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analysis of the characteristic evaporation time and its influence on the flame is carried out. This parametric study shows that the quality of atomization strongly influences the flame topology and fuel distribution in the combustion chamber. The numerical results are then compared with the experimental data.

In addition, a two-level model capable of simulating Laser Induced Fluorescence (LIF) has been developed. The purpose of this model is to be able to compare raw images obtained experimentally with numerical results. To this purpose, the interaction between the laser sheet and the burnt gases is modeled to quantify the absorption and quenching phenomena, which are important to obtain quantitative measurements from a fluorescence signal. With this model, simulations are used to evaluate the radiative properties of the burnt gases along the laser sheet path.

Résumé : Simulation aux grandes échelles de la combustion haute pression pour la validation a priori de diagnostiques optiques.

Afin de réduire la consommation spécifique et les émissions de CO 2 des moteurs aéronautiques, les industriels cherchent à augmenter la pression maximale dans le cycle thermodynamique de Brayton. Cette augmentation de pression entraîne un fort impact sur la structure de la flamme (épaisseur, vitesse, cinétique chimique) mais également sur les émissions de polluants, tels que les NOx. Les émissions de NOx peuvent être limitées en adoptant des technologies innovantes comme les chambres de combustion low-NOx. De même, la haute pression dans la chambre impacte également les propriétés radiatives des gaz brûlés, qui sont importantes pour les diagnostics optiques utilisés pour caractériser la flamme.

Un nouveau système d'injection de type pauvre prémélangé (LP pour Lean-Premixed) pour brûleurs aéronautiques a été étudié expérimentalement au laboratoire CORIA à Rouen avec des diagnostics optiques avancés. Dans le cadre de ces travaux, des simulations aux grandes échelles de ce système ont été réalisées pour un point de fonctionnement de référence à 8.33bar et 669.3 K. L'impact des caractéristiques de l'atomisation sur la flamme est évalué par une étude paramétrique. Une analyse du temps d'évaporation caractéristique et de son influence sur la flamme a été effectuée. Cette étude paramétrique montre que la qualité de l'atomisation influence fortement la topologie de la flamme et la distribution du combustible dans la chambre de combustion. Les résultats numériques sont ensuite comparés aux données expérimentales afin d'apporter des précisions sur la topologie de la flamme.

De plus, un modèle à deux niveaux capable de simuler la Fluorescence Induite par Laser (LIF) a été développé. Le but de ce modèle est de pouvoir comparer des images brutes obtenues expérimentalement avec les résultats numériques. À cet effet, l'interaction faisceau laser / gaz brûlés est modélisée pour quantifier les phénomènes d'absorption et de "quenching", qui sont importants pour obtenir des mesures quantitatives à partir du signal de fluorescence. Avec ce modèle, les simulations permettent d'évaluer les propriétés radiatives des gaz brûlés le long du parcours de la nappe laser.

Mots clés: Simulation aux grandes échelles, combustion turbulente, haute pression, spray, fluorescence induite par laser *** Abstract: High-pressure combustion Large-Eddy Simulations for an a priori optical diagnostics validation To reduce the specific consumption and CO 2 emissions of aircraft engines, manufacturers are seeking to increase the maximum pressure in Brayton's thermodynamic cycle. This pressure increase has a strong impact on the flame structure (thickness, speed, chemical kinetics) but also on pollutant emissions. High pressure leads to an increase in NOx emissions, which can be reduced by the adoption of low-NOx technologies. It also impacts the radiative properties of the burnt gases. These burnt gases are important since they are used in optical diagnostics to characterize the flame.

A new Lean-Premixed (LP) injection system for aeronautical burners was experimentally investigated with advanced optical diagnostics at CORIA laboratory in Rouen. This work aims to perform Large-Eddy Simulations of this injector at a reference operating point at 8.33 bar and 669.3 K. The spray features impact on the flame is assessed by a specific parametric study. An gracias por tu apoyo, tu ayuda y tu paciencia. Este último año, especialmente difícil y con mucho trabajo, ha sido mucho más llevadero gracias a ti.
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Context

The Advisory Council of Aeronautic Research in Europe (ACARE) gives mid and long-term objectives to limit pollutant emissions. As such, the 2020 objectives in the aviation transportation plan a reduction of CO 2 by 50% (i.e. a 50% reduction of the consumption) compared to the level in 2000 and 80% reduction of the emission of NOx is required as well as 50% reduction of the noise [START_REF]European aeronautics: A vision for[END_REF]. This regulation will be more stringent in 2030 or 2050 since it is scheduled a 75% reduction in CO 2 emissions per passenger kilometer and a 90% reduction in NOx emissions.

To achieve the European objectives of pollutant emissions reduction, new innovative engine technologies are necessitated. One method allowing to significantly reduce NOx emissions is by using the Lean-Premixed combustion concept. Lean combustion consists of burning fuel with an excess of air. The excess of air reduces emissions of unburned hydrocarbons (UHC). Decreasing the equivalence ratio of combustion allows reducing NOx, which is mainly produced in very hot environments (> 2200 K) and with a long residence time of oxygen and nitrogen. This is called thermal NOx. When decreasing the equivalence ratio, the temperature of burnt gases is also decreased. The thermal conditions are then not favorable to NOx production. Despite that fact, this combustion mode implies new constraints such as lean blow out (LBO), re-ignition of the combustion chamber or other pollutant emissions. When approaching the LBO point, flame reactivity drops, becoming then, more sensible to external disturbances which can lead to extinction. These perturbations can also lead to local equivalence ratio differences inside the combustion chamber, which may imply local flame extinction. These flame extinctions will create molecular species as CO (carbon monoxide) or UHC. To palliate these unwanted phenomena, new injection technologies such as LPP (Lean-Premixed-Prevaporized), LP (Lean Premixed), or variants are being developed.

Aircraft engines

A jet engine is a gas turbine that provides the mechanical energy required to fly the aircraft from the chemical energy stored into the fuel. Gas turbines are composed of three main parts, represented in Fig. 1.1:

• compressor: provides mechanical energy to the fluid flow, increases the air pressure and temperature.

• combustion chamber: its role is to add fuel to the high-pressure air coming from the compressor, to burn the mixture and to feed the hot, high-pressure exhaust gases into the turbine. Pressure in the combustion chamber may vary between 3 and 30 bar, while the inlet temperature can range from 400 K to 800 K.

• turbine: extracts part of the thermal and pressure energy contained in the hot gases coming from the combustion chamber and transforms it into mechanical energy. Part of this energy is used to move the compressor, while the rest is used to propel the aircraft.

Besides, an inlet and a nozzle has to be added to have a turbojet. A turbofan is obtained by adding a fan before the compressor. This kind of configuration allows a reduction of the specific fuel consumption (SFC). Besides, it accelerates a larger mass of air to lower velocity, leading to higher propulsive efficiency. Part of the air passes to the combustion chamber, the primary flux, while the remaining part of the air, the secondary flux, goes directly to the exit nozzle where it mixes with the burnt gases. The cycle that describes the evolution of the thermodynamic variables of the airflow as it passes through a turbojet is called the Brayton cycle. The first stage consists of the airflow pressure increase in the inlet and the compressor. During this stage, the flow velocity decreases, while pressure and temperature are increased. Then, combustion at constant pressure takes place in the combustion chamber, where high temperature is reached. This is followed by a flow expansion in the turbine and the nozzle, where pressure and temperature decrease significantly, while the fluid velocity increases. Finally, the flow will be discharged into the atmosphere. Ideally, compression and expansion are isentropic processes. In reality, deviations from an ideal cycle in real engines can occur through component inefficiency such as mechanical losses (e.g. friction, heat losses or load losses).

To make propulsion systems applicable to all types of aircraft, from helicopters to long-range aircraft transports, some requirements are needed:

• high overall efficiency To accomplish these objectives, research and development activities have been and continue to be conducted. For instance, in combustion, developments aim to increase the specific mass flow through combustors, to reduce the pressure drop and to increase the combustion efficiency. Also, some studies focus on the increase of the overall pressure ratio (OPR). The increase of the compressor OPR allows to improve the thermodynamic efficiency, hence, the turbojet efficiency. Higher pressure ratios and mass flow rates per unit area result in a reduction of the engine length and weight-per-power output.

High-pressure combustion

From the thermodynamic cycle represented in Fig. 1.1, it can be deduced that for a given amount of input heat, a higher pressure (P 3t ) and temperature (T 4t ) result in a greater amount of work. In aviation, gas turbines engines are mainly used to propel the aircraft. On this basis, higher pressure ratios and temperatures should be targeted to achieve the highest efficiency. However, this pressure increase may have effects on the flame properties, the spray characteristics, the pollutants emission or even the radiative properties of the burnt gases.

Effect of pressure on the flame characteristics

Pressure impacts on the flame characteristics, such as, laminar flame speed and flame thickness, which is a very useful parameter to determine the scales that need to be resolved in the simulations. The laminar flame speed (s L ) is usually defined as:

ρ u s L Y F = - ∞ -∞ ωF dx , (1.1) 
where ρ u is the density of the unburnt mixture, Y F is the fuel mass fraction on the fresh gases and ωF is the fuel reaction rate. It may be written as a function of pressure [START_REF] Poinsot | Theoretical and numerical combustion[END_REF]: where n F and n O are reaction exponents for fuel and oxidizer, respectively, and s L (P 0 ) is the laminar flame speed at a determined pressure P 0 . Laminar flame speed decreases when pressure increases, as it can be seen in Fig. 1.2. The laminar flame thickness defined as:

s L (P ) = s L (P 0 ) P P 0 n F +n O -2 2 , (1.2) 
δ L = T b -T u max | ∂T ∂x | , (1.3) 
where T b and T u are the temperature of the burnt and the unburnt gases, respectively, also decreases with pressure, see Fig. 1.2.

Effect of pressure on the spray

Another important parameter that is influenced by pressure is the rate of evaporation of the liquid fuel. For instance, the boiling temperature of the droplets increases with pressure, as it can be seen in Fig. 1.3. The boiling temperature is given by:

T boil = 1 1 T boil,ref - R W f uel L v ln P k,surf P ref , (1.4) 
where T boil,ref = 445.1 K is the boiling temperature of the kerosene (Jet A1) at the reference pressure P ref = 101325 Pa, L v = 289010 J/kg is the latent heat of vaporization of the liquid kerosene, W f uel = 0.137 kg • mol -1 is the molar mass of the fuel, and P k,surf is assumed to be equal to the combustion chamber pressure. Some studies were performed to study the effect of ambient temperature and pressure on the rate of evaporation. On the one hand, Ghassemi et al. [START_REF] Ghassemi | Experimental study on binary droplet evaporation at elevated pressures and temperatures[END_REF] performed an experimental study on droplet evaporation at various temperatures and pressures. For hexadecane, he observed that, for low temperatures (T < 500°C), the evaporation rate decreases until a minimum and then increases with pressure. However, at intermediate temperatures (500°C < T < 700°C), close to the boiling temperature, the evaporation rate decreases monotonically. Finally, at high temperatures (T > 700°C), i.e. temperature higher than the boiling temperature, the evaporation rate increases with pressure. On the other hand, Kitano [START_REF] Kitano | Effects of ambient pressure, gas temperature and combustion reaction on droplet evaporation[END_REF] performed numerical simulations to study the effect of pressure, temperature and combustion reaction on droplets. He showed that at lower temperatures, droplet lifetime increased with pressure. However, when the temperature increased, the droplet lifetime decreased with pressure.

Effect of pressure on the radiative properties of the burnt gases

The radiative properties of the burnt gases used in optical diagnostics to analyze the flame are also influenced by pressure conditions. When a laser beam passes through the media, some of the energy of the laser is absorbed by the targeted species. The reduction of intensity of the laser beam is then related to the properties of the media thanks to the Beer-Lambert law:

dI ν dx = -k ν I ν (x) , (1.5) 
with k ν the absorption coefficient in [m -1 ] and I ν the laser intensity in [W • cm -2 ]. The absorption coefficient is proportional to the molar fraction of the species of interest i and the pressure P :

k ν ∝ X i P . (1.6)
The profile of k ν as a function of pressure for a given X i is represented in Fig. 1.4(a). On the other hand, the fluorescence signal is:

S F ∝ I ν A 21 A 21 + Q 21 , (1.7) 
where A 21 [s -1 ] is the Einstein coefficient representing the radiative relaxation of the excited molecules via spontaneous emission and Q 21 [s -1 ] is the quenching rate, that represents the nonradiative decay due to collisions between molecules. The ratio A 21 /(A 21 + Q 21 ) is known as the fluorescence yield and can be used as a measurement of the fluorescence efficiency. As it can be seen in Fig. 1.4(b), the quenching phenomenon is highly dependent on pressure, since:

Q 21 ∝ P T n X n , (1.8) 
where n are the collisional partners of the species i and T is the ambient temperature. Because A 21 is a constant, when pressure increases A 21 << Q 21 [START_REF] Eckbreth | Laser Diagnostics for Combustion Temperature and Species[END_REF] and the fluorescence signal decreases. The main drawback when operating the engine at high pressure is that an increase in pollutant emissions is observed. Therefore, the key point is to achieve low emissions while operating at higher pressures and temperatures. Combustion must be optimized to give high efficiency, low emissions, and high power. Lean combustion allows the reduction of NOx emissions, thanks to lower temperatures, and CO 2 emissions, by the improved thermal efficiencies [START_REF] Dunn-Rankin | Lean Combustion[END_REF]. Yet, lower temperatures may lead to an increase in CO and hydrocarbon emissions because of the low rates of oxidation.

Lean-premixed combustion

Historically, stoichiometric combustion was sought to deliver maximum engine power. Fuel and oxidant were injected separately in the combustion chamber to prevent flame flashback. Thus, combustion was supposed to occur at the fuel/oxidant interface in a diffusion flame. However, the associated excessive emissions of CO, unburned hydrocarbons, and nitrogen oxides (NOx) led to the design of engines for lean combustion at a lower temperature.

Lean combustion allows reducing NOx emissions thanks to the lower temperatures, and CO 2 emissions by improving thermal efficiency [START_REF] Dunn-Rankin | Lean Combustion[END_REF]. As it can be seen in Fig. 1.6, when there is an excess of air, the zone where NOx formation rates accelerate can be avoided. Besides, it leads to an oxidation of hydrocarbons. 

Mechanisms of NO Formation

The control of combustion-related NOx begins with an understanding of the mechanisms involved in its formation. Because NO is the primary component of NOx that is emitted during combustion, this section concentrates only on the NO formation mechanisms. NO is formed via various pathways that include the fuel, thermal, prompt, and nitrous oxide mechanisms. The fuel-NO mechanism is associated with nitrogen bound fuels. Light distillates such as aviation fuels, with a nitrogen constituency of up to 0.06% [START_REF] Lefebvre | GAS Turbine Combustion[END_REF], can be assumed to contribute negligible levels of fuel NO in a gas turbine engine. While fuel NO can be largely neglected for aviation gas turbines, the thermal, prompt, and nitrous oxide mechanisms are important in NO formation. The extent that the different mechanisms contribute to the overall NO formation can be estimated by a table presented by Bowman [22] which summarizes the NO values obtained from various references. This table helps to show the conditions which favor a particular mechanism, e.g., the thermal mechanism dominating at conditions near stoichiometry (φ = 1), the prompt mechanism occurring under fuel-rich conditions, the N 2 O mechanism occurring under fuel-lean conditions. The following sections discuss these NO mechanisms in more detail.

Thermal Mechanism

The thermal-NO mechanism becomes predominant in chemical reactions that attain temperatures around and above 1800 K [START_REF] De Nevers | Air Pollution Control Engineering: Second Edition[END_REF]. Thermal NO contributes to a large portion of the overall NO levels in most conventional gas turbine combustors, where temperatures greater than 1800 K are likely to occur. The following reactions comprise the thermal-NO mechanism of Zeldovich [START_REF] Zel | Oxidation of nitrogen in combustion and explosion[END_REF]:

N 2 + O ←→ NO + N (1.9) N + O 2 ←→ NO + O (1.10)
The extended Zeldovich mechanism includes an additional reaction

N + OH ←→ NO + H (1.11)
which becomes important in fuel-rich mixtures when O and O 2 concentrations are low. The first reaction in the extended Zeldovich mechanism (Eq. 1.9) is the rate-limiting step. A high activation energy is then required to break the triple bond in the N 2 molecule. The rate of formation of NO via the Zeldovich mechanism can be obtained using chemical kinetics, combined with steady state assumptions for the N-atom concentration and a partial equilibrium assumption for the O-atom concentration. The resultant equation for the rate of NO formation shows an exponential dependence on the combustion gas temperature, as well as a weak dependence on the ambient pressure and on the concentration of O 2 in the reacting flow [START_REF] Bowman | Control of combustion-generated nitrogen oxide emissions: Technology driven by regulation[END_REF].

For conventional gas turbine combustors operating with a primary zone with an equivalence ratio near 0.8, the thermal mechanism dominates NO formation. The corresponding plot of the NO concentration formed under the same conditions (Fig. 1.6) shows that the lower NO concentrations occur at fuel-lean (φ <∼ 0.6) and fuel-rich (typically φ >∼ 1.7, but occurs for > 1.2 in Fig. 1.6) conditions. Note that the peak temperature occurs near the stoichiometric φ = 1 condition while the peak NO concentration is shifted left of the stoichiometric condition, toward the fuel-lean side. Note also that the presence of superequilibrium O atom and OH concentrations in flames at lean and near-stoichiometric conditions leads to the increased levels of NO formation. Fig. 1.6 also suggests that the combustor should be operated at very fuel-lean and/or very fuel-rich conditions to avoid high thermal NO production rates. Note that the combustion of fuel-air mixtures at these conditions does not necessarily produce lower NO levels, as any spatial or temporal unmixedness leading to the formation of stoichiometric fuel packets increases NO production. Hence, the goal of thermal NO control heavily depends on ensuring a fuel-air mixture that is entirely uniform in fuel-rich and/or fuel-lean composition.

Prompt Mechanism

The prompt mechanism typically refers to the Fenimore [START_REF] Fenimore | Formation of nitric oxide in premixed hydrocarbon flames[END_REF] mechanism, although references such as Bowman [START_REF] Bowman | Control of combustion-generated nitrogen oxide emissions: Technology driven by regulation[END_REF] use the "prompt" classification to refer to NO formed at rates that are faster than that achieved for the thermal mechanism. According to the classical prompt mechanism of Fenimore [START_REF] Fenimore | Formation of nitric oxide in premixed hydrocarbon flames[END_REF], NO is formed during the initial stages of combustion when hydrocarbon radicals or fuel fragments attack nitrogen molecules N 2 in the atmosphere. The following set of reactions describe the Fenimore prompt mechanism:

N 2 + CH ←→ HCN + N (1.12) N 2 + C 2 ←→ 2CN (1.13)
The N atom that is liberated in the reaction 1.12 participates in NO formation via reactions 1.10 and 1.11 from the Zeldovich thermal mechanism. In addition, NO is also produced by the reaction of O and O2 with the CN molecule formed in reaction 1.13. Although the Fenimore prompt mechanism primarily dominates NO production under fuel-rich conditions, this mechanism cannot be neglected in lean-premixed combustion [START_REF] Nicol | The importance of the nitrous oxide pathway to NOx in lean-premixed combustion[END_REF].

