I C 2 H 4 I N 2	0.46	0.66	1	1.49	4

Table 8 . 1 :

 81 Frequency and associated modulation considered.
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 121 Summary of the results obtained on EM2Soot-A' and EM2Soot-B.

Chapter 2 -Soot generalities

Frenklach himself recognized that the acronym was only introduced due to the word limit imposed by the Combustion Symposium Paper. He actually prefers the full name that better describes the mechanism[START_REF] Frenklach | Reaction mechanism of soot formation in flames[END_REF] 

[START_REF] Charalampopoulos | In situ optical properties of soot particles in the wavelength range from 340 nm to 600 nm[END_REF] Propane Krishnan et al. (2002) Ethylene Dalzell & Sarofim (1969) Propane Chang & Charalampopoulos (1990) Octane Habid & Vervisch (1988) Ethylene Lee & Tien (1981) Plexiglas Habid & Vervisch (1988) Ethylene Snelling et al. (2002) Propane

However it would be more relevant to also indicate the power flux since lasers can have different pulse durations.

MAE experiments were conducted at the UPMC laboratory contrary to the LII measurements but with exactly the same burner and mass-flow controller.

HAB [cm]f v[ppm] 

HAB [cm]f v[ppm] 

Nevertheless, the exact definition of soot particles has not been given yet and one may consider that soot particles are defined through their ability to create an LII signal.

Due to the exposure time for flame luminosity visualization (2µs), Fig. 10.1 contains time-averaged information.

Chapter 12 -Effect of injector's geometry on soot production

Here again a soot particle is defined by its ability to emit a measurable blackbody radiation.

Figure 12.10: Mean symmetrized and normalized PAH PLIF results at 532 nm obtained on EM2Soot-B.

Figure 12.18: Intermittency index obtained in the EM2Soot-B configuration with =1.5 ppb.

Figure 12.19: RMS soot volume fraction field obtained in the EM2Soot-B configuration.
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Chapter 4

Optical diagnostics for flow, flame and wall chamber temperature characterization

Effects of equivalence ratio and flame power

One interesting feature of a premixed flame configuration is that the effects of the operating conditions on soot production can be identified more easily than in a non-premixed situation, where any parameter may lead to a modification of the mixing process subsequently affecting soot production. Therefore, the equivalence ratio φ and P prem have been changed in the EM2Soot-A configuration and their effects on soot production can be easily identified in Fig. 9.6. The effect of the equivalence ratio φ is first considered and displayed in Fig. 9.7a, The first visible orange soot streaks appear at around φ = 1.6 with a blue region below. This blue region disappears when the equivalence ratio exceeds φ = 1.7. This feature is confirmed in an indirect manner by examining the signal delivered by a Photron SAX coupled with an Hamamatsu intensifier with a UV objective (Gate width= 5 µs) and equipped with an ASAHI bandpass filter (ZBPA310). This filter separates the OH * chemiluminescence signal from the background radiation. However this filter has sidebands and one of them is located in the 800-1200 nm and the transmissivity in that range is of 0.01%. The signal level displayed in Fig. 9.8 corresponds to a wide range of equivalence ratios. As expected [START_REF] Panoutsos | Numerical evaluation of equivalence ratio measurement using OH and CH chemiluminescence in premixed and non-premixed methane-air flames[END_REF], the OH * chemiluminescence signal increases in the reference configuration ICCD PIMAX-3 camera with a limited performance. However, light scattering measurements indicated that soot particles were present in the entire chamber. Two issues were raised in these experiments. The first concerns the field of view that is limited by the metallic corner bars that hold the quartz windows. The second pertains to the detection threshold. To resolve the first issue the decision was made to modify the geometry of the combustion chamber to increase the field of view, leading to a new configuration called EM2Soot-A'. To lower the detection threshold, a new EM-ICCD PIMAX-3 camera was acquired that had a much greater sensitivity in the blue region compared to that of the ICCD PIMAX-3 camera. Another issue that had not been considered in these experiments was related to the effect of the laser sheet expansion on the quality of LII measurements. This was investigated at a later stage, after the experiments reported in the present chapter. These effects will be taken into account in the next chapter as it will be shown that they have a notable impact on the quantitative determination of the soot volume fraction and on the data interpretation. 

Chapter 11

Characterization of the gaseous and solid phases in the reference configuration

A.0.2 Effect of the equivalence ratio φ

In order to characterize the effect of the equivalence ratio, numerical simulations of the BSS configuration have been performed for five equivalence ratio φ = 1.9, 2.1, 2.3, 2.5, 2.7. Results for the soot volume fraction are displayed in Fig.

A.3 and show that soot production increases with the equivalence ratio for all values considered. This tendency is in agreement with what has been observed in experiments on laminar premixed flames [START_REF] Melton | The effects of equivalence ratio on the formation of polycyclic aromatic hydrocarbons and soot in premixed methane flames[END_REF] but is in contrast with what is observed in the EM2Soot flame for which a critical equivalence ratio (φ = 2.1), corresponding to the maximum of soot production, has been detected. This might indicate that variations in soot production in a swirled premixed rich flames as a function of the equivalence ratio, especially for extremely high equivalence ratios, are controlled by interactions between the flame, turbulent eddies and soot production that are obviously not observed in laminar cases. Therefore, the characterization of this phenomenon cannot be explained by knowledge on laminar sooting flames and requires additional experimental and numerical investigations on turbulent flames.