Nitrous Oxide Mechanism

The contribution of the thermal NO mechanism to the overall NO production diminishes as lower temperatures are attained in lean-premixed combustion. At the same time, the decrease in reaction temperature, coupled with a low overall NO formation rate, increases the importance of NO formation via the N 2 O pathway in lean-premixed systems [START_REF] Nicol | The importance of the nitrous oxide pathway to NOx in lean-premixed combustion[END_REF]. For reaction temperatures less than 1500 K, Malte and Pratt [START_REF] Malte | The role of energy-releasing kinetics in nox formation: Fuellean, jet-stirred co-air combustion[END_REF] proposed that the nitrous oxide (N 2 O) pathway primarily contributes to the production of NO. N 2 O that is formed by the reaction

N 2 + O + M ←→ N 2 O + M (1.14)
subsequently participates in the following set of reactions that, in part, produces NO:

N 2 O + O ←→ NO + NO (1.15) N 2 O + O ←→ N 2 + O 2 (1.16
)

N 2 O + H ←→ N 2 + OH (1.17)
Nicol et al. [START_REF] Nicol | The importance of the nitrous oxide pathway to NOx in lean-premixed combustion[END_REF] compared the contribution of the thermal, prompt, and nitrous oxide pathways to the production of NOx in lean-premixed combustion at gas turbine conditions. The study showed that each pathway could not be rejected when assessing their contribution to the overall NOx production levels. The nitrous oxide pathway, in particular, contributed to as much as 40 -45% of the overall NOx emissions at a pressure of 30 bar, and between 20 -35% of the NOx levels at a pressure of 10 bar. The nitrous oxide pathway was also responsible for producing up to 100% of the NOx formed for concentration levels below 10 ppmv (parts per million by volume, on a dry, 15% O 2 basis). In relation to the fluid mechanics of the lean premixed combustion process, Nicol et al. [START_REF] Nicol | The importance of the nitrous oxide pathway to NOx in lean-premixed combustion[END_REF] recommended that the combustion flame zone should be minimized in order to decrease the exposure to the free radical concentration pools that lead to NOx production.

Pressure effect on NOx formation

The effect of pressure on NOx formation is complex to determine. Unfortunately, experimental studies carried out up to now are not clarifying, because of the difficulty of performing such experimental tests at high pressure. On the one hand, some authors concluded that NOx ∝ P α with α = 0.4-0.8 [START_REF] Rink | The influences of fuel composition and spray characteristics on nitric oxide formation[END_REF][START_REF] Fenimore | Formation of nitric oxide in premixed hydrocarbon flames[END_REF]. On the other hand, other studies concluded that NOx is not dependent on pressure [START_REF] Heberling | Prompt no measurements at high pressures[END_REF]. Finally, some authors [START_REF] Maughan | A dry low nox combustor for the MS3002 regenerative gas turbine[END_REF][START_REF] Correa | A review of NOx formation under gas-turbine combustion conditions[END_REF] conclude that the lowest NOx levels result from the nitrous oxide and prompt mechanisms, that are dominant at low temperature and which do not depend on pressure. Concerning the higher NOx levels, they would be associated with the higher combustion temperature and are due to the thermal NOx mechanism, which depends on the square root of pressure.

Effect of atomization on NOx formation

Rink and Lefebvre [START_REF] Rink | The influences of fuel composition and spray characteristics on nitric oxide formation[END_REF] studied the effect of inlet temperature, combustion pressure conditions and spray characteristics in the NOx formation. Among other parameters, they tested three different mean droplet sizes, from 30 µm to 110 µm. They demonstrated that NOx emissions decreased with a better atomization quality. This effect was attributed to the fact that with better atomization the evaporation rates were higher, improving then the mixing of the fuel-air mixture before burning and promoting premixed combustion rather than diffusion. Besides, some researchers from General Electric [START_REF] Leonard | Development of an aeroderivative gas turbine dry low emissions combustion system[END_REF] studied the influence of the degree of premixing on NOx emissions for a given temperature, see Fig. 1.7. They concluded that the best way to achieve low-NOx emissions in lean conditions is by a good degree of premixing between air and fuel before combustion. 

Lean combustion stability performances

In addition, to meet the requirements of low emissions, lean combustion must comply with some other requirements. It must ensure combustion stability during all flight regimes. Also, it has to be capable of avoiding autoignition or flashback. Spontaneous ignition could damage the components of the combustor and produce high levels of pollutant emissions. Flashback occurs when the flame travels from the combustion zone to the premixing section, which happens when the flame speed is higher than the flow velocity. Even though lean combustion reduces the flame speed, high temperature, pressure and turbulence level may increase it. Some of these challenges are presented in the stability loop of Fig. 1.8 [START_REF] Lieuwen | Fuel flexibility influences on premixed combustor blowout, flashback, autoignition, and stability[END_REF]. For a given pressure, temperature and fuel composition, the amount of air inlet changes, i.e., the equivalence ratio changes, impacting then the stability of combustion. In this figure, the lower region defines the lean stability limit. This region corresponds to the lower NOx emissions. However, also in this region, some points where high-frequency oscillations appear can be found. These oscillations come from the coupling of heat release and pressure field and may be destructive.

Lean-Premixed injection systems

Fuel is injected into the combustion chamber through injectors. These injectors aim to ensure efficient fuel spraying or atomization. Atomization and evaporation processes are fundamental to determine the quality of combustion. The quality of atomization can be measured by the droplets mean diameter. It can be considered better when the diameter of the droplets is smaller since the total surface area of the droplets is greater. With a greater surface area, the processes of evaporation and combustion are carried out more quickly for a given fuel mass flow rate. To reduce NOx emissions, some technologies based on reduction of the temperature within the flame have been developed, among them, Lean-Premixed (LP) injection systems. The goal is to supply the combustion zone with a completely homogeneous mixture of fuel and air, and then to operate the combustion zone at an equivalence ratio close to the lean-blowout limit [START_REF] Lefebvre | GAS Turbine Combustion[END_REF]. In this kind of systems, there is a zone where fuel is injected and premixed with air and a second zone where the flame is stabilized with the presence of a recirculation zone.

The main problem with the LP concept is that it requires a long time for fuel evaporation and mixing with air before reaching the combustion zone. This may entail the formation of areas where the mixture is not fully homogeneous. The appearance of rich zones may lead to an increase of NOx or soot emissions. The non-homogeneity of the mixture can produce autoignition, which is also promoted by the high inlet temperature and pressure associated with the high power operation of the gas turbine. Also, combustion stability problems may appear.

Swirled combustion

Fuel injection and mixing are critical to achieve efficient and clean combustion in modern gas turbine engines, whether they are powered by gaseous or liquid fuels [START_REF] Huang | Dynamics and stability of lean-premixed swirl-stabilized combustion[END_REF].

In Lean-Premixed technology, the swirl is used to stabilize the flame and enhancing the mixing. The swirler creates a toroidal flow reversal, which induces a recirculation zone in the central region, called Central Recirculation Zone (CRZ). This zone favors a dilution of the hot gases with the inlet fresh gases. This recirculation provides better mixing because of the strong shear regions, the high turbulence, and the rapid mixing rates. The two main types of swirlers are axial and radial. They can be used individually or together, creating like this co-rotating or counter-rotating airflows.

There are different types of atomizers. On the one hand, those which inject liquid at high pressure, making the liquid momentum much higher than that of the air, they are called pressureswirl atomizers [START_REF] Lefebvre | GAS Turbine Combustion[END_REF]. In this case, the liquid is fed into a swirl chamber through one or several tangential ports creating a core due to the high angular velocity [START_REF] Durdina | Spray structure of a pressure-swirl atomizer for combustion applications[END_REF]. On the other hand, those which inject the liquid jet into a stream of air at high-velocity. In this kind of injection systems, fuel distribution is prescribed by the air-flow pattern. Nevertheless, the break-up mechanism for both types of atomizers depends on the relative velocity between air and liquid. Airblast atomizers have many advantages. For instance, there is no soot formation by reducing exhaust smoke. Also, the air protects the injector from overheating. However, they present some drawbacks, such as the narrow stability limits and a poor atomization quality at the beginning. Figure 1.9: Typical geometry of a pressure-swirl atomizer (a) from [START_REF] Vasquez Guzman | Near-field spray measurements using x-ray computed tomography[END_REF] and of a prefilming airblast atomizer (b) from [START_REF] Holz | Close nozzle spray characteristics of a prefilming airblast atomizer[END_REF] The level of swirl is characterized by the swirl number, which is defined as the ratio between axial and tangential momentum:

S = R 0 u θ u z r 2 dr R R 0 u 2 z rdr , (1.18) 
with u θ and u z the azimuthal and the axial velocity components, respectively, and R the radius of the injector nozzle.

A comprehensive review of swirl-stabilization for lean premixed combustion is provided by Huang and Huang et al. [START_REF] Huang | Dynamics and stability of lean-premixed swirl-stabilized combustion[END_REF]. Several experimental studies on swirled LP configurations were performed [START_REF] Stohr | Phase-resolved characterization of vortex-flame interaction in a turbulent swirl flame[END_REF][START_REF] Boxx | High-speed laser diagnostics for the study of flame dynamics in a lean premixed gas turbine model combustor[END_REF][START_REF] Oberleithner | Formation and flame-induced suppression of the precessing vortex core in a swirl combustor: Experiments and linear stability analysis[END_REF]. However, to measure the gas turbine performances, tests are usually conducted at atmospheric pressure, because of the better controlling of combustion. Numerical studies of swirled LP configurations were also performed at atmospheric pressure [START_REF] Bénard | Large-eddy simulation of the leanpremixed PRECCINSTA burner with wall heat loss[END_REF][START_REF] Jones | Large eddy simulation of the two-phase flow in an experimental swirl-stabilized burner[END_REF][START_REF] Felden | Including real fuel chemistry in LES of turbulent spray combustion[END_REF]. For instance, Esclapez et al., [START_REF] Esclapez | Large-eddy simulation of fuel effect on lean blow-out in gas turbines[END_REF] studied the sensitivity of lean blow-off to fuel properties. In this latter study, it was also showed the existence of strong interactions between the spray and the flame topology and combustion regimes.

In reality, gas turbines operate at higher pressure conditions. As pressure increases, so does the degree of difficulty of conducting well-controlled experiments and obtaining useful scientific data [START_REF] Tse | Optically accessible high-pressure combustion apparatus[END_REF]. Only a few experimental studies were carried out under high-pressure conditions [START_REF] Boxx | 3 kHz PIV/OH-PLIF measurements in a gas turbine combustor at elevated pressure[END_REF][START_REF] Slabaugh | Simultaneous 5 kHz OH-PLIF/PIV for the study of turbulent combustion at engine conditions[END_REF]. Bhargava et al. [START_REF] Bhargava | Pressure effect on NOx and CO emissions in industrial gas turbines[END_REF] studied the effect of pressure on lean-premixed combustion. He performed experimental tests for a pressure range between 6.9 bar and 27.5 bar. The objective was to investigate the effect of pressure on emissions and the lean stability limit. Besides, he measured NOx and CO concentrations. Similarly, numerical studies at high-pressure conditions are also rare. Cui et al. [START_REF] Cui | The effects of pressure on gas turbine combustor performance: An investigation via numerical simulation[END_REF] performed a numerical study on the effect of pressure on gas turbine performances. He showed that the flame temperature increased and NOx emissions were higher when pressure increased. Jaravel et al. [START_REF] Jaravel | Large eddy simulation of an industrial gas turbine combustor using reduced chemistry with accurate pollutant prediction[END_REF] performed a numerical study of an industrial gas turbine. This study was performed for lean mixture of air and natural gas at 3 bar and 680K. Wegner et al. [START_REF] Wegner | Study of flow and mixing in a generic GT combustor using LES[END_REF] and Auzillon et al. [START_REF] Auzillon | A filtered tabulated chemistry model for les of stratified flames[END_REF] studied a swirled stratified flame at 2 bar and 623 K and an equivalence ratio of φ = 0.8.

Finally, recent studies were also carried out on an 'industrial' LP injector by using advanced laser diagnostics. Details of this research activity are described in the next section.

NEWAC Lean Premixed injection system

Out of the European project NEWAC (New Aero Engine Core Concept), SAFRAN Helicopter Engines (SHE) designed an innovative low-NOx injection system. The architecture of this injector is based on a double-swirled, multi-point Lean-Premixed injector allowing to reduce NOx emissions. It was designed to be installed in helicopter engines, thus it operates at high-pressure and high-temperature conditions. The injector consists of two swirlers and an injection nozzle. One of the swirlers is radial, while the other is axial and the both are co-rotating. Concerning the injection nozzle, eight radial holes arranged in two rows plus an axial central hole in the tip of the injector allow the injection of liquid kerosene, see Fig. 1.10(a). The role of the injector is to properly atomize the liquid kerosene to achieve a fast homogeneous mixture between air and fuel at the injector exit. To determine its performances, this injector was tested at DLR Cologne [private communication from SAFRAN Helicopter Engines] and CORIA laboratory in Rouen by Salaün [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF] and Malbois [START_REF] Malbois | Analyse expérimentale par diagnostics lasers du mélange kérosène/air et de la combustion swirlée pauvre prémélangée, haute-pression issue d'un[END_REF].

At DLR, the objective was to characterize quantitatively the atomization, evaporation, mixing, air, and droplet velocity fields, as well as pollutant emissions and lean blow-out performances [private communication from SAFRAN Helicopter Engines]. The test rig used for these experiments was the Single Sector Combustor [START_REF] Behrendt | Optical measurements of spray combustion in a single sector combustor from a practical fuel injector at higher pressures[END_REF], which allows optical measurements by diagnostics techniques like Laser Doppler Anemometry (LDA) or Phase Doppler Anemometry (PDA). Tests were done for an injector Fuel to Air Ratio (FAR) of 50‰ with an airflow preheated at 653 K and a pressure drop of ∆P/P = 2.7%. Two operating pressures were tested, 3.5 bar and 10 bar. Spray characterization was done with the PDA technique in ignited conditions for both pressures. Measurements of droplet sizes and velocity distributions were limited to two axial positions: z = 10 mm and 20 mm, due to either obscuration of the detection volume by window frames on the detector side or clipping of laser beams on the transmitter side. However, large parts of the profiles were missing because the density of droplets decreases rapidly below the PDA detection limit as a consequence of the flame position. During these tests, it was observed that this injector system produced a pronounced inner recirculation zone, and consequently a hollow cone-shaped flame, which was stabilized at the burner exit. The heat release was predominant along the inner surface of the spray cone where high temperature and high turbulence regions are located.

At CORIA, this injector was tested in the High-prEssure facility for aeRO-eNgines (HERON) test rig. The objective in the HERON test rig was to improve the understanding of the burner and an accurate prediction of the complex flow phenomena and interaction mechanism occurring in the injector system running under elevated pressure conditions with kerosene fuel. That is, to study the flame structure and pollutant emissions as a function of pressure, temperature and Fuel-Air Ratio (FAR) [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF][START_REF] Malbois | Analyse expérimentale par diagnostics lasers du mélange kérosène/air et de la combustion swirlée pauvre prémélangée, haute-pression issue d'un[END_REF]. According to Salaün [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF], the radial jets are atomized because of the fastmoving air crossflow. He supposes that the largest droplets impact the internal wall of the axial swirler, thus forming a liquid film on the wall. This fuel film would be afterward atomized because of the high speed of the air coming from the radial swirler. This atomization process is known as airblast atomization. Finally, the axial swirler would help to homogenize the mixture between the air and the fuel. In Fig. 1.10(b), a schematic of this interpretation is represented [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF]. However, this could not be confirmed due to the impossibility to perform optical measurements inside the dome of the LP injector. The flame structure was firstly studied by CH* chemiluminescence [START_REF] Malbois | Experimental invetigation with optical diagnostics of a lean-premixed aero-engine injection under relevant operating conditions[END_REF]. Then simultaneous OH-PLIF, kerosene-PLIF and NO-PLIF laser diagnostics [START_REF] Malbois | Quantitative measurements of fuel distribution and flame structure in a lean-premixed aero-engine injection system by kerosene/oh-plif measurements under highpressure conditions[END_REF][START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF] were used to obtain detailed spatial and temporal structure of the reactive flow field. The flow field aerodynamics was investigated thanks to PIV measurements [START_REF] Salaun | Experimental investigation of a spray swirled flame in gas turbine model combustor[END_REF]. Optical diagnostics were applied for a temperature range between 500 and 670 K and a pressure range from 1 to 18 bar. Pollutant emissions were also measured with an exhaust gas sampling probe positioned downstream of the combustor outlet. More recently, this experimental study was complemented with the spray characterization thanks to the implementation of the PDA technique [START_REF] Brunet | Etudes des performances de nouveaux systèmes d'injection ultra-Low NOx[END_REF]. It has to be emphasized that such combined experimental measurements are rarely found for a aeronautical injector configuration. As such, this unique experimental database is a valuable validation case for Large-Eddy Simulations.

All the experimental studies of the NEWAC injection system are summarized in Tab. 1.1. It includes not only the experiments carried out at CORIA laboratory but also the tests performed at DLR Cologne.

HERON combustion chamber: experimental set-up

This experimental facility was designed to work in a pressure range from 1 to 20 bar and preheating temperatures up to 900 K. The test section is composed of five blocks, represented in Fig. 1.11:

1. Injector block, which holds the injection system. It is connected to the air and fuel inlets.

Its role is to produce the air/fuel mixture via the injection system installed, in this case, the NEWAC injector. This unit is also equipped with slots allowing air films to be injected from the back of the chamber to protect the optical windows. The primary air-flow rate is distributed both in the injector and in the air slots. The air split was measured and turn out that 51% of the air passes through the injector while the remaining 49% goes through the slots.

2. Combustion chamber block. The combustion chamber has four optical windows for optical access, two at the top and bottom walls and two at the sidewalls. The lateral optical windows are used to fully visualize the flame, while the top and bottom optical windows allow the introduction of the laser sheets into the combustion chamber. The combustion chamber has a square cross-section of 10 cm 2 . The optical windows have the same height as the combustion chamber. These measurements are performed after the combustion zone. A pressure sensor is used to record dynamic pressure fluctuations in the combustion chamber. Two thermocouples are installed on the sensor block to control the temperature at the outlet of the primary zone, before dilution by air secondary.

4. Dilution block. This block is connected to the non-preheated pressurized air system. The fresh air is introduced into the test section by eight radial entries. These air inlets are oriented towards the outlet of the test section to minimize possible disturbances to the upstream flow. The burnt gases from combustion are then diluted by this fresh air and cooled.

5. Exhaust block. It consists of a nozzle with a variable section throat. It allows the pressurization of the test section. Control of the pressure in the combustion chamber is therefore independent of the mass flow rate at the chamber inlet. This allows a wide operating range of the test bench in terms of pressure and flow rates. A small amount of exhaust gases is taken to analyze their species composition.

The last two sections are not taken into account in the simulations presented in this work.

Experimental measurements at the HERON test rig

Flow dynamics characterization was performed thanks to the Particle Image Velocimetry technique by Salaün [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF]. These measurements were performed in non-reacting and reacting conditions. In non-reacting conditions, PIV measurements were performed at 8.3 bar and a preheating air temperature of 670 K. In reacting conditions, the same operating point was chosen for a FAR = 42‰. Other operating points were also studied, such as pressures 4 bar, 14 bar and 18 bar and different FAR values. The global flame structure was initially studied by CH* chemiluminescence by Malbois et al. [START_REF] Malbois | Experimental invetigation with optical diagnostics of a lean-premixed aero-engine injection under relevant operating conditions[END_REF]. Air inlet temperature ranged from 500 to 670 K and pressure was between 1 and 14 bar. In this experimental study, it was observed that the flame presents a tulip-shaped topology, being straight and confined at the center of the combustor, for most operating conditions. However, at 4 bar, the flame exhibited an hysteresis and it could change from tulip-shape to V-shape. Besides, NO and CO pollutant emissions were measured thanks to the exhaust sampling pipe in the exhaust block. It was observed that NO emissions increased with pressure, inlet air temperature and FAR, while CO emissions depended on pressure conditions and FAR.

This study was complemented by simultaneous OH-PLIF [START_REF] Malbois | Analyse expérimentale par diagnostics lasers du mélange kérosène/air et de la combustion swirlée pauvre prémélangée, haute-pression issue d'un[END_REF][START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF], Kerosene-PLIF [START_REF] Malbois | Analyse expérimentale par diagnostics lasers du mélange kérosène/air et de la combustion swirlée pauvre prémélangée, haute-pression issue d'un[END_REF][START_REF] Malbois | Quantitative measurements of fuel distribution and flame structure in a lean-premixed aero-engine injection system by kerosene/oh-plif measurements under highpressure conditions[END_REF] and NO-PLIF [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF] laser diagnostics. The fuel distribution was investigated by Malbois et al. [START_REF] Malbois | Quantitative measurements of fuel distribution and flame structure in a lean-premixed aero-engine injection system by kerosene/oh-plif measurements under highpressure conditions[END_REF]. In this work, it was shown that kerosene was consumed mostly inside the injection system and only a small amount of kerosene entered and burnt inside the combustion chamber. Kerosene vapor was homogeneously distributed. However, eight spots of high kerosene concentration were observed, which would likely correspond to the eight radial injection holes. The distribution of NO was obtained thanks to the NO-PLIF [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF] laser diagnostics. A high NO concentration peak appeared in the Central Recirculation Zone (CRZ), where the mixing between fresh and burnt gases occurs. In this zone, the temperature is very high and the velocity of gases is very low, thus favoring the formation of thermal NOx. A second peak located downstream of the reaction zone was also observed. It was attributed to the destruction of the N 2 O species, which is very likely at high pressure. Finally, it was also confirmed that NO species concentration increased with pressure and FAR since the combustion temperature augmented.

More recently, in the frame of Brunet's Ph.D. study [START_REF] Brunet | Etudes des performances de nouveaux systèmes d'injection ultra-Low NOx[END_REF], a spray characterization in terms of droplet size and droplet velocity in reactive conditions and different operating points has been carried out thanks to the PDA technique.

Objectives

The current study is lead by the industrial chair PERCEVAL (PowERing the future with Clean and Efficient Aero-engines) with the support of SAFRAN Tech, part of the SAFRAN group and the ANR (Agence Nationale de la Recherche). The chair is hosted by the CORIA joint laboratory organized between CNRS, University of Rouen and INSA-Rouen Normandie. It is focused on advanced studies on the optimization of combustion efficiency and the reduction of pollutant emissions of innovative aeronautic fuel injection systems. The chair combines detailed experimental studies using advanced time-resolved laser diagnostics and analysis techniques with highresolution time-resolved Large-Eddy Simulation in a focused and highly integrated program of scientific and technical research.

In the frame of the industrial chair, state-of-the-art optical diagnostics were simultaneously implemented to study the LP injection system working under relevant pressure conditions. These optical diagnostics were used to characterize the aerodynamics of the flow, the topology of the flame and the spray, as well as to give quantitative measurements of the flame species distribution (OH, NO,...). However, to derive quantitative information from these experimental measurements, various assumptions and calibration steps must be performed. For instance, to quantify the fluorescence signal, raw images must be corrected to account for the camera's dark background. The non-uniform response of the camera must also be considered. Besides, due to the angle between the camera and the optical accesses, the images can be distorted, therefore, a correction stage is required. In addition to this correction, the background noise of the camera, among others, must also be corrected. To do this, numerous corrections are made at each calibration point to eliminate laser energy disparities.

Part of the current study will be to simulate these experimental studies [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF][START_REF] Malbois | Analyse expérimentale par diagnostics lasers du mélange kérosène/air et de la combustion swirlée pauvre prémélangée, haute-pression issue d'un[END_REF]. This work aims to perform Large-Eddy Simulations of this injector at a reference operating condition at 8.33 bar and 669.3 K. The spray features impact on the flame is assessed by a specific parametric study. An analysis of the characteristic evaporation time and its effect on the flame is carried out. This parametric study shows that the quality of atomization strongly modifies the flame topology and fuel distribution in the combustion chamber. The numerical results are then compared with the experimental data.

Second, a two-level fluorescence model capable of simulating Laser-Induced Fluorescence (LIF) measurements has been developed. The purpose of this model is to numerically calculate the experimental data recorded with the OH-PLIF diagnostic. To this end, a quasi-two-level LIF modeling approach is used to introduce the fundamental dynamics of LIF and relevant energy transfer processes involved. LIF can be viewed as a two-step process. First, probe molecules are excited to higher energy states by absorption of resonant photons of the laser beam. Subsequently, the probe molecules in the upper (excited) state relax back to the ground state by both radiative and non-radiative pathways. LIF signal results from radiative relaxation, where the excess energy is released in terms of fluorescence photons. Non-radiative relaxation pathways such as collisional quenching compete with LIF, and their magnitude and impact are of great importance for quantitative interpretation of the fluorescence signal.

With data (temperature, X i , P,...) supplied from the LES simulation of the flame and taking into account the experimental parameters used during LIF experiments (laser characteristics, spatial and temporal resolution, spectroscopic parameters...), the LIF model can be used to calculate the instantaneous 2D distribution of the fluorescence signal of OH along the laser sheet path. Comparison of data simulation with experimental results can then be performed in the same conditions, shifting then the validation interface between LES and experimental results.

Organization

The manuscript is organized as follows:

Chapter 2 describes the conservation equations that govern the motion of reactive two-phase flows. The LES formalism for turbulent flows at high pressure and high temperature is detailed. The different closure and combustion models are explained. Besides, the characteristics of the YALES2 CFD code used to perform this work are given.

Chapter 3 presents the complete study of the HERON combustion chamber for one operating point. The flow aerodynamics, the flame and spray topology are studied. Besides, a parametric study is performed allowing to show the influence of the initial spray characteristics on the flame topology. A direct relationship between evaporation characteristic times and the flame topology is shown. All results are compared qualitatively and quantitatively with results obtained from experiments carried out in the CORIA laboratory.

Chapter 4 introduces the Laser-Induced Fluorescence technique and presents the model developed to capture the laser/media interaction. Finally, the model is validated through a 2D bunsen flame case and its application to the HERON combustion chamber is presented.

Finally, Chapter 5 provides a general conclusion to the work undertaken and the relevance of the results obtained is discussed. Finally, some perspectives are proposed.

In this chapter, the fluid mechanics conservation equations that describe the two-phase flows are recalled. More precisely, equations used in the Large-Eddy simulations framework together with the models used in this work are presented. The YALES2 code used to perform the simulations presented in Chapters 3 and 4 is described.

Conservation equations for reacting flows

The fluid mechanics equations are based on the fact that the dynamic behavior of the flow follows three fundamental physical principles [START_REF] Anderson | Computational Fluid Dynamics[END_REF]:

• Mass conservation • Momentum conservation • Energy conservation
These three principles need to be applied to the flow field. Only a finite region of the flow is considered, this one being called control volume. In this study, the control volume is fixed in space with the fluid moving through it. Considering an infinitesimally small fluid element, the application of these physical principles leads directly to the partial differential equation form of the fluid-flow equations, which are the conservation form of the governing equations.

Mass conservation

The continuity equation is the governing flow equation that results from the physical principle "mass is conserved" and can be written as:

∂ρ ∂t + ∂ρu i ∂x i = 0 , (2.1) 
where ρ is the flow density and u i the three dimensional velocity field.

Species conservation

In non-homogeneous mixtures, each species evolve independently from the others. Moreover, concentration gradients appear which leads to mass diffusion. The mass conservation for species k is written as:

∂ρY k ∂t + ∂ ∂x i (ρ(u i + V k,i )Y k ) = ωk , (2.2) 
where V k,i is the i-component of the diffusion velocity of the species k and ωk is the reaction rate. They must verify that:

Nsp k=1 ωk = 0 , (2.3) 
to ensure species mass conservation.

Momentum equation

The momentum equation results from applying the Newton's second law to the flow, which gives the following equation:

∂ρu j ∂t + ∂ρu i u j ∂x i = - ∂P ∂x j + ∂τ ij ∂x i , (2.4) 
where P is the pressure and τ ij is the viscous stress tensor. Forces from two sources may apply to the fluid element. On the one hand, the body forces acting on the volumetric mass of the fluid element, for instance, gravity. On the other hand, surface forces acting on the surface of the fluid element. These surface forces are due to the pressure distribution and the viscous forces acting on the surface of the fluid element. The pressure distribution is imposed by the outside fluid surrounding the fluid element. Viscous forces, such as shear and normal stresses, act on the surface through friction. In newtonian fluids, both stresses depend on the velocity gradient of the flow. In most viscous flows, normal stress is neglected since its contribution is much smaller than the shear stress. The molecular viscous stresses can be written as:

τ ij = µ ∂u i ∂u j + ∂u j ∂u i - 2 3 µ ∂u k ∂x k δ ij , (2.5) 
where µ is the dynamic viscosity, δ ij is the Kroenecker symbol (δ ij = 1 if i = j, 0 otherwise). Equation 2.4 can be rewritten as a function of the deviatoric part of the strain tensor S D ij as:

∂ρu j ∂t + ∂ρu i u j ∂x i = - ∂P ∂x j + ∂(2µS D ij ) ∂x i , (2.6) 
with the strain rate S ij defined as:

S ij = 1 2 ∂u i ∂x j + ∂u j ∂x i and S D ij = S ij - 1 3 S kk δ ij .
(2.7)

Energy equation

The conservation of energy is the application of the first law of thermodynamics. It states that the rate of change of energy inside the fluid element is equal to the sum of the net flux of heat and the rate of work done on the element due to body and surface forces.

Here, the variable used to present the energy conservation equation is the sensible enthalpy h s . It is defined as:

h s = T T 0 C p (θ)dθ , (2.8) 
where C p is the heat capacity at constant pressure. The balance equation for the sensible enthalpy is written as:

∂ρh s ∂t + ∂ρu i h s ∂x i = DP Dt + ∂Q i ∂x i + τ ij ∂u i ∂x j + Q + ωT (2.9) 
where the term D • /Dt refers to the material derivative and is expressed as:

D • /Dt = ∂ • /∂t + u i ∂ • /∂x i .
The heat source term is Q. The viscous heating source term τ ij (∂u i /∂x j ) is negligible at low Mach number because it evolves as the square of that number. Q i refers to the diffusive heat flux in the i-direction. This flux is written:

Q i = λ ∂T ∂x i -ρ Nsp k=1 h s,k V k,i Y k , , (2.10) 
The chemical energy source term ωT represents the heat release rate due to combustion. It is a function of the enthalpies of formation of the species ∆h 0 f ,k :

ωT = - Nsp k=1 ∆h 0 f ,k ωk . (2.11)

Equation of state and thermodynamic properties

An equation of state is required to describe the thermodynamic evolution of the system. In this study, the gaseous mixture is considered to behave as a perfect gas, that is, intermolecular forces are negligible, hence, the equation of state is:

P = ρ R W T (2.12) with ρ = Nsp k=1 ρ k the mixture density, with ρ k the species density, R [J • (kg • mol • K) -1
] the universal gas constant, W the mixture molar mass:

1 W = Nsp k=1 Y k W k . (2.13)
When dealing with a chemical reacting gas mixture, the composition of the gas, that is the species present in the mixture, must be described. They can be described by the species concentration:

[C k ] = ρ k W k , (2.14) 
the molar fraction (X k ), which is defined as the number of moles of species i per mole of mixture:

X k = n k n total = m k /W k m k /W k = ρ k /W k ρ k /W k = W W k Y k (2.15)
and the mass fraction, which is the mass of i per unit mass of the mixture:

Y k = ρ k ρ .
(2.16)

Thermodynamic properties of the mixture

The heat capacity of the species k at the standard pressure P 0 = 1 atm as a function of temperature T is determined by a polynomial approximation obtained from experimental properties, known as the NASA Polynomials:

C m p,k (T , P 0 ) R = a 1,k + a 2,k T + a 3,k T 2 + a 4,k T 3 + a 5,k T 4 . (2.17) 
Then, the molar heat capacity of the mixture can be obtained from the species individual properties:

C m p (T , P , X) = C m p (T , P 0 , X) = Nsp k=1 X k C m p,k (T , P 0 ) . (2.18) 
The specific heat capacity of the mixture can be obtained from Eq. 2.18 as:

C p = C m p W . ( 2 

.19)

From the heat capacity, the enthalpy and entropy can be defined:

H m k (T , P 0 ) = T T 0 C m p (θ, P 0 )dθ + ∆h 0,m f ,k , (2.20) 
S m k (T , P 0 ) = T T 0 C m p (θ, P 0 ) θ dθ , (2.21) 
with ∆h 0,m f ,k the enthalpy of formation of the species k at the standard pressure P 0 and the reference temperature T 0 . The reference temperature is defined to obtain H m k (T 0 , P 0 ) = ∆h 0,m f ,k , typically T 0 = 298.15 K. The polynomial approximations for enthalpy and entropy are the following:

H m k (T , P 0 ) RT = a 6,k T + a 1,k + a 2,k 2 T + a 3,k 3 T 2 + a 4,k 4 T 3 + a 5,k 5 T 4 , (2.22) 
S m k (T , P 0 ) RT = a 7,k T + a 1,k ln(T ) + a 2,k + a 3,k 2 T 3 + a 4,k 3 T 3 + a 5,k 4 T 4 . (2.23)
From these equations it can be seen that a 6,k = ∆h 0,m f ,k . The a n,k coefficients depend on both species and temperature range of the mixture. There are seven coefficients for the high-temperature range, above 1000 K, and seven numbers for the low-temperature range. Therefore, for each species, a set of 14 coefficients and 3 temperatures is required. Again, the molar enthalpy and entropy of the mixture can be obtained from the species individual properties thanks to:

H m (T , P , X) = H m (T , P 0 , X) = Nsp k=1 X k H m k (T , P 0 ) , (2.24) 
S m (T , P , X) = Nsp k=1 X k S m k (T , P 0 ) -R ln P P 0 -R ln(X k ) = S m (T , P 0 , X) -R ln P P 0 .
(2.25)

While equations 2.18 and 2.24 are simply additive laws, based on the perfect gas assumption, equation 2.25 is more complex and involves a pressure and a mixing term. Finally, the specific enthalpy and the specific entropy of the mixture are deduced from Eq. 2.24 and 2.25 as:

H = H m W , (2.26) 
S = S m W .
(2.27)

Transport phenomena modeling

Transport phenomena refer to the physical properties of viscosity, mass diffusion, and thermal conductivity. These transport phenomena are important to the study of both, non-reacting and reacting viscous flows.

Mixture averaged transport modeling

The Hirschfelder & Curtiss [START_REF] Hirshfelder | Molecular theory of gases and liquids[END_REF] transport model allows relating the mixture transport coefficients to its composition and the transport coefficients of each species in the mixture. The species transport coefficients are obtained via the kinetic theory of gases from Giovangigli [START_REF] Giovangigli | Multicomponent Flow Modeling[END_REF]. Based on this model, the "Mixture Averaged" [START_REF] Chapman | The Mathematical Theory of Non-uniform Gases[END_REF] approach is used in this study. In this model, the mixtureaveraged thermal diffusion coefficient, D k , is defined as:

D k = 1 -Y k j =k X k /D kj , (2.28) 
with D kj the binary diffusion coefficient between species k and j.

The mixture thermal conductivity is given by the formulation proposed by Brocaw [START_REF] Brokaw | Approximate formulas for the viscosity and thermal conductivity of gas mixtures[END_REF]:

λ = 1 2   Nsp k=1 X k λ k +   Nsp k=1 X k λ k   -1   , (2.29) 
and the mixture dynamic viscosity is computed from Wilke model [START_REF] Bird | Transport phenomena[END_REF]:

µ = Nsp k=1 X k µ k j Φ kj with Φ kj = 1 √ 8 1 1 + W k /W j 1 + µ j µ k W k W j 1/4 2 . (2.30)
Finally, the diffusion velocity of species k is computed as:

V k,i = - D k X k ∂X k ∂x i + V c i , (2.31) 
where V c i is a correction velocity, defined as:

V c i = Nsp k=1 D k W k W ∂X k ∂x i , (2.32) 
and it allows to verify the continuity equation. By adding this correction velocity, mass conservation is guaranteed:

Nsp k=1 V k,i Y k = 0 . (2.33)
In a mixture subject to a temperature gradient, a separation of species along the gradient is observed. This mechanism, known as the thermodiffusion effect or Soret effect, occurs without any movement of the fluid. The opposite phenomenon, called the Dufour effect, also exists: a temperature gradient is established when two species, initially at the same temperature, mix by diffusion. These two phenomena may be significant in the case of a flame-wall interaction [START_REF] Poinsot | A study of the laminar flame tip and implications for premixed turbulent combustion[END_REF][START_REF] Popp | Analysis of wall heat fluxes, reaction mechanisms, and unburnt hydrocarbons during the head-on quenching of a laminar methane flame[END_REF]. The Soret and Dufour effects are generally neglected in combustion applications. The reader can refer to Bénard's work [START_REF] Bénard | Analyse et amélioration d'une chambre de combustion centimétrique par simulations aux grandes échelles[END_REF] on this subject. It should be noted that the Soret effect can have a significant impact in soot-producing flames [START_REF] Rosner | Soret-modified hydrocarbon mass transport across compressed nonisothermal gases[END_REF].

Simplified transport modeling

In highly turbulent flows, transport phenomena modeling do not need a high degree of accuracy. In these cases, a simplified model is preferred allowing to reduce the computational time. It is based on empirical laws and is widely used in CFD codes.

Viscosity can be obtained from a temperature-dependent law. The best-known is the Sutherland's law: Regarding to the thermal (λ) and molecular (D k ) diffusivities, some dimensionless numbers need to be presented:

µ = µ ref T ref + C T + C T T ref 3/2 , (2.34 
• Schmidt number: characterizes the ratio between the kinematic viscosity ν and the molecular diffusivity D k of the species k:

Sc k = ν D k = µ ρD k . (2.35)
Species with a low Schmidt number (< 1) diffuse faster than momentum.

• Prandtl number: designates the ratio between viscosity and thermal diffusivity:

P r = µC p λ . (2.36) 
Here, again, a Pr lower than 1 means that heat diffuses faster than species momentum.

• Lewis number: describes the ratio between thermal and molecular diffusivities:

Le k = λ ρC p D k (2.37)
Lewis numbers below 1 mean that the species k diffuses faster than the heat.

It can be noted that a Schmidt and a Lewis number can be defined for each species while Prandtl number is proper to the mixture. A relation can be established between these three numbers:

Sc k = Le k P r . (2.38)
2.4 Large-Eddy Simulation equations

Introduction to turbulence

In the 19th century, Reynolds [START_REF] Reynolds | Iii. an experimental investigation of the circumstances which determine whether the motion of water shall be direct or sinuous, and of the law of resistance in parallel channels[END_REF] identified two possible states of the fluid flow. On the one hand, laminar state refers to low velocity flows with small disturbances, which are immediately dampened by the molecular viscosity. On the other hand, as velocity increases, the turbulent state may appear. In this case, viscosity is no longer sufficient to dissipate these disturbances. These disturbances may be amplified by several instability mechanisms. To predict the flow pattern, one can look to the ratio of inertial forces to viscous forces, that is, the Reynolds number:

Re = ρuD µ , (2.39) 
with u the bulk velocity of the flow and D a characteristic dimension. Despite the different behavior of these two states, they respond to the same systems of equations, i.e., Navier-Stokes equations. The transition from laminar to turbulent state is explained by the non-linear nature of these equations. Turbulence involves a wide range of spatial and temporal scales, of an unsteady nature and random behavior. It is by definition a three-dimensional (no-symmetries), unstable (unsteady, with large fluctuations in time and space) and chaotic phenomenon. It has properties of great interest for certain industrial applications. For instance, it improves the mixture of air and fuel in gas turbines.

Since turbulent flows present different levels of spatial scales, there are also different energetic levels. Largest scales, where the largest structures develop, have a greater energetic level. When large scales transfer the energy of motion to small scales, it is called energy cascade. It was firstly introduced by Richardson [START_REF] Richardson | The supply of energy from and to atmospheric eddies[END_REF] and Kolmogorov [START_REF] Kolmogorov | The local structure of turbulence in incompressible viscous fluid for very large reynolds numbers[END_REF]. The spectrum of turbulent kinetic energy related to this theory is represented in Fig. 2.1(a). It can be divided into three zones:

• The most energetic zone, corresponding to the largest structures and associated with the integral length scale (l t ). These structures are not subject to viscous effects and their lengths and velocities are of the same order of magnitude as the quantities used to define the Reynolds number of the flow.

• The inertial zone, where the large eddies become unstable and break into smaller ones via the cascade process. Energy is transferred from large structures to smaller ones, without dissipation, according to a law in k -5/3 , where k is the wavenumber. The Taylor scale refers to the most dissipative scale.

• The dissipation zone characterized by the highest frequencies of the flow. It contains the smallest turbulent structures, characterized by the Kolmogorov scale whose length and velocity are defined according to [START_REF] Tennekes | A First Course in Turbulence[END_REF],

η K = ν ε 1/4 and u K = (νε) 1/4 , (2.40) 
with ε the average rate of dissipation of turbulent kinetic energy, that converts this same energy into heat due to the kinematic viscosity ν of the mixture. This scale is purely dissipative.

Turbulent flows modeling approaches: RANS-DNS-LES

Computational Fluid Dynamics (CFD) enables performing simulations of laminar and turbulent flows by resolving the discretized fluid mechanic equations. The great advantage of the CFD is that it can analyze the flow with theoretically no need for measurement instruments. There are three main numerical approaches to perform turbulent flow simulations: DNS, RANS, and LES.

• DNS or Direct Numerical Simulation directly solves the Navier-Stokes equations by taking into account all the turbulence scales. The mesh size for this kind of simulation is of the same order of magnitude as on the Kolmogorov scale. The drawback of this kind of simulation is that by increasing the level of turbulence, the computational cost becomes prohibitive. Besides, if atomization or combustion need to be considered, the CPU cost increases even more. Computer resources make this kind of simulation in industrial configurations unfeasible.

• RANS or Reynolds Averaged Navier-Stokes Simulation model all scales of turbulence. An average operator is applied to the equations which give access only to the time-averaged flow characteristics. This approach is largely used in the industrial sector since the restitution times are short concerning the desired accuracy. However, it only gives partial information about the flow.

• LES or Large-Eddy Simulation is in-between DNS and RANS. This approach allows solving the large structures of the flow while structures smaller than a cut-off length scale are modeled. This scale separation is done by using a spatial filter. From this filtering, some terms of the balance equations need to be closed. The non-closed terms are modeled from information obtained from the large scales. Since the cut-off length is defined by the mesh resolution, the small scales can be found in the inertial zone of the energy spectra allowing the simulation to give some unsteady flow information. This approach is much cheaper than the DNS approach, for this reason, it is starting to be used in the industrial sector.

Filtered Navier-Stokes equations

The objective of LES is to explicitly compute the largest structures of the flow. Therefore, the relevant quantities of the Navier-Stokes equations are filtered.

A LES filter can be applied to a spatial and temporal field φ(x, t) and perform a spatial filtering operation, a temporal filtering operation, or both. The spatial filtered field, denoted with a bar, is defined as: where G ∆ is the filter convolution kernel. The filter kernel G ∆ has an associated cutoff length scale ∆. Scales smaller than ∆ are eliminated from φ. The filter must comply with the conditions of normalization and spatial and temporal commutativity:

φ(x, t) = R 3 φ(y, t)G ∆ (y -x)dy , (2.41) 
R 3 G ∆ (x)dx = 1 , (2.42) 
∂φ ∂t = ∂φ ∂t and ∂φ ∂x i = ∂φ ∂x i . (2.43)
The field φ can be split up into a filtered (φ) and sub-filtered portion (φ ), as:

φ(x, t) = φ(x, t) + φ (x, t) . (2.44)
In combustion, density varies, introducing a new term relating the density to the velocity fluctuations that needs to be modeled. For this reason, Favre proposed a density-weighted filtering operation:

φ = ρφ ρ . (2.45)
This filtering operator is applied to the conservation equations 2.1,2.2, 2.4 and 2.9. The filtered Navier-Stokes equations are:

∂ρ ∂t + ∂ρũ i ∂x i = 0 (2.46) ∂ρ u j ∂t + ∂ρ u i u j ∂x i = - ∂P ∂x j + ∂τ ij ∂x i - ∂ ∂x i [ρ ( u i u j -u i u j )] (1) 
+f j (2.47)

∂ρ Y k ∂t + ∂ρ u i Y k ∂x i = - ∂ ∂x i ρ u i Y k -u i Y k (2) 
+ ∂ ∂x i ρV k,i Y k (3) + ωk (4) 
(2.48)

∂ρ h s ∂t + ∂ρ u i h s ∂x i = DP Dt - ∂ ∂x i ρ u i h s -u i h s (5) + ∂ ∂x i       λ ∂T ∂i (6) + ρ Nsp k=1 V k,i Y k h s,k (7) 
      + ωT (8) 
(2.49)

Terms ( 1) to ( 8) of the filtered conservation equations are not closed and must be modeled:

• The sub-grid Reynolds stresses (1)

τ SGS ij = ρ( u i u j -u i u j
) requires a turbulence model to reproduce the effect of small unresolved structures on great resolutions. Based on Boussinesq approach [START_REF] Boussinesq | Essai sur la théorie des eaux courantes[END_REF], the turbulent flux can be modeled as in Eq. 2.5 by introducing a turbulent viscosity ν t :

τ SGS ij = µ t ∂ u i ∂x j + ∂ u j ∂x i - 2 3 µ t ∂ u k ∂x k δ ij . (2.50)
More detailed information is given in Sec. 2.4.4.

• The species ρ( u i Y ku i Y k ) and enthalpy ρ( u i h su i h s ) sub-grid turbulent fluxes are modelled by analogy with the Boussinesq approximation. Turbulent transport properties are used: turbulent viscosity (ν t ), turbulent thermal conductivity (λ t = f (µ t , P r t )), turbulent Schmidt of species k (Sc k,t ) and turbulent Prandtl (P r t ). Depending on the type of transport model chosen, two sets of equations exist:

taking into account the differential diffusion between species:

ρ( u i Y k -u i Y k ) = - ν t Sc k,t ∂ Y k ∂x i + ρ V c i,t Y k , (2.51) 
ρ( u i h s -u i h s ) = -λ t ∂ T ∂x i + Nsp k=1 ρ( u i Y k -u i Y k ) h s,k , (2.52) 
with V c i,t is the filtered turbulent correction velocity:

V t i,c = Nsp k=1 ν t Sc k,t ∂ Y k ∂x i . ( 2 

.53)

-If the Schmidt number is constant for each species:

ρ( u i Y k -u i Y k ) = - ν t Sc k,t ∂ Y k ∂x i (2.54) ρ( u i h s -u i h s ) = - µ t P r t ∂ h s ∂x i (2.55)
• The filtered laminar diffusive fluxes of species (3) and enthalpy ( 6) and ( 7) are written:

in the case of a complex transport:

ρV k,i Y k = -ρ D k ∂ Y k ∂x i -Y k V c i , (2.56) 
ρ Nsp k=1 V k,i Y k h s,k = Nsp k=1 V k,i Y k h s,k , (2.57) 
λ ∂T ∂x i = λ( Y k , T ) ∂ T ∂x i . (2.58)
λ and D k are calculated according to the filtered quantities T and Y k .

in the case of simplified transport with a constant Schmidt number:

ρV k , iY k = - µ Sc ∂ Y k ∂x i , (2.59) 
ρ Nsp k=1 V k,i Y k h s,k = Nsp k=1 µ Sc ∂ Y k ∂x i h s,k , (2.60) 
λ ∂T ∂x i = µ P r ∂ h s ∂x i . (2.61) 
• The reaction rate of chemical species ωk (4) and the heat release rate ( 8) ωT modelling may be difficult. Various models exist, however, they are not suitable for all types of chemistry and combustion. This subject is developed in Sec. 2.5.2.

Turbulence sub-grid modeling

In the present study, the sub-grid Reynolds stresses is closed using algebraic models developed for non-reactive flows.

Boussinesq [START_REF] Boussinesq | Essai sur la théorie des eaux courantes[END_REF] postulated that the momentum transfer caused by turbulent eddies can be modeled with an eddy viscosity. This is in analogy with how the momentum transfer caused by the molecular motion in a gas can be described by a molecular viscosity. He related the turbulent stress (τ SGS ij ) and strain (S ij ) tensor by the linear expression:

τ SGS ij = 2ν t S ij , (2.62) 
where ν t is a sub-grid viscosity, also called turbulent viscosity [START_REF] Schmitt | About boussinesq's turbulent viscosity hypothesis: historical remarks and a direct evaluation of its validity[END_REF].

According to this assumption, Smagorinsky [START_REF] Smagorinsky | General circulation experiments with the primitive equations[END_REF] developed a sub-grid-scale model, which assumes that the small scales are in equilibrium, so that energy production and dissipation are in balance. The turbulent viscosity is then modeled as a function of the turbulence integral length scale, the resolved shear stress (S) and a model constant (C S ) which depends on the flow configuration:

ν t = C 2 S ∆ 4/3 l 2/3 t | S |= C 2 S ∆ 4/3 l 2/3 t (2S ij S ij ) 1/2 , (2.63) 
which, assuming that the integral length scale is of the order of the grid size (l t ≈ ∆), can be simplified into:

ν t = (C S ∆) 2 | S |, (2.64) 
with C S ≈ 0.18 in the case of homogeneous isotropic turbulence. However, some studies showed that this model can predict excessive damping of the resolved structures, leading to incorrect growth rates of the initial perturbation in the early stages of transition [START_REF] Piomelli | On the large-eddy simulation of transitional wall-bounded flows[END_REF][START_REF] Piomelli | Large-eddy simulation of transitional channel flow[END_REF].

To overcome these drawbacks, Germano [START_REF] Germano | A dynamic subgrid-scale eddy viscosity model[END_REF] proposed a dynamic sub-grid-scale model in which the eddy viscosity coefficient is locally calculated. Here, the constant C S is automatically computed in space and time. In this model, two filtering operators are defined, the grid filter ∆ and the 'test' filter ∆ larger than the first. This model is based on a scale invariance approach between the resolved turbulent stresses and the sub-grid-scale stresses obtained using these two filters. The sub-grid-scale stress term

τ ij = u i u j -u i u j (2.65)
can be related to the sub-grid tensor based on the twice-filtered velocity

T ij = u i u j -u i u j . (2.66)
Here, the test-filtered quantities need spatial averaging in neighboring regions of space.

In the current study, a localized version of the dynamic Smagorinsky model is used. In this case, the constant is averaged over small volumes that have a size of 6∆x around the local control volume.

Combustion modeling 2.5.1 Combustion regimes

A very important step in combustion modeling is to know the combustion regime, which will determine the choice of the model to correctly describe the flame.

In a non-premixed flame, fuel and oxidizer are on both sides of the reaction zone where the heat is released. The burning rate is controlled by the molecular diffusion of the reactants towards the reaction zone. Its structure depends on the ratio between molecular diffusion and chemistry characteristic times [START_REF] Liñán | The asymptotic structure of counterflow diffusion flames for large activation energies[END_REF]. The thickness of the mixing zone and the reaction zone vary with these characteristic times. Flame propagation is controlled by the mixing, while the flame thickness depends on the local flow properties. In Fig. 2.2(right) the configuration of a laminar 1D-nonpremixed flame is represented. The parameter used to describe this type of flame is the mixture fraction, Z, equal to 0 for the oxidizer and 1 for the fuel:

Z = φ Y F Y F ,0 - Y O Y O,0 + 1 φ + 1 , (2.67) 
where Y F and Y O are the fuel and oxydizer mass fractions, respectively, the index 0 refers to the initial conditions, and φ is the mixture equivalence ratio. This variable compares the quantity of fuel injected with the quantity of fuel required for stoichiometric combustion:

φ = s Y F Y O = Y F Y O Y F Y O stoich , (2.68) 
with s the mass stoichiometric ratio defined as: with ν F and ν O are the molar coefficients corresponding to fuel and oxidizer, respectively. The equivalence ratio is equal to 1 when mixture is stoichiometric, φ < 1 for fuel-lean mixture and φ > 1 for fuel-rich mixtures.

s = ν O W O ν F W F = Y O Y F stoich , (2.69) 
In a premixed flame, fresh gases are a mixture of oxidizer and fuel. Fresh and burnt gases, i.e. combustion products, are separated by a thin reaction zone. A strong temperature gradient is observed and because of this temperature gradient together with the thermal fluxes, fresh gases are preheated before they start burning. The local imbalance between heat diffusion and chemical consumption leads to the propagation of the front flame towards the fresh gases. The thermal flame thickness (δ L ) and the laminar flame speed (s 0 L ) are then related. The laminar flame speed is defined as the consumption speed [START_REF] Poinsot | Theoretical and numerical combustion[END_REF], i.e, the rate at which reactants are burned:

s 0 L = - 1 ρ(Y F ,u -Y F ,b ) ∞ -∞ ωT dx , (2.70) 
where x is the domain direction, ρ u and Y F ,u the density and mass fraction of the fuel in the fresh gases and Y F ,b the mass fraction of the fuel in the burnt gases. The flame thickness is defined as:

δ L,th = T b -T u ∂T ∂x max , (2.71) 
with T b and T u the temperature of burnt and fresh gases, respectively. In Fig. 2.2(left) the configuration of a laminar 1D-premixed flame is represented. The process evolution can be described by the normalized progress variable, c. This parameter is equal to 0 in the fresh gases and 1 in the burnt gases. It is also built as a linear combination of burnt species mass fractions equal to Y c , such as

Y c = Y CO + Y CO 2 + Y H 2 O
, before normalization by its equilibrium value, Y c,eq , and it is finally defined as:

c = Y c Y c , eq (2.72) 
The mixture, perfectly homogeneous theoretically, is described by the equivalence ratio.

In aeronautical burners as well as in most practical applications, flames are usually stabilized by the recirculation of burnt gases, leading to a mixture of fuel, oxidizer and burnt gases. These mixtures that are not purely premixed nor non-premixed are known as partially premixed [START_REF] Peters | Turbulent Combustion[END_REF]. In this case, the reactants may be partially premixed before the reaction zone develops.

An indicator allowing to distinguish among the different regimes is the Takeno index, firstly introduced by Yamashita et al. [START_REF] Yamashita | A numerical study on flame stability at the transition point of jet diffusion flames[END_REF]. It discriminates between premixed and non-premixed regimes. However, this index does not characterize the partially-premixed regime. To overcome this difficulty, the concept has been extended by others [START_REF] Fiorina | Approximating the chemical structure of partially premixed and diffusion counterflow flames using fpi flamelet tabulation[END_REF][START_REF] Domingo | Partially premixed flamelets in les of nonpremixed turbulent combustion[END_REF] developing, thus, a new flame index. In this study, the chosen definition for the flame index is [START_REF] Rosenberg | A method to image flame index in partially premixed flames[END_REF]:

T = ∇Y F • ∇Y O |∇Y F | • |∇Y O | , (2.73) 
where Y F is the fuel mass fraction and Y O the oxidant mass fraction. This index can be equal to 1, corresponding to premixed combustion zones and -1 in non-premixed combustion zones. All intermediate values correspond to partially premixed zones. The three flame archetypes that have been presented above are encountered in turbulent spray flames. In these flames, the fuel spray brings additional combustion regimes that are not described here. However, the simple flame archetypes presented before are at the basis of most turbulent combustion models.

Chemical kinetics

Reactive flows require a detailed calculation of the chemical source terms ωk from combustion reactions. Indirectly, determining ωk also helps to find the rate of heat release ωT since they are linked by Eq. 2.11. The global reaction of a hydrocarbon in oxygen is written:

C n H m + n + m 4 O 2 → nCO 2 + m 2 H 2 O . (2.74)
However, this global equation does not reflect the complex chemical process, which actually involves hundreds of reactions, N r and a large number of intermediate species, N sp . Kinetic diagrams exist to describe the sequence of these elementary steps and the velocities associated with these reactions [START_REF] Kuo | Principles of combustion[END_REF][START_REF] Poinsot | Theoretical and numerical combustion[END_REF][START_REF] Williams | Combustion Theory[END_REF].

Reaction mechanisms

The reaction mechanisms can be described as:

Nsp k=1 ν kr M k ---- Nsp k=1 ν kr M k with r = 1, ..., N r , (2.75) 
with ν kr and ν kr represent the stoichiometric coefficients of species k in the reaction r and M k the chemical symbol of this species. The chemical source term ωk of species k is the sum of the reaction rates ωkr of species k produced by the N r reactions:

ωk = Nr r=1 ωkr = W k Nr r=1 (ν kr -ν kr )Q r , (2.76) 
where Q r is the rate of progress of the reaction r and is written:

Q r = k f r Nsp k=1 ρ Y k W k ν kr -k br Nsp k=1 ρ Y k W k ν kr , (2.77) 
where k f r and k br are respectively the constants of the forward (f ) and backward (b) reaction rates of the reaction r. The determination of these constants is the main problem for modelling the kinetics of a combustion reaction. Generally, they are modelled by an empirical law of Arrhenius:

k f r = A r T βr exp - T a,r T , (2.78) 
where A r is the pre-exponential constant, β r is the temperature exponent and T a,r is the activation temperature of the reaction r. The indirect reaction rates k br are evaluated from the equilibrium constant k eq,r of the reaction r:

k br = k f r K eq,r with K eq,r (T ) = P 0 RT Nsp k=1 (ν kr -ν kr ) exp ∆S 0 r R - ∆H 0 r RT , (2.79) 
where ∆S 0 r and ∆H 0 r are respectively the entropy and enthalpy variations during the reaction r and P 0 the reference pressure at which ∆S 0 r and ∆H 0 r are defined.

Simplification concepts for chemical kinetics

Explicitly solving the formulas in this section is sufficient to determine the chemical source term ωk . Guaranteeing the accuracy and stability of the computation requires the use of a chemical time-step smaller by several orders of magnitude to the convective time step. However, there are methods for implicitly solving the chemical kinetics equations to overcome this limitation. Each elementary reaction and each set of constants A r , β r and T a,r associated with this reaction are gathered in a database, called a kinetic scheme, which makes possible to fully describe combustion. These kinetic schemes are valid over a wide temperature, pressure and equivalence ratio ranges. Nevertheless, most of the time they are used mainly for heavy fuels, that is, they can contain several hundred species and several thousand reactions. That means that they need excessively high computational times, which makes their use inadequate for 3D industrial configurations. For instance, in the case of this study, kerosene must be modeled, which is a complex fuel with a large number of hydrocarbon compounds, making this task even more difficult.

Handling such complex systems is impossible in turbulent combustion. Different strategies have been proposed to circumvent this issue:

• Skeletal schemes: their purpose is to reduce a large detailed mechanism without reducing the predictive quality. All species are transported and their rate of reaction calculated using Arrhenius' law. For example, the Luche [START_REF] Luche | Obtention de modèles cinétiques réduits de combustion -Application à un mécanisme du kérosène[END_REF] mechanism for kerosene composed of 91 species and 991 reactions.

• Analytically Reduced Chemistry: based on the skeletal mechanisms approach followed by an analytical reduction to obtain a reduced scheme [START_REF] Felden | Including real fuel chemistry in LES of turbulent spray combustion[END_REF];

• Global schemes: they are useful when only a few aspects are of interest and taking into account a large set of species is not needed. They contain less than a dozen species and some reactions. The parameters reactions are adjusted to recover certain flame properties over a range of specific parameters. For kerosene, the Two-step Chemical Scheme [START_REF] Franzelli | A two-step chemical scheme for kerosene-air premixed flames[END_REF] has been widely used [START_REF] Boulet | Modeling of conjugate heat transfer in a kerosene/air spray flame used for aeronautical fire resistance tests[END_REF].

• Virtual chemistry, based on a genetic algorithm, which consists in building a chemical mechanism from scratch [START_REF] Cailler | Building-up virtual optimized mechanism for flame modeling[END_REF][START_REF] Cailler | Development of a virtual optimized chemistry method. application to hydrocarbon/air combustion[END_REF].

• Hybrid Chemistry (HyChem) approach [START_REF] Wang | A physics-based approach to modeling real-fuel combustion chemistry -i. evidence from experiments, and thermodynamic, chemical kinetic and statistical considerations[END_REF][START_REF] Xu | A physics-based approach to modeling real-fuel combustion chemistry -II. reaction kinetic models of jet and rocket fuels[END_REF], which combines the modeling of kinetics of pyrolysis based on experimental data with a detailed model to characterize the oxidation of pyrolysis products and can be used to describe the behavior of real fuels.

• Tabulated chemistry approach: a reduced number of parameters are transported and are used to recover all the other data which are stored in a library.

In this study, two approaches are used:

• The tabulated chemistry approach is used in the HERON combustion chamber simulations in chaper 3

• The detailed chemistry approach is used for the validation test case associated with the Mixture Averaged model for transport in chapter 4

Tabulated chemistry: PCM-FPI apprach

Maas and Pope developed a general procedure for simplifying chemical kinetics known as the Intrinsic Low-Dimensional Manifolds (ILDM) method [START_REF] Maas | Simplifying chemical kinetics: Intrinsic low-dimensional manifolds in composition space[END_REF][START_REF] Maas | Implementation of simplified chemical kinetics based on lowdimensional manifolds[END_REF]. It is based on the fact that the governing processes, i.e. flow, molecular transport, and chemical reaction, occur at very different time scales. The method consists of decoupling very fast time scales assuming local equilibrium and steady-state. The faster chemical reactions will be attracted to the lower-dimensional subspace, in which reaction proceeds only according to slow time scales. In this slow time scales, chemistry can be confined to those low-dimensional manifolds and the whole chemical reaction system can be described by a reduced number of variables in the composition space. The "inputs" to the procedure are the detailed kinetics mechanism and the number of degrees of freedom required in the simplified scheme. A table with all the thermodynamic data is then created as a function of this set of variables and searched by multi-linear interpolation.

Since the ILDM method does not capture the fast timescales phenomena, the low-temperature regions of the flame cannot be correctly treated. To avoid this issue, Van Oijen and Goey [START_REF] Van Oijen | Modelling of premixed laminar flames using flameletgenerated manifolds[END_REF] developed the Flamelet-Generated Method (FGM) and Gicquel et al. [START_REF] Gicquel | Laminar premixed hydrogen/air counterflow flame simulations using flame prolongation of ildm with differential diffusion[END_REF] proposed a new version of the ILDM method called the flame prolongation of ILDM (FPI). This technique allows to extend the manifold to the low-temperature domain, making possible to take into account the differential diffusion, i.e. it allows to capture the local equivalence ratio variations along with the flame. The idea is to use as a manifold the results of computations of one-dimensional freely propagating premixed flames obtained with detailed reaction schemes and transport models. Thermodynamic data, i.e. species mass fractions and reactions rates, are tabulated as a function of the progress variable

(Y c = Y CO + Y CO 2 + Y H 2 O
), which evolves monotonically between fresh and burnt gases, and the mixture fraction (Z), which gives the local equivalence ratio.

Moreover in LES, turbulence and chemistry strongly interact below the cut-off scale. To take into account the effects of unresolved turbulence on the reactive flow solutions, Bradley et al. [START_REF] Bradley | The mathematical modelling of premixed turbulent combustion[END_REF] stated that the temporal variations in the thermodynamic data could be modeled by a probability density function (PDF). He demonstrated that detailed laminar profiles could be computed separately from detailed chemical kinetics and subsequently implemented in turbulent combustion through the PDFs computations. However, it necessitates an a priori assumption about the form of the PDF. Landenfeld [START_REF] Landenfeld | A turbulence-chemistry interaction model based on a multivariate presumed beta-pdf method for turbulent flames[END_REF] proposed the use of a presumed β-PDF because of its ability to adopt the shapes encountered in mixing systems. On that basis, Vervisch et al. [START_REF] Vervisch | Three facets of turbulent combustion modelling: Dns of premixed v-flame, les of lifted nonpremixed flame and rans of jet-flame[END_REF] and Domingo et al. [START_REF] Domingo | DNS of a premixed turbulent Vflame and LES of a ducted flame using a FSD-PDF subgrid scale closure with FPI-tabulated chemistry[END_REF] proposed a Presumed Conditional Moment (PCM) modeling in conjunction with the FPI approach for dealing with turbulent combustion chemistry (PCM-FPI). This method allows for taking into account the different combustion regimes. In Fig. 2.3 a sketch of the PCM procedure is represented. For instance, the source term is modeled as:

ωk = 1 0 1 0 ωk P(Z, c)dc dZ, (2.80) 
where P(Z, c) is the PDF of the unresolved mixture fraction (Z) and the normalized progress variable (c). In [START_REF] Vervisch | Three facets of turbulent combustion modelling: Dns of premixed v-flame, les of lifted nonpremixed flame and rans of jet-flame[END_REF], it was demonstrated that the conditional PDF of c for a given value of Z, P (c|Z), is weakly dependent on Z and it can be approximated as P (c|Z) ≈ P (c). The source term must then be written as a function of two independent PDF:

ωk = 1 0 1 0 ωF P I k (Z, c)P(c)P(Z)dc dZ, (2.81) 
In this stochastic-based approach, the reactive and diffusive properties of the flame are described using a β-PDF:

P a,b (ϕ) = ϕ (a-1) (1 -ϕ) b-1 1 0 ϕ a-1 (1 -ϕ) b-1 dϕ , (2.82)
where ϕ is the normalized variable and a and b are the shape parameters of the β-PDF, which can be determined thanks to the statistical moments:

a = φ 1 S ϕ -1 and b = a φ -a, (2.83) 
where S ϕ is the segregation parameter of ϕ. This is known as a second-order approximation, for S ϕ is a function of the second-order moments ( ϕ 2 ):

S ϕ = ϕ 2 φ(1 -φ) . (2.84)
Here, the second-order moments, Z 2 and c 2 , can be either computed by a transport equation [START_REF] Pera | Development of a FPI detailed chemistry tabulation methodology for internal combustion engines[END_REF] or modeled by an algebraic approach [START_REF] Moureau | From large-eddy simulation to direct numerical simulation of a lean premixed swirl flame: Filtered laminar flame-PDF modeling[END_REF]. The PCM-FPI model needs a sub-filter variance c 2 = cccc to compute the filtered source term of the progress variable. The algebraic approach is based on the fact that the variance presents an asymptotic behavior for small and large filters [START_REF] Moureau | From large-eddy simulation to direct numerical simulation of a lean premixed swirl flame: Filtered laminar flame-PDF modeling[END_REF]. On the one hand, for small filter widths, the gradient of the filtered progress variable is assumed to be equivalent to the gradient of the instantaneous progress variable. It is known as the mixing model and c 2 can be defined as:

c 2 = C m ∆ 2 |∇c| 2 , (2.85) 
where C m is a constant equal to 0.08. On the other hand, for large filter widths where turbulent transport is dominant, the gradient model is used:

c 2 = C g ∆|∇c|, (2.86) 
here C g is the constant for the gradient model and it is set to 0.18.

In this study, detailed chemistry effects are modeled by the FPI tabulated chemistry approach. Thermodynamic data are tabulated as a function of Y c and Z. Only these two parameters will be transported with the following equations: and

∂ρ Y c ∂t + ∇ • (ρ Y c ũ) = ∇ • ρD + ρD t,c ∇ Y c + ωYc , (2.87) 
∂ρ Z ∂t + ∇ • (ρ Z ũ) = ∇ • ρD + ρD t,Z ∇ Z + ωZ . (2.88) 
In these equations, D t,c and D t,Z are the sub-grid transport fluxes, which are modeled with a constant turbulent Schmidt number (0.7). The source terms ωYc and ωZ are due to chemistry and evaporation, respectively. To take into account the sub-grid flame-turbulence interaction, FPI is combined with the PCM method, in other words, the PCM-FPI method is used [START_REF] Vervisch | Three facets of turbulent combustion modelling: Dns of premixed v-flame, les of lifted nonpremixed flame and rans of jet-flame[END_REF][START_REF] Domingo | DNS of a premixed turbulent Vflame and LES of a ducted flame using a FSD-PDF subgrid scale closure with FPI-tabulated chemistry[END_REF]. Here, the look-up table is built from laminar premixed flame archetypes to map the flame evolution. These flamelets are computed with Cantera using the skeletal Luche mechanism [START_REF] Luche | Obtention de modèles cinétiques réduits de combustion -Application à un mécanisme du kérosène[END_REF], which counts 91 species and 694 reactions. The laminar look-up table is then convoluted by two beta-PDFs to take into account their sub-grid fluctuations. The final look-up table is thus also parametrized by the second-order moments of the beta-PDFs, which are derived from the mixing model [START_REF] Moureau | From large-eddy simulation to direct numerical simulation of a lean premixed swirl flame: Filtered laminar flame-PDF modeling[END_REF]. This methodology has been chosen because of the important reduction of CPU time and the good results shown in previous works such as [START_REF] Galpin | Largeeddy simulation of a fuel-lean premixed turbulent swirl-burner[END_REF][START_REF] Domingo | Large-eddy simulation of a lifted methane jet flame in a vitiated coflow[END_REF].

Two-phase flows modeling

In reactive two-phase flows, several physical phenomena occur, such as injection, atomization, evaporation, mixing, and combustion.

The atomization process is a complex phenomenon. Fuel in the liquid form is ejected from the injector nozzle as a liquid sheet. This sheet disintegrates into ligaments and droplets because of the instabilities produced at the liquid/phase interface. This phenomenon is called the primary atomization. Then, these droplets break into smaller droplets. This is called the secondary atomization. The exact resolution of the two-phase flow consists in solving the Navier-Stokes equations for each of the two phases and coupling the two using jump relationships at the interface. Numerical methods exist to manage interface tracking and mass, energy and momentum exchanges, such as Figure 2.4: Atomization regions of the spray from the hollow cone nozzle from [START_REF] Eberhart | Experimental cold flow characterization of a swirl coaxial injector element[END_REF] VOF method (for Volume of Fluid) or Level Set method [START_REF] Sethian | Level set methods for fluid interfaces[END_REF][START_REF] Ménard | Coupling level set/VOF/ghost fluid methods: Validation and application to 3d simulation of the primary break-up of a liquid jet[END_REF][START_REF] Desjardins | An accurate conservative level set/ghost fluid method for simulating turbulent atomization[END_REF]. These methods require sufficient spatial resolution to capture interface position, for this reason, their use in industrial configurations would generate prohibitive computational costs. Therefore, methods adapted to dispersed flows have been developed. The gas phase is solved by using a Eulerian approach. Two approaches can be used to solve the dispersed phase: the Eulerian and the Lagrangian approaches.

Euler-Euler approach

The Eulerian approach consists in evaluating the local averaged properties of the liquid phase as a continuous fluid. Its main interest lies in the fact that the resolution algorithms of the gas phase can also be used for the dispersed phase, simplifying its development in parallel codes. Besides, no interpolation is required between the liquid and gas phase since their information is stored at the same nodes of the mesh.

The "two-fluid" approach is used for flows where droplets have a low Stokes number. It is monodisperse in velocity and droplet size since the average properties of the liquid phase are only defined by its density in number of droplets, its mass, and its averaged velocity. This approach has been extended to turbulent flows by Février et al. [START_REF] Février | Partitioning of particle velocities in gas-solid turbulent flows into a continuous field and a spatially uncorrelated random distribution: theoretical formalism and numerical study[END_REF]. It is called mesoscopic Eulerian formalism (MEF) and it is based on the statistical decomposition of the droplet velocity into an average velocity of the liquid phase, called the correlated or mesoscopic velocity, and a velocity specific to each particle called uncorrelated velocity. The same principle was applied for temperature [START_REF] Masi | The mesoscopic eulerian approach for evaporating droplets interacting with turbulent flows[END_REF].

When the spray has a large dispersion of droplets diameters it is said to be polydispersed. The "two-fluid" approach becomes then the "multi-fluid" approach, which divides droplets into several classes [START_REF] Laurent | Multi-fluid modelling of laminar polydisperse spray flames: origin, assumptions and comparison of sectional and sampling methods[END_REF]. For each class, the liquid phase equations need to be solved, which increases the computational cost. It is then possible to combine the "multi-fluid" approach and the MEF approach to take into account both velocity and droplet size polydispersion [START_REF] Vié | Simulation aux grandes échelles d'écoulements diphasiques turbulents à phase liquide dispersée[END_REF].

Probability Density Function (PDF) methods [START_REF] Babinsky | Modeling drop size distributions[END_REF] use laws of probability to model the size, temperature, and velocity distributions to make them polydispersed. They use a log-normal distribution for size and a Gaussian distribution for temperature and velocity [START_REF] Mossa | Extension polydisperse pour la description Euler-Euler des écoulements diphasiques réactifs[END_REF]. Some disadvantages of this approach are, for instance, the existence complex droplet trajectories within the same control volume that are difficult to model. The Direct Quadrature Method of Moment (DQMOM) [START_REF] Marchisio | Quadrature method of moments for population-balance equations[END_REF] although expensive enables to take into account the crossovers of trajectories [START_REF] Desjardins | A quadrature-based moment method for dilute fluid-particle flows[END_REF].

Euler-Lagrange approach

In the Lagrangian approach, the fog of droplets is no longer considered as a continuous medium but as a set of discrete physical droplets. Each droplet has its trajectory and individual properties (velocity, temperature, diameter) to which are applied mass, momentum and energy exchanges with the carrier phase. This individual treatment allows simulating independently the evaporation of each of them. Since the location of the discrete droplets may not coincide with the mesh nodes, it is necessary to use efficient interpolation methods to limit numerical errors related to coupling.

The two-way coupling approach takes into account the feedback of droplets on the gas phase through source terms calculated for each droplet and reintroduced at the nodes of the carrier phase [START_REF] Dukowicz | A particle-fluid numerical model for liquid sprays[END_REF][START_REF] Elghobashi | On the two-way interaction between homogeneous turbulence and dispersed solid particles. i: Turbulence modification[END_REF]. This approach offers the advantage of treating polydispersion and avoids problems of trajectory crossings. To save CPU cost, droplets can be grouped into a numerical droplet, the numerical weight of which corresponds to the number of physical droplets described by this group. However, the increase in the numerical weight of droplets is done at the expense of the accuracy of the calculation [START_REF] Enjalbert | Modélisation avancée de la combustion turbulente diphasique en régime de forte dilution par les gaz brulés[END_REF]. Another difficulty lies in the parallel computing since the droplet distribution is often different from the cells of the Eulerian phase distribution. A processor could have a large number of droplets to process while others would have very few. Efficient mesh partitioning algorithms are therefore necessary to avoid load-balancing problems due to the inhomogeneous distribution of droplets in the calculation range [START_REF] Martínez | Development and validation of the Euler-Lagrange formulation on a parallel and unstructured solver for large-eddy simulation[END_REF]. This method is widely validated in LES for academic simulations [START_REF] Desjonqueres | Dispersion of discrete particles by continuous turbulent motions: new results and discussions[END_REF][START_REF] Février | Partitioning of particle velocities in gas-solid turbulent flows into a continuous field and a spatially uncorrelated random distribution: theoretical formalism and numerical study[END_REF][START_REF] Paulhiac | Modélisation de la combustion d'un spray dans un brûleur aéronautique[END_REF][START_REF] Riber | Evaluation of numerical strategies for large eddy simulation of particulate two-phase recirculating flows[END_REF][START_REF] Tchen | Mean value and correlation problems connected with the motion of small particles suspended in a turbulent fluid[END_REF] or real industrial configurations [START_REF] Farcy | Large eddy simulation of selective non-catalytic reduction (sncr): A downsizing procedure for simulating nitric-oxide reduction units[END_REF][START_REF] Senoner | Simulations aux grandes échelles de l'écoulement diphasique dans un brûleur aéronautique par une approche Euler-Lagrange[END_REF][START_REF] Boulet | Caractérisation d'une torche de certification à la tenue des carters de moteurs d'hélicoptères[END_REF].

The Euler-Lagrange two-way coupling approach developed in YALES2 [START_REF] Enjalbert | Modélisation avancée de la combustion turbulente diphasique en régime de forte dilution par les gaz brulés[END_REF][START_REF] Farcy | Large eddy simulation of selective non-catalytic reduction (sncr): A downsizing procedure for simulating nitric-oxide reduction units[END_REF] is going to be used in this work.

Lagrangian governing equations 2.6.1.1 Droplet kinematics

In the following, the droplets are assumed to be spherical. This hypothesis allows to directly relate the mass of the droplet m p to its diameter d p :

m p = ρ p π 6 d 3 p (2.89)
where ρ p denotes the density of the droplet. The kinematics of the point links the position x p of the droplet p to its velocity. And the Newton's second low relates the forces acting on the body with its mass m p and the acceleration it receives. They provide the two fundamental equations of Lagrangian formalism:

dx p dt = u p (2.90) and dm p u p dt = F p , (2.91) 
with F p the resultant of external forces acting on the droplet. These forces are the gravitational force F G , the aerodynamic force F A and collisional forces between droplets, which are neglected in this work. Gravitational force is defined as:

F G = (ρ p -ρ) π 6 d 3 p g , (2.92) 
where ρ is the density of the gas phase and g is the gravitational acceleration. Since the density of droplets is higher than the gas phase density, the previous equation becomes:

F G = m p g . (2.93)
Aerodynamical forces acting on the droplet might be the drag force or pressure force. However, when the density of the droplets is high compared to the gas phase density, only the drag force is taken into account. This force is defined by:

F A = m p 1 τ p (u p -u ∞ ) , (2.94) 
where u ∞ represents the velocity of the undisturbed fluid in the vicinity of the droplet and τ p the relaxation time that depends on the flow regime. It is written:

τ p = 4 3C D Re p ρ p ρ d 2 p ν , (2.95) 
with ν the kinematic viscosity of the carrier phase, C D the drag coefficient and Re p the droplet Reynolds number:

Re p = d p |u ∞ -u p | ν . (2.96) 
The main difficulty lies in determining the drag coefficient. This coefficient varies greatly with the relative velocity between the fluid and the droplet. According to the different flow regimes, many correlations exist to express C D according to τ p and Re p [START_REF] Flemmer | On the drag coefficient of a sphere[END_REF]. In this study, Stokes law is applied when Re p < 1. For a Re p between 1 and 1000, the empirical correlation of Shiller & Naumann [START_REF] Shiller | A drag coefficient correlation[END_REF] is used. If Re p > 1000, the C D coefficient becomes constant thanks to the sufficiently developed turbulence behind the droplet. The drag coefficient corresponding to each regime is given by the following relationships:

             C D = 24 Re p , Re p < 1 C D = 24 Re p + 3.6 Re 3 p • 15 , 1 < Re p < 1000 C D = 0.44, Re p > 1000
(2.97)

Evaporation of an isolated droplet

In the following, the properties of the ambient gas are designated using index ∞ and the thermodynamic properties on the surface of the droplet are noted surf . The species composing the droplet, gaseous or liquid, are notated by i.

The temperature difference between liquid and gas causes a thermal transfer from the gas to the droplet. On the droplet surface, part of the heat from the gas is used to heat the droplet by conduction. The other part of this thermal energy is used to evaporate the droplet at the liquid/gas interphase. The species mass fraction at the droplet surface is higher than the species mass fraction in the gas phase, thus creating a concentration gradient. The species present in the droplet are then diffused towards the medium at far away. The generated flux causes the droplet to evaporate.

Hypothesis of the model

The mass transfer model proposed by Spalding [START_REF] Spalding | The combustion of liquid fuels[END_REF] is used, which is based on the following assumptions:

• The droplet is supposed to be perfectly spherical and isolated from other droplets.

• The droplet is supposed to have only one component. In the case of kerosene which has a multitude of components, a surrogate is used.

• The thermal conductivity of the liquid is assumed to be infinite, then the temperature in the droplet T p is uniform.

• The thermal characteristic time of the carrier phase is very short compare to that of the droplet, since the thermal diffusivity D = λ/ρC p of the liquid is much lower than that of the gas.

• The surface of the droplet is assumed to be in thermodynamic equilibrium with the surrounding gas. Thus, Clausius-Clapeyron law can be used to calculate the saturated vapour pressure of species i on the surface of the droplet:

P F ,surf = P ref exp W F L v,F R 1 T boil - 1 T p , (2.98) 
where L v,i is the latent heat of vaporization of species i in liquid form, W i is its mass molar, and T boil is the boiling temperature of the droplet at the reference pressure P ref = 1 atm.

• The ambient properties (gas mixture excluding evaporated species) are assumed to be constant, from the surface of the droplet to infinity.

• The properties of the surrounding gas do not correspond to those of the surrounding gas neither the droplet surface properties but they follow the 2/3 -1/2law, represented in Fig. 2.5. To characterize this intermediate state, subsequently noted with index 1/3, Hubbard [START_REF] Hubbard | Droplet evaporation: Effects of transients and variable properties[END_REF] proposed a weighted average of 2/3 -1/3 of the surface and infinite values:

T 1/3 = 2 3 T surf + 1 3 T ∞ , (2.99) 
Y i,1/3 = 2 3 Y i,surf + 1 3 Y i,∞ . (2.100) 
Using these new values, the viscosity and the heat capacity C p of the gas phase are recalculated:

µ 1/3 = µ T 1/3 , (2.101) 
C p,1/3 = C p T 1/3 Y i,1/3 . (2.102)
All thermodynamic characteristics of the droplet as well as the mechanisms described above are determined by applying the mass, species and energy conservation equations together with the assumptions previously presented. Because of the symmetry of the problem by the hypothesis of a perfectly spherical droplet, the set of equations in the radial direction can be written as:

ρu surf r 2 = ṁF 4π , (2.103 
) 

ρu surf r 2 dY F dr = d dr r 2 [ρD F ] dY F dr , (2.104) 
ρu surf r 2 dC p T dr = d dr r 2 λ F C p F dC p T dr , (2.105) 
with u surf = dr/dt the velocity of the liquid at the interface, r the radius of the droplet, ṁF the fuel vapour mass flow rate diffusing off, Y F the fuel vapor mass fraction at the surface, ρ is the mixture density in the gas phase and D F is the fuel diffusion coefficient, λ is the gas mixture conductivity and C p is the heat capacity at constant pressure on the surface of the droplet. The product ρD i is expressed as a function of the gas viscosity and the Schmidt number of the gaseous fuel Sc i , while λ/C p is, again, based on the viscosity and the Prandtl number of the gaseous fuel P r:

ρD F = µ 1/3 Sc F and λ C p = µ 1/3 P r . ( 2 

.106)

Mass evolution

The mass variation of the droplet is obtained by integrating Eq. 2.104 between the radius of the droplet and the surrounding environment. Details of the demonstration are available in Sirignano's work [START_REF] Sirignano | Fluid dynamics and transport of droplets and sprays[END_REF] or Jeagle's thesis [START_REF] Jaegle | Large-Eddy Simulation of evaporating sprays in complex geometries using Eulerian and Lagrangian methods[END_REF]:

ṁF = -πd p ρD F Sh F ln (1 + B M F ) with B M F = Y F ,surf -Y F ,∞ 1 -Y F ,surf . (2.107) 
In these equations, B M is the Spalding mass coefficient, which characterizes the mass transfer effects as a function of the mass fraction of the evaporated species on the surface of the droplet and the infinity. The mass fraction in the environment is interpolated from the nodes of the Eulerian mesh. The mass fraction at the surface can be expressed as a function of the molar mass fractions:

Y F ,surf = X F ,surf W F W surf with W surf = X F ,surf W F + (1 -X F ,surf ) W j =F ,surf . (2.108)
The surface molecular weight W surf is calculated as a weighted average of the evaporated species molar fractions and all other species. The molecular weight of the mixture W j =i,surf , without taking into account the evaporated species, is uniform from surface to infinity, based on the assumptions made, and can therefore be calculated as :

W j =F ,surf = W j =F ,∞ = 1 -Y F ,∞ 1 -Y F ,∞ W ∞ /W F W ∞ . (2.109)
The molar fraction of evaporated species at the surface X i,surf is deducted from the partial pressure calculated according to the Clausius-Clapeyron formula Eq. 2.98:

X F ,surf = P F ,surf P . (2.110)
The Sherwood number represents the ratio between mass flux and mass flux due to diffusion and depends on convective effects. In a resting environment (u ∞ = 0), Sh = 2. However, in general, the relative velocity seen by the droplets is not zero, u ∞ = 0. In this case, the correlations proposed by Frössling [START_REF] Frossling | The Evaporation of Falling Drops[END_REF] are used to correct the Sherwood number by taking into account the effects of forced convection:

Sh F = 2 + 0.55Re 1/2 p Sc 1/3 F . (2.111)

Diameter evolution

The evolution of the particle diameter is obtained from the mass evolution Eq. 2.89:

dm F = πρd 2 p 2 dd p . (2.112) 
From this equation and combining it with Eq. 2.107, the temporal evolution of the diameter is expressed as:

dd 2 p dt = - d 2 p,0 2τ m,F with τ m,F = ρd 2 p,0 Sc F 4Sh F µ 1/3 ln (1 + B M F ) , (2.113) 
where τ m,i is the characteristic evaporation time and d p,0 the initial diameter of the particle.

Temperature evolution

The evolution of the droplet temperature is obtained by integrating the Eq. 2.105 from the surface of the droplet to infinity. The detailed demonstration is available in Sirignano's book [START_REF] Sirignano | Fluid dynamics and transport of droplets and sprays[END_REF], or in Enjalbert's thesis [START_REF] Enjalbert | Modélisation avancée de la combustion turbulente diphasique en régime de forte dilution par les gaz brulés[END_REF]. The following final expression is then obtained:

dT p dt = - 1 τ h,F T p -T ∞ - L v,F B T F C p,1/3 , (2.114) 
where τ h,i is a characteristic heating time, defined as:

τ h,F = ρd 2 p 6 Sc F C p,F Sh F µ 1/3 C p,1/3 B T F ln (1 + B M F ) . ( 2 
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The Spalding thermal number B T F , which characterizes heat transfer, can be expressed as a function of the Spalding mass number B M F , defined in Eq. 2.107:

B T F = (1 + B M F ) Sh F P r N u F Sc F -1 .
(2.116)

The Nusselt number, N u i , describes the ratio between convective and diffusive heat transfers. Like the Sherwood number for mass transfer, N u i can be expressed using the correlations established by Frössling [START_REF] Frossling | The Evaporation of Falling Drops[END_REF] for a spherical surface:

N u F = 2 + 0.55Re 1/2 p P r 1/3 . (2.117)

Boiling treatment

In the particular case where the temperature of the droplet T p tends towards the boiling temperature T boil , the gaseous layer surrounding the droplet reaches saturation, Y i,surf tends towards 1 and the Spalding mass number, B M i , diverges towards infinity. In this case, we write T p = T boil and dT /dt = 0 instead. Equation 2.114 becomes:

B sat T ,F = C p,1/3 (T ∞ -T boil ) L v,F . (2.118) 
The Spalding mass number at boiling is then obtained using the relationship 2.116:

B sat M F = 1 + B sat T ,F N u i Sc F Sh F P r F -1 .
(2.119)

The Eq. 2.107 describing the mass variation in the droplet involves

B sat M : ṁF = -πd p Sh F ρD F ln 1 + B sat M F .
(2.120)

Absorbed radiation by the dispersed phase

In reactive flows, very high temperatures produce intense radiation. The fuel spray is exposed to the surrounding radiation and tends to increase the evaporation rate of droplets [START_REF] Sazhin | Advanced models for fuel droplet heating and evaporation[END_REF]. An adaptation of the Spalding model that takes into account, approximatively, the radiation absorbed by the droplet was developed by Abramzon and Sazhin [2]. However, this effect is not considered during this study.

2.6.2 Euler-Lagrange coupling 2.6.2.1 Droplets and gas-phase exchanges

The feedback of the droplets on the carrier phase is done through three source terms on the mass conservation Θ M , momentum Θ D and enthalpy Θ H equations. They are added to the gas phase conservation equations (Eq. 2.1,2.2,2.9). These source terms are located at the position of the droplets x p and calculated according to the variations in the properties of each droplet. The mass source term, redistributed on the Eulerian mesh, is written:

Θ M (x|, t) = 1 ∆V ∆V Np n=1 -ṁ(n) p δ x -x (n) p (t) dV 1 ∆V Np n=1 -ṁ(n) p , (2.121) 
with δ is Dirac delta function, ∆V the control volume of the mesh cell containing the droplet n. Similarly, the source term used in the momentum equation, derived from the resultant of the aerodynamic forces exerted on the particle by the continuous phase, is written:

Θ D (x, t) = 1 ∆V Np n=1 -F (n) p δ x -x (n) p (t) . (2.122)
The energy source term is the sum of the energy taken by the heating of the droplet and the change of state of the evaporated species:

Θ H (x, t) = 1 ∆V Np n=1 -m (n) p C p,l dT (n) p dt + ṁ(n) p L v δ x -x (n) p (t) .
(2.123)

Interactions of the dispersed phase with turbulence in LES formalism

In a LES context, subgrid fluctuations must be modeled because only the scales resolved are available. Balachandar & Eaton [START_REF] Balachandar | Turbulent dispersed multiphase flow[END_REF] performed a good review of the state of the art. The impact of the dispersed flow on the subgrid scales and vice versa must be evaluated. On the one hand, the dispersed phase might impact the subgrid turbulence. The smallest droplets are capable of dissipating the turbulent kinetic energy of the eddies of the same size. Yuu [START_REF] Yuu | Numerical simulation of the high reynolds number slit nozzle gas-particle jet using subgrid-scale coupling large eddy simulation[END_REF] proposed a turbulence model depending on the Reynolds number of particles. However, most of the recent studies [START_REF] Sanjosé | Fuel injection model for euler-euler and euler-lagrange large-eddy simulations of an evaporating spray inside an aeronautical combustor[END_REF][START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF][START_REF] Felden | Including real fuel chemistry in LES of turbulent spray combustion[END_REF] use conventional turbulence models. The same approach is used here.

On the other hand, sub-grid fluctuations may affect the droplets leading to a poorly estimated segregation phenomena [START_REF] Fessler | Preferential concentration of heavy particles in a turbulent channel flow[END_REF][START_REF] Reveillon | Effects of the preferential segregation of droplets on evaporation and turbulent mixing[END_REF]. Some very small structures induce a droplet movement, which agglomerates in low vorticity areas. Some studies [START_REF] Keller | Numerical and experimental investigation on droplet dynamics and dispersion of a jet engine injector[END_REF]4] showed that the dispersion of droplets is essentially subject to the large scales of turbulence. Hence, the sub-grid turbulent velocity does not influence the spray dispersion. Therefore, the conventional approach is to neglect these subgrid effects. An approach developed by Bini & Jones [START_REF] Bini | Large-eddy simulation of particle-laden turbulent flows[END_REF] proposes to model velocity fluctuations using either the particles Reynolds number, Re p , or the temperature fluctuations. These models capture properly the sub-grid effects but are only interesting when the droplets are small enough for unresolved velocity fluctuations to impact their drag effect. In the case of an evaporating spray, only the droplets at the end of their lives are subject to this effect, hence most of the spray can be considered insensitive to sub-grid fluctuations. Therefore, sub-grid effects are neglected in this work.

YALES2 code

Simulations presented in this study were performed with the LES code YALES, based on the Finite Volume Method (FVM). It is capable of handling unstructured meshes of billions of elements.

The transport equations are integrated into control volumes built around each node of the mesh, represented in Fig. 2.6. Physical quantities, such as pressure, velocity and scalars are stored at the nodes. Several schemes are available for the explicit time advancement, for instance, first, second and third-order Runge-Kutta. A more recent scheme proposed by Kraushaar [START_REF] Kraushaar | Application of the compressible and low-Mach number approaches to Large-Eddy Simulation fo turbulent flows in aero-engines[END_REF] called TFV4A is also available. The latter combines Runge-Kutta and Lax-Wendroff methods. Spatial integration is done by a 4th order scheme. More details on the spatial discretization can be found in Vantieghem's thesis [START_REF] Vantieghem | Numerical simulations of quasi-static magnetohydrodynamics using an unstructured finite volume solver : development and applications[END_REF]. Besides, artificial viscosity can be added, which uses the Cook & Cabot formulation [START_REF] Cook | Note hyperviscosity for shock-turbulence interactions[END_REF].

Low-Mach number approach

Three effects are responsible for density variations in the flow field: pressure variations (compressibility effect), temperature variations (expansion effect), and composition variations (a mixture of different density species). In many industrial applications, the characteristic flow velocity is very low compared to the speed of sound (i.e. in front of the propagation velocity of acoustic waves). The Mach number, which is the dimensionless number that compares the velocity of the fluid to the speed of sound, is then sufficiently small and pressure in the state equation may be assumed to be constant.

In a low Mach flow, acoustic waves propagate much faster than entropic waves through the domain, and the pressure homogenizes very quickly in the domain. Thermodynamic pressure is unsteady, under the effect of the variation of T or Y k ; but it is constant in space, under the effect of the propagation at an almost "infinite" speed of acoustic waves. The Navier-Stokes formulated in the framework of the incompressible flow are not appropriate for this kind of configuration. Even so, the compressible approach is neither suitable because the time steps imposed by the acoustic CFL are very small, leading to prohibitive computational costs.

Klainermain and Majda [START_REF] Klainerman | Compressible and incompressible fluids[END_REF] showed that compressible flow converges to incompressible flow when the Mach number tends toward zero. Majda and Sethian [START_REF] Majda | The derivation and numerical solution of the equations for zero mach number combustion[END_REF] proposed an intermediate approach between compressible and incompressible formulation to describe combustion processes at a low-Mach number where the effects of acoustic waves could be removed. From asymptotic developments of the primitive variables (u, p, ρ and h s ), they derived a set of equations to describe the flows under the Low-Mach hypothesis. The pressure is decomposed into two terms: thermodynamic pressure (P 0 ) assumed constant in space and dynamic pressure (P 2 ) which varies in space and time. Besides, in an open system, the thermodynamic pressure is also constant. The equation of state is then defined as:

P 0 = ρRT , (2.124) 
with R the mass-specific gas constant.

Chemistry stiff integration

The chemical source terms computation is highly challenging for reactive flow simulations, because of the multitude characteristics times which, besides, are not correlated with the fluid time scales. The minimum chemical time scale is of the order 10 -9 s, or even 10 -12 s for hydrocarbon chemistry under standard conditions of pressure and temperature. Thus, there are several orders of magnitude lower than the convective time-step, which is usually between 10 -5 s and 10 -8 s.

The use of an explicit scheme for the source term integration requires a time-step of this order of magnitude to ensure accuracy and numerical stability. To avoid this limitation, chemistry is solved independently thanks to external libraries. These libraries solve ordinary differential equations (ODE) systems with multi-step implicit methods, devoted to perform the temporal integration of stiff problems. The one used in the current study is CVODE [START_REF] Cohen | Cvode, a stiff/nonstiff ode solver in c[END_REF]. It enables the resolution of the chemical system with a variable time step and error control.

Another performance problem may appear, for instance, the amount of mathematical operations is not the same for all the nodes in the mesh. Generally, the resolution is longer at the nodes located in the flame zone and is much faster outside. This difference can reach a ratio of 10, depending on the chosen kinetic scheme. This introduces an imbalance of the computational Figure 2.7: Representation of the double domain decomposition in a non-structured mesh (a) and the communications scheme (b) from [START_REF] Moureau | Design of a massively parallel CFD code for complex geometries[END_REF] workload between processors, causing that all processors must wait for the slower processor to finish before going to the next computation step. Therefore, the performance of the parallelism is deteriorated. To fix this problem, a dedicated load-balancing algorithm for chemistry, called dynamic scheduler, is used, allowing to better distribute the workload between processors. More detailed information on this method can be found in the thesis of Bénard [START_REF] Bénard | Analyse et amélioration d'une chambre de combustion centimétrique par simulations aux grandes échelles[END_REF].

Parallelism

To be able to cope with the growing needs of increasing the domain size and, hence, the spatial resolution of the numerical simulations, YALES2 has been developed for massively parallel computing. To do that, the domain decomposition method is implemented. Each processor has a part of the domain assigned. The dependency between each sub-domain is taken into account thanks to communications between processors. These processors exchange information at the interface of each cell group using MPI (Message Passing Interface) instructions. The mesh decomposition must assure an optimal workload repartition between processors. In a purely Eulerian context, the most obvious way to do this is to cut the mesh in sub-domains containing the same number of control volumes. While this decomposition might be trivial for structured meshes, it is not for unstructured meshes. In YALES2, this operation is done thanks to the external libraries METIS [START_REF] Karypis | METIS -unstructured graph partitioning and sparse matrix ordering system[END_REF] and SCOTH [START_REF] Chevalier | PT-scotch: A tool for efficient parallel graph ordering[END_REF].

Moreover, YALES2 uses the double-domain decomposition [START_REF] Moureau | Design of a massively parallel CFD code for complex geometries[END_REF] to be able to optimize the computing performances in simulations with a high number of processors involved. Each subdomain obtained from the main level of decomposition is in turn decomposed in several groups of cells. In Fig. 2.7(a) the double domain decomposition is represented. It can be seen that elements are distributed between processors (black frontier) and in smaller packets of elements within the processor. The size of these cell groups is such that the data they contain is adapted to the cache memory capacity of the processors. This double domain decomposition is used to optimize the Poisson solver performances. The cell groups provide a coarse mesh, which is used by the two-level linear solvers such as PCG with deflation. There are two types of communications: external communications corresponding to the first level of decomposition managed by MPI communications and internal communications allowing the exchange between the cell groups within a processor, which are not concerned by MPI instructions. The communication scheme between groups of elements, communicators, and boundaries is represented in Fig. 2.7(b).

YALES2 solvers

Several solvers are available in YALES2. In this study, only two are used, therefore only they are detailed:

• Incompressible variable density solver (VDS). This solver assumes that pressure, density and temperature variations due to acoustic waves are neglected. Temperature variations modify the density through the equation of state.

• Incompressible solver (ICS). In this solver, density is not affected by temperature variations. It can only be used for isothermal simulations.

Incompressible solver (ICS)

Navier stokes equations can be formulated in the incompressible flows framework, which implies that density is constant in space and time. This equations are written as:

∇ • u = 0 , (2.125 
)

∂u ∂t + ∇ • (uu) = - 1 ρ ∇P + 1 ρ ∇ • τ . (2.126)

Resolution method

The advancement in time is based on the Chorin discretization [START_REF] Chorin | Numerical solution of the navier-stokes equations[END_REF], afterward modified by Kim and Moin [START_REF] Kim | Application of a fractional-step method to incompressible navier-stokes equations[END_REF]. Velocity is evaluated at every time step (n, n + 1,...) while the scalars, density and pressure are evaluated at staggered time steps (n + 1/2, n + 3/2,...). This projection method is based on the Helmholtz-Hodge decomposition, which states that a vector field can be decomposed into the sum of an irrotational (curl free, ∇× = 0) vector field and a solenoidal (divergence-free, ∇• = 0) vector field. For the velocity field:

u = u i + u s , (2.127) 
with u s is the solenoidal velocity field verifying ∇ • u s = 0 and u i the irrotational velocity field verifying ∇ × u i = 0. That means that the vector field is generated by a scalar potential and a vector potential. The scalar potential can be written as u i = ∇φ. Applying then the divergence operator to this equation, we obtain:

∇ • u = ∇ 2 φ . (2.128)
This decomposition allows to solve the momentum equation in two steps:

Prediction step

A first estimation of the velocity at time n + 1 (u * ) is obtained by advancing the momentum equation without the pressure gradient term, which only contributes to the irrotational part of the vector field:

u * -u n ∆t = -∇ • (u * u n ) + 1 ρ ∇ • τ n .
(2.129)

Correction step

The velocity is then corrected reintroducing the pressure gradient:

u n+1 -u * ∆t = - 1 ρ ∇P n+1/2 . (2.130)
In order to compute u n+1 it is necessary to know P n+1/2 , which is determined thanks to the Poisson equation for pressure. This equation is obtained by applying the divergence operator to Eq. 2.130 and reintegrating the divergence-free constraint for u n+1 :

∇ 2 P n+1/2 = ρ ∆t ∇ • u * .
(2.131)

Once P n+1/2 is known, u n+1 is given by the Eq. 2.130:

u n+1 = u * - ∆t ρ ∇P n+1/2 . (2.132)
In YALES2, this method slightly differs from the Chorin method:

1. Prediction step Prediction step is done taking into account the pressure term at time n -1/2, which is close to P n+1/2 . It gives a better estimation of the u * , reducing the errors linked to the time step staggering. Equation 2.129 becomes:

u * -u n ∆t = -∇ • (u * u n ) - 1 ρ ∇P n-1/2 + 1 ρ ∇ • τ n .
(2.133)

Correction step

Then, the corrected velocity is:

u n+1 -u * ∆t = - 1 ρ ∇P n+1/2 + 1 ρ ∇P n-1/2 , (2.134) 
and the Poisson equation for pressure P n+1/2 is:

∇ 2 (P n+1/2 -P n-1/2 ) = ρ ∆t ∇ • u * . (2.135)
This step is the key point of the method, detailed in Sec. 2.7.1.3.

Variable density solver (VDS)

The Navier-Stokes equations can be rewritten under the low-Mach number approach by replacing the primitive variables with their zero-order development:

• Continuity equation ∂ρ ∂t + ∂ρu i ∂x i = 0 (2.136)
• Species conservation equation

∂ρY k ∂t + ∂ρu i Y k ∂x i = ∂ ∂x i ρV k,i Y k + ωk (2.137) • Momentum equation ∂ρu j ∂t + ∂ρu i u j ∂x i = - ∂P 2 ∂x j + ∂τ ij ∂x i (2.138)
• Sensible enthalpy conservation equation

∂ρh s ∂t + ∂ρu i h s ∂x i = ∂P 0 ∂t + ∂Q i ∂x i + ωT (2.139)
Temperature is obtained from sensible enthalpy h s and from the species mass fractions Y k . This is a sensitive operation since a fifth-degree polynomial needs to be solved, which can only be done approximatively. YALES2 solves this polynomial thanks to the Newton-Raphson method. It is a way to quickly find a good approximation for the root of a real-valued function f (x) = 0. It uses the idea that a continuous and differentiable function can be approximated by a straight line tangent to it.

Resolution method

The resolution method explained for the incompressible solver is now extended to the variable density flows. The time advancement is performed as it follows:

1. Density prediction Density is first predicted by applying the mass conservation equation:

ρ * -ρ n+1/2 ∆t = -∇ • (ρu) n . (2.140) 

Scalars prediction

The scalars advancement, notably the species mass fraction (Y * k ) and the enthalpy are computed from a density predictor. For a scalar φ, the equation becomes:

ρ * φ * -ρ n+1/2 φ n+1/2 ∆t = -∇ • (ρu) n φ n+1/2 + D(φ n+1/2 ) + R(φ n+1/2 ) , (2.141) 
with D and R the diffusion and reaction terms respectively.

Density correction

Density is obtained from the predicted scalars and the state equation: ρ EOS = f (φ * ). In a multispecies chemistry with the perfect gas equation:

ρ EOS = P 0 RT *   Nsp k=1 Y * k W k   -1
.

(2.142)

Density at time n + 3/2 is then computed from the predicted value ρ * and the value from the equation of state ρ EOS thanks to a relaxation coefficient α:

ρ n+3/2 = αρ EOS + (1 -α)ρ * . ( 2 

.143)

When α = 0, the new density does not take into account the density from the equation of state, otherwise, when α = 1, the predicted density is not taken into account. By default, this coefficient is fixed at 0.7 in order to take into account both effects.

Density at time step n + 1 is estimated from:

ρ n+1 = 1 2 (ρ n+1/2 + ρ n+3/2 ) .
(2.144)

Velocity prediction

Once the density at n + 1 is known, the procedure followed for the incompressible solver is done here. Velocity is advanced without taking into account the pressure evolution:

(ρu * ) -(ρu) n ∆t = -∇ • ((ρu) n u n ) -∇P n-1/2 + ∇ • τ n .
(2.145)

Velocity correction

The velocity correction is done by reintegrating the pressure term in the equation:

(ρu) n+1 -(ρu) * ∆t = -∇(P n+1/2 -P n-1/2 ) , (2.146) 
The Poisson equation allowing to compute

P n+1/2 2
is obtained by taking the divergence of Eq. 2.146 and adding the imposed condition with the continuity equation for u n+1 :

∇ • (ρu) n+1 = - ∂ρ ∂t n+1 = - ρ n+3/2 -ρ n+1/2 ∆t , (2.147) 
the Poisson equation is then written as:

∇ • ∇P n+1/2 2 -∇P n-1/2 2 = ρ n+3/2 -ρ n+1/2 ∆t 2 + ∇(ρu) * ∆t (2.148)

Scalars correction

Finally the scalar advancement is corrected by taking into account the velocity correction:

(ρφ) n+3/2 -(ρφ) n+1/2 ∆t = -∇ • ((ρu) n+1 φ n+1/2 ) + D(φ n+1/2 ) + R(φ n+1/2 ) (2.149)

Poisson equation resolution

The solvers presented above need the computation of the Poisson equation:

∇ • (α∇P 2 ) = RHS . (2.150)
This is a linear system of equations where the unknown is the pressure vector whose values correspond to the node values of the discretized domain. Its resolution needs the use of a solver capable of solving linear systems. The resolution of this system could represent a high CPU cost at each time step. Usually, these systems are solved thanks to iterative methods. The number of iterations at each time step to obtain an accurate solution may depend on the algorithm used and the characteristics of the Laplacian operator matrix. Besides, processors need to communicate at each iteration, which may increase the computational cost [START_REF] Malandain | Simulation massivement parallèle des écoulements turbulents à faible nombre de Mach[END_REF]. The optimization of the resolution method of the Poisson equation is a key point. In YALES2, different algorithms are available to invert the linear system: Preconditioned Conjugate System (PCG) [START_REF] Van Der | Parallel iterative solution methods for linear systems arising from discretized pde's[END_REF], Deflated PCG [START_REF] Nicolaides | Deflation of conjugate gradients with applications to boundary value problems[END_REF] and the BICGSTAB [START_REF] Van Der | Parallel iterative solution methods for linear systems arising from discretized pde's[END_REF] Simulations of the experiments performed in the HERON combustion chamber aim to complement the experimental data obtained on the NEWAC Lean-Premixed injector system by Malbois [START_REF] Malbois | Analyse expérimentale par diagnostics lasers du mélange kérosène/air et de la combustion swirlée pauvre prémélangée, haute-pression issue d'un[END_REF] and Salaün [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF]. Experimental tests were done for a wide range of pressure, temperature and Fuel/Air ratio (FAR). This injector, which presents a complex internal geometry, exhibits different flame topologies when changing the FAR and the pressure. These variations of topology are difficult to explain as most of kerosene/air flame properties are modified when changing FAR and pressure. Since liquid kerosene atomization is also strongly affected by a pressure increase for a given injector FAR and pressure drop [START_REF] Jasuja | Atomization of crude and residual fuel oils[END_REF], a parametric study of the spray characteristics at one operating point is performed. The objective of this study is to validate the combustion modeling strategy in high-pressure operating conditions. To this purpose, results are compared qualitatively and quantitatively with the database created from experiments. Furthermore, numerical results analysis participate to the interpretation of the experimental data, since additional information can be obtained in locations in which the optical diagnostics do not have access, for instance inside the dome of the injector.

This chapter presents numerical results of the aerodynamic flow field and its comparison with the experimental results for isothermal and reacting conditions. Following, the study of the flame topology is presented for different spray distributions. The spray topology is also presented as well as a qualitative and quantitative comparison with experimental results. Finally, the interlink between the atomization process, the evaporation of fuel droplets and the flame topology are addressed.

Numerical set-up of the HERON combustion chamber 3.1.1 Burner presentation and modeling

The numerical geometry reproduces all the features and details of the real geometry of the combustion chamber, see Fig. 3.1. The flow domain covers the complete geometry of the HERON test rig, from the plenum to the combustion chamber outlet. Simulations are performed for one operating condition. Pressure in the combustion chamber is 8.33 bar and air is preheated at 669.3 K. The air mass flow rate entering the combustion chamber is 108 g • s -1 , with a split between the injector and the lateral ducts of 59% and 41%, respectively, as in the experimental study. These operating conditions have been motivated by the extended experimental characterization of the flame and its good flame stability in these conditions even though it will be shown that the flame topology is extremely sensitive to the spray properties. Experimentally, the inlet ducts were insulated to preserve the temperature conditions imposed at the inlet of the combustor and the air coming from the lateral ducts helped to preserve the temperature conditions inside the combustion chamber. For this reason, adiabatic boundary conditions are imposed.

Non-reactive simulations

Before presenting the reactive flow case, the influence of the mesh on the numerical results is going to be introduced through isothermal simulations. The aerodynamics of the combustion chamber is analyzed. Two meshes are used to quantify the impact of the mesh resolution on the numerical results.

The first mesh (M1) consists of around 30 million tetrahedra and it is shown in Fig. 3.2(a). A refined zone was set-up in the flame area, where the largest elements have a size of 0.50 mm. The lateral ducts in which 41% of the airstream passes into the combustion chamber are discretized by cells up to 0.30 mm. The largest cells of 4.0 mm can be found at the outlet and the plenum. The cell size was computed as: ∆ = 3 √ V c , and V c is the volume of the control volume. The characteristic swirl number of the injector is S = 0.45, defined as:

S = R 0 u θ u z r 2 dr R R 0 u 2 z rdr , (3.1) 
with u θ and u z the azimuthal and the axial velocity components, respectively, and R the radius of the injector nozzle. The injector pressure loss is around ∆P/P = 3.61%. The pressure loss is used to compute the bulk velocity by the following relationship:

u bulk = 2∆P ρ , (3.2) 
which, in turn, is used to compute the Reynolds number and the flow-through time. The mean Reynolds number, based on the diameter of the injector nozzle is about 182, 000 and the entire domain flow-through time (τ d ) defined as the ratio between the domain length and the bulk velocity is around 3.82 ms.

The second mesh (M2) consists of around 237 million tetrahedra and it is shown in Fig. 3.2(b). It was obtained by a homogeneous mesh refinement of factor 2. The largest elements of the refined zone corresponding to the flame location have a size of 0.25 mm. The elements of the lateral ducts are around 0.15 mm. The largest cells of 2.0 mm can be found at the outlet and the plenum. In this case, the characteristic swirl number of the injector is found to be S = 0.57. The injector pressure loss is around ∆P/P = 4.37%. Because the pressure loss is changed, the bulk velocity varies and, hence, the Reynolds number and the flow-through time. The mean Reynolds number is about 200, 000 and the entire domain flow-through time (τ d ) defined as the ratio between the domain length and the bulk velocity is around 3.47 ms.

The wall mesh resolution can be evaluated thanks to the dimensionless wall distance, y + . The probability density function (PDF) of the y + values on the injector wall, which is the most critical zone, for both meshes is represented in Fig. 3.3. The y + values for the M1 mesh are below 50 and most of the cells are between 10 and 20. For the second mesh (M2), y + values are below 30, but most of the cells are around 10. The wall is then considered to be resolved and the no-slip wall condition is applied.

In these simulations, the sub-grid Reynolds stresses are closed using the localized dynamic Smagorinsky model proposed by Germano [START_REF] Germano | A dynamic subgrid-scale eddy viscosity model[END_REF]. This model was chosen because it takes advantage of the simplicity of Smagorinsky's model, improving it in turn with the dynamic computation of the locally averaged C S constant. The ratio between the time-averaged turbulent kinematic viscosity ν T and the kinematic viscosity ν , used to quantify the importance of the sub-grid model and, hence, the LES quality is represented in Fig. 3.4. In mesh M1, this ratio is higher at the combustion chamber walls where the cell size is larger and close to the injection point where most of the turbulent dissipation occurs because of steep velocity gradients. By refining the mesh, this ratio remains high at the walls. However, it is considerably reduced in the injector zone, where the values are below 20.

To bring more insights into the mesh resolution, Fig. 3.5 represents the ratio of the cell size (∆) and the Kolmogorov's length scale (η K ). The Kolmogorov's length scale is computed as: with ε the sub-grid dissipation, k sgs the sub-grid kinetic energy and C ε = 1.05. On the one hand, the coarse mesh, M1, presents a larger number of cells where the ratio ∆/η K is important. This ratio can reach values up to 140. On the other hand, the finer mesh, M2, only the bigger cells near the wall present high values of this ratio. This implies that a significant number of small scales are being resolved, especially in the injector zone, which is a zone of interest in the reacting simulations. Table 3.1 summarizes all the characteristics of each mesh together with their performances.

η K = ν 3 ε 1/4 with ε = C ε k 3/2 sgs ∆ , (3.3) 

Aerodynamic flow field: Comparison with PIV measurements

The instantaneous velocity field for both meshes is represented in Fig. 3.6. Velocity is found to be very high within the injector, more specifically near the kerosene injector nozzle. Two jets coming from the lateral ducts appear near the wall and rapidly decelerate when entering the combustion chamber. It can be seen that with the mesh refinement, the lateral jets remain attached to the lateral walls for a longer time.

The time-averaged axial and radial velocity profiles are represented and compared to the experimental results [START_REF] Salaun | Experimental investigation of a spray swirled flame in gas turbine model combustor[END_REF] in Fig. 3.7. On the one hand, in the axial velocity profile two recirculation zones are identified, the Central Recirculation Zone (CRZ) and the Outer Recirculation Zone (ORZ), thanks to the zero axial velocity iso-lines.These two recirculation zones are characteristic of swirled flows and are important for the flame stabilization in reactive flows. They appear in both, the numerical and the experimental results. On the one hand, in the coarser mesh, the CRZ is narrower and the ORZs are very small. On the other hand, refining the mesh, more accurate results are obtained. The CRZ width corresponds to the experimental one. Likewise, ORZs are bigger, however, they remain smaller than the experimental ones. On the other hand, the experimental radial velocity field presents very antisymmetric behavior. The pronounce antisymmetric Table 3.1: Summary of accumulated times and performances for each mesh behavior of the radial profiles might be due to a misalignment in the injector assembly. This misalignment would have a stronger impact on the radial velocity field than on the axial velocity field. For this reason, the non-symmetric behavior could not be captured in the numerical simulations. This non-symmetric behavior could not be captured in the numerical results. A quantitative comparison is done in Figs. 3.9 -3.10 for 5 different planes shown in Fig. 3.8. What is observed in Figs. 3.6 is confirmed by the plots drawn at each plane. In Fig. 3.9, it can be seen that by refining the mesh, the time-averaged axial velocity profiles are accurately reproduced. The width of the jet is perfectly captured with the refined mesh. The CRZ recirculation zone is accurately described in the first planes. However, the axial time-averaged velocity is slightly higher near the injection nozzle and lower in the farthest plane. The axial velocity RMS values are also well obtained, despite some small differences. The profiles follow the same trend as the experimental ones. The radial profiles in Fig. 3.10, however, show more differences with respect to the experimental results. As it could be seen in Fig. 3.7, radial velocity profiles are strongly antisymmetric. In the first plane, both meshes show good results. However, when moving downstream, only the refined mesh can reproduce the experimental trends. Nevertheless, Overall, it is confirmed that better results are obtained with the finer mesh. 

Reactive simulations

Reactive simulations were performed for the same operating point, i.e., 8.33 bar and 669.3 K.

Only the results obtained with the refined mesh, i.e. M2, are presented here. The combustion chamber is fed with liquid commercial-type fuel kerosene (Jet-A1) and the injector FAR is 42‰. Kerosene can contain different chemical components, however, in this study, kerosene is modeled as a single-component fuel that has the same properties as the 3-component surrogate of the LUCHE mechanism [START_REF] Luche | Obtention de modèles cinétiques réduits de combustion -Application à un mécanisme du kérosène[END_REF]. In Table 3.2, the fuel parameters used in this work are summarized.

Again, the sub-grid Reynolds stresses are closed using the localized dynamic Smagorinsky model proposed by Germano [START_REF] Germano | A dynamic subgrid-scale eddy viscosity model[END_REF]. Detailed chemistry effects are modeled by a tabulated chemistry approach. To take into account the sub-grid flame-turbulence interaction, the Presumed-Conditional Moments for Flame Prolongation of ILDM (PCM-FPI) method is used [START_REF] Domingo | DNS of a premixed turbulent Vflame and LES of a ducted flame using a FSD-PDF subgrid scale closure with FPI-tabulated chemistry[END_REF]. The look-up table is built from a collection of laminar premixed flames to map the flame evolution. These flamelets are computed with Cantera [START_REF] Goodwin | Cantera: An object-oriented software toolkit for chemical kinetics, thermodynamics, and transport processes[END_REF] using the skeletal LUCHE mechanism [START_REF] Luche | Obtention de modèles cinétiques réduits de combustion -Application à un mécanisme du kérosène[END_REF], which includes 92 species and 694 reactions. Reaction rates and species mass fractions are tabulated as a function of Y C and Z. This laminar look-up table is then convoluted by two beta Probability Density Functions (β-PDFs) [START_REF] Domingo | DNS of a premixed turbulent Vflame and LES of a ducted flame using a FSD-PDF subgrid scale closure with FPI-tabulated chemistry[END_REF][START_REF] Vervisch | Three facets of turbulent combustion modelling: Dns of premixed v-flame, les of lifted nonpremixed flame and rans of jet-flame[END_REF] to take into account their sub-grid fluctuations. The β-PDF of the mixture fraction is defined for Z values from 0 to 1, even though it is known that the maximum value of the mixture fraction can not exceed the saturation value (Z sat < 1) when dealing with two-phase flows. However, this approach is valid as long as its variance is small enough, making the proportion of values above Z sat negligible [START_REF] Enjalbert | Modélisation avancée de la combustion turbulente diphasique en régime de forte dilution par les gaz brulés[END_REF]. The final look-up table is thus also parametrized by the second-order moments ( Z 2 , c 2 ) of the beta-PDFs. The variance of the mixture fraction, which is well resolved on the considered mesh is modeled thanks to the mixing model [START_REF] Moureau | From large-eddy simulation to direct numerical simulation of a lean premixed swirl flame: Filtered laminar flame-PDF modeling[END_REF]. However, this type of model can not be used for the progress variable since is highly wrinkled at the sub-grid scale. In this case, a gradient model [START_REF] Veynante | Comparison between les results and experimental data in reacting flows[END_REF] for the sub-grid variance is prescribed.

To validate the use of this table, a 1D flame is computed under the same pressure and temperature as the HERON combustion chamber. These simulations are performed employing the tabulated chemistry approach using the same look-up table. Results are then compared to results obtained using the finite-rate chemistry approach with the LUCHE kinetic scheme under these same operating conditions. A comparison of the temperature, the progress variable, defined as

Y c = Y H 2 O + Y CO + Y CO 2 ,
and the species mass fraction profiles is shown in Fig. 3.11. It can be seen that all the profiles are exactly the same for detailed and tabulated chemistry approaches.

For the spray modeling, the Lagrangian point-force combined with standard evaporation models [START_REF] Sirignano | Fluid dynamics and transport of droplets and sprays[END_REF][START_REF] Spalding | The combustion of liquid fuels[END_REF] is used. Due to the scarce number of kinetic schemes for kerosene capable of reproducing the characteristics of the flame at high pressure and high temperature conditions, containing the required species for this study at a reasonable CPU cost, this combined methodology was adopted. Besides, some previous works such as [START_REF] Galpin | Largeeddy simulation of a fuel-lean premixed turbulent swirl-burner[END_REF][START_REF] Domingo | Large-eddy simulation of a lifted methane jet flame in a vitiated coflow[END_REF][START_REF] Enjalbert | Modélisation avancée de la combustion turbulente diphasique en régime de forte dilution par les gaz brulés[END_REF] presented good results in the application of this methodology in spray flames.

Spray parametric study

The HERON combustion chamber is equipped with an LP injector system named NEWAC. A picture of the injector, together with its schematic is detailed in Fig. 3.12. The real process of atomization of liquid kerosene could not be captured experimentally because no optical access was available inside the injection system. However, the flame topology and thus the pollutant emissions are known to be very sensitive to the initial droplet size distribution. Besides, at the beginning of the current numerical study, no droplet sizes data was available. Therefore, a parametric study of the spray characteristics at these operating conditions is performed. To this aim, four different sets of droplet distributions are investigated. The process of atomization is considered as a consequence of the high velocity of the air, leading to the so-called air-blast atomization [START_REF] Lefebvre | Properties of sprays[END_REF]. In this case, the liquid jet momentum is small compared to the air momentum, hence, atomization is completely dependent on the momentum of the airflow. Besides, the trajectories of the droplets are dictated by the air movements created by the swirlers. The spray is then modeled as a cloud of droplets directly injected with a prescribed diameter probability density function and a velocity profile.

Liquid kerosene is injected into the combustion chamber through eight radial holes on the injector tip plus a central injection hole. All the holes have the same diameter and the same pressure loss, therefore the distribution of kerosene is the same for each one, i.e. 1/9 of the kerosene mass flow rate per hole is injected numerically. These clouds of droplets are injected every time step to maintain constant the appropriate mass flow rate. The number of injected droplets per time step can vary from tens of thousands to millions depending on the droplet distribution.

The droplet diameters are computed from the Rosin-Rammler particle number distribution [START_REF] Rosin | The law governing the fineness of powdered coal[END_REF], which is defined as follows:

f (D) = qD q-1 X q exp - D X q , (3.4) 
where q is the spread parameter giving the distribution width, the higher its value, the more uniform is the spray; D is the diameter of the droplets and X a characteristic diameter. X and q are related by the Sauter Mean Diameter (SMD or D 32 ) equation:

D 32 = X 3 Γ 3 q + 1 X 2 Γ 2 q + 1 . (3.5)
Thus, the input parameters for this distribution are D 32 and q.

A first droplet distribution (D1) is tested. This distribution is based on the granulometry data provided by SAFRAN Helicopter Engines (SHE). This data was extrapolated from the experimental tests at DLR performed at 10 bar. The obtained D 32 is equal to 32.5 µm and q is equal to 3.1. The second droplet distribution (D2) is determined from the Rizk and Lefebvre [START_REF] Rizk | Spray characteristics of plain-jet airblast atomizers[END_REF] correlation for plain-jet airblast atomizers:

D 32 d 0 = 0.48 σ ρ A U 2 R d 0 0.4 1 + 1 ALR 0.4 +0.15 µ 2 L σρ L d 0 0.5 1 + 1 ALR , (3.6) 
where d 0 is the discharge orifice diameter, ALR the air/liquid mass ratio, U R the relative velocity between air and liquid, σ is the surface tension, and µ L is the liquid dynamic viscosity. This correlation gives a D 32 = 16µm and the value of q is maintained to 3.1. This empirical correlation was obtained from experiments performed for a wide range of air velocities (10 -120 m/s), pressures (1-7.66 bar), air-liquid mass ratios (2-8) and fuel viscosities (0.0013-0.0183 kg/ms). They obtained excellent results for low viscosity liquids and showed that D 32 decreased with velocity, pressure, ALR and d 0 . A third droplet distribution (D3) with a D 32 = 12µm is obtained thanks to the Jasuja's correlation [START_REF] Jasuja | Atomization of crude and residual fuel oils[END_REF] for prefilming airblast atomizers:

D 32 = 10 -3 (σρ L ) 0.5 ρ A U A + 0.06 µ 2 σρ L 0.425 1 + 1 ALR 0.5 (3.7)
and q = 3.0. In this type of airblast, the fuel is first spread out into a thin, continuous sheet and then subjected to the atomizing action of high velocity air [START_REF] Lefebvre | Airblast atomization[END_REF]. This study was performed to analyze the effects of fuel properties on atomization and kerosene was used among others in various operating conditions. Experiments were performed for different atomizer pressure drops, preheating temperatures and FAR.

All these studies showed that D 32 decreases with the increase of pressure and pre-heating temperature and decreasing the FAR [START_REF] Lefebvre | Properties of sprays[END_REF][START_REF] Rizk | Spray characteristics of plain-jet airblast atomizers[END_REF][START_REF] Jasuja | Atomization of crude and residual fuel oils[END_REF], for this reason, a fourth distribution was decided to be also tested (D4) for a smaller D 32 = 9 µm and q = 3.0. It must be noted that these last values were arbitrarily chosen. In Fig. 3.13, the probability density functions for the four distributions are represented. 3.3, a recap chart of the spray characteristics and their performances is done. The accumulated times for each distribution as well as the computer resources used to perform these simulations are summarized. Data can be considered converged since at least 10 flow-through times passed before starting the collection of statistics. Besides, the statistics were also collected during several flow-through times. Despite that accumulated times for distribution D2 and D4 seem to be short compared to D1 and D3, it should be noted that these computations were not started from the beginning but from computation D3 when the flow field was already converged. The computational cost considerably increases with the decrease of the mean droplet size. This is because, for the same amount of introduced kerosene, more droplets must be injected with smaller diameters. To palliate the problem of the injection of a huge amount of droplets, a numerical parcel approach has been employed, where one numerical parcel is equivalent to several droplets sharing the same location and other properties (velocity, temperature, ...). In all simulations, the number of droplets per parcel is established to 10. Without this strategy, the number of particles injected at each time step shown in Tab. 3.3 would be multiplied by 10, thus having to inject from hundreds of thousands of droplets to tens of millions depending on the distribution.

Aerodynamic flow field

The analysis of the aerodynamics of the reactive flow field in Fig. 3.14 is represented by the instantaneous (top) and the time-averaged (bottom) axial velocity fields. The shape, size, and position of the two recirculation zones can be identified thanks to the zero axial velocity iso-lines. Again a CRZ and two ORZ appear. Both recirculation zones are important since they contribute to bringing burnt gases towards the injection zone helping in stabilizing the flame. The CRZ usually acts as an aerodynamic flame holder since it creates low-velocity regions where the flame can anchor [START_REF] Biagioli | Stabilization mechanism of turbulent premixed flames in strongly swirled flows[END_REF][START_REF] Biagioli | Combustion dynamics linked to flame behaviour in a partially premixed swirled industrial burner[END_REF] and so affect the position of the flame. It can be seen that for distribution D1 (Fig. 3.14(a)), the CRZ is larger and more elongated. In this case, it starts inside the injector, being very narrow initially and then thickening mainly in the combustion chamber. For distributions D2 and D3 (Fig. 3.14(b) -Fig. 3.14(c)), the CRZ is smaller and narrower and appears entirely inside the combustion chamber. On the other hand, the distribution D4 presents two CRZs (Fig. 3

.14(d)).

A small CRZ appears inside the burner and close to the injection point. Whereupon a positive velocity is retrieved followed by a bigger second CRZ completely inside the combustor. 

Comparison with PIV measurements

Results are compared to the experimental data obtained by PIV measurements [START_REF] Salaun | Experimental investigation of a spray swirled flame in gas turbine model combustor[END_REF] in Figs. 3.15 -3.17.

First, a qualitative comparison is done in Fig. 3.15. The time-averaged axial and radial velocity fields are compared with experimental results. On the one hand, distribution D1 presents a more open and shorter jet. Velocities are lower than in the experimental case. On the other hand, distributions D2 to D3 present higher velocities than in the experimental case. Nevertheless, the jet and the CRZ are well reproduced. Otherwise, radial velocities are low compared to experimental results close to the injector nozzle, and slightly higher downstream.

A quantitative comparison is done in Figs. 3.16 and 3.17. The axial and radial, mean and RMS, velocity profiles are compared for five different planes in the axial direction at z/D = 0.34, 0.5, 0.74, 0.93 and 1.37. The time-averaged axial velocity profiles are represented in Fig. 3.16(a). All cases show a negative velocity peak on the central axis representing the CRZ. Two positive peaks surround the negative peak representing the jet opening. In the numerical results, two lateral peaks appear. These peaks could not be captured experimentally because of the limitations of the window accesses. They correspond to the flow coming from the lateral ducts. However, the jets are not well described downstream since the cells near the wall are larger, causing the jet to spread too fast.

It can be seen that distributions D3 and D4 show a better agreement with the experimental results. In the first plane, though, the CRZ is not accurately captured. Besides, in Fig. 3.16(b), the RMS values show a good agreement with the experimental results following the same trends and capturing the good amplitude of the signal. The radial velocity profiles showed in Fig. 3.17 exhibit again a fair agreement with the experimental results, especially in the first plane. Nevertheless, important differences to those obtained experimentally appear far from the injection point.

Flame topology

The flame topology is represented by the instantaneous and time-averaged temperature in Fig. 3.18. Two different topologies are encountered. On the one hand, a V-shape flame topology appears for distribution D1 (Fig. 3.18(a)), where the flame is mainly located inside the combustion chamber and it intersects completely the CRZ. The maximum temperature can be found within the combustion chamber in the reaction zones (see Fig. 3.19(a)) and in the vicinity of the burnt gases. On the other hand, for distributions D2 to D4 (Figs. [START_REF] Anderson | Computational Fluid Dynamics[END_REF].18(b) -3.18(d)), the flame has a characteristic tulip-shape with a narrow opening angle in the combustor. The flame is mainly located inside the injection system, furthermore, D4 distribution (Fig. 3.18(d)) presents the flame anchoring point in the smaller CRZ. The maximum temperature is found in the CRZ while the walls of the injector and the side walls are protected by layers of cold air.

To support the analysis of the flame location, the progress variable source term can be observed in Fig. 3. 19(top). While for distribution D1, the reaction zone is completely inside the combustion chamber featuring a clear V-shape (Fig. 3.19(a)), for distributions D2 to D4, the reaction zone is mainly located inside the injector (Figs. 3.19(b) -3.19(d)). This analysis can be further enhanced by looking at the combustion regime, which is represented in Fig. 3.19(middle). The combustion regime is given by the Flame Index (FI). The FI allows to differentiate between premixed, partially-premixed and non-premixed regimes and it is defined as [START_REF] Domingo | Partially premixed flamelets in les of nonpremixed turbulent combustion[END_REF]: where Y F is the fuel mass fraction and Y O the oxidant mass fraction. This index is equal to FI = 1 for premixed combustion regimes, represented by the golden-colored iso-surface and FI = -1 for non-premixed regimes, represented by the black-colored iso-surface. All intermediate values correspond to partially premixed zones, represented by the purple iso-surface. The FI representation is conditioned by the instantaneous field of the progress variable source term. Combustion occurs mostly in premixed and partially premixed regimes for distribution D1 (Fig. 3.19(a)). This is because the evaporated kerosene along the injector has enough time to mix with air before burning. By contrast, for the other three distributions, a non-premixed combustion regime is encountered very close to the injection point. Here, as fuel and air are injected separately, kerosene

FI = ∇Y F • ∇Y O |∇Y F | • |∇Y O | , ( 3 
has not yet been able to mix with fresh gases before reaching the reaction zone. However, it changes rapidly to the premixed regime still inside the injector due to the mixing with the fresh and burnt gases brought in by the CRZ. Then, further downstream, moving on through the combustion chamber the fuel mixes with the airflow from the outer swirler and the partially premixed combustion regime is predominant. Finally, the probability density functions of the flame index in Fig. 3.19(bottom) confirm the previous evaluation of the combustion regime. It is observed that while for distribution D1 (Fig. 3.19(a)), the probability density function shows a primacy of the premixed and partially premixed regimes, the other three distributions are more balanced between all three combustion regimes (Fig. 3.19(b) -3.19(d)). The combustion regimes inside the injector are therefore very complex and challenging to capture.

Spray topology

To pursue the description of the behavior of the LP injection system, the spray topology is also studied. In Fig. 3.20, the spray injection for the four distributions is represented. First of all, it can be seen that for distribution D1, droplets arrive further downstream in the combustion chamber. While small droplets evaporate almost immediately, the bigger ones can travel long distances and even go through the flame. Contrarily, the spray for distributions D2 to D4 evaporates as soon as it enters the combustion chamber and even in the injector.

To back up this fact, simulations of the evaporation of one isolated droplet of kerosene were performed with YALES2. The domain is a 10 cm 3 cube at a pressure of 8.33 bar. Four temperatures were tested. On the one hand, temperatures of 600 K and 1000 K were imposed since these can be found inside the injector. On the other hand, temperatures of 1500 K and 2000 K were applied, which can be encountered in the flame zone and in the burnt gases allowing to validate that the bigger droplets can travel through the flame. The time of evaporation (τ evap ) has been computed for an initial diameter (d 0 ) that corresponds to the D 32 of each distribution and it is compared to the flow-through time inside the injector, τ inj = 0.26 ms in Fig. 3.21. This injector flow-through time has been computed as the ratio between the distance traveled by the flow inside the injector, that is, from the injector nose to the injector nozzle, and the bulk velocity. Also, the percentage of evaporated kerosene concerning the amount initially injected for a given time τ inj is given in Table 3.4. In the four plots, it can be seen that droplet follows two stages, this is even more evident for the D1 case. This behavior appears because the droplet follows first a heating stage, where temperature increases up to T boil . Once the droplet reaches that temperature, the evaporation stage begins, which is indicated here by the change of lope that becomes steeper. For a temperature of 600 K, the evaporation time of kerosene droplets is of the same order of magnitude to τ inj for distributions D3 and D4, while for distribution D2, the droplet evaporation time is 10 times τ inj and for distribution D1 is above 40 times. At 1000 K, the droplet corresponding to the D4 case is completely evaporated, thus confirming the fact that most of the kerosene is evaporated 
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T =1500 [K] 0.0 0.5 1.0 1.5 2.0 2.5 3.0 Concentration of kerosene vapor is represented by the kerosene molar fraction in Fig. 3.22 (top). Focusing first on distribution D1 (Fig. 3.22(a)), it can be seen that evaporated kerosene is spread out between the injector and the combustion chamber. Besides, the mixture fraction source term in Fig. 3.22(a) (bottom) shows that kerosene evaporates uniformly both inside the injection system and the combustion chamber. Kerosene has enough time to evaporate before enter into at the reaction zone thus favoring the mixing between the evaporated kerosene and the fresh gases, The local equivalence ratio is given by the time-averaged mixture fraction in Fig. 3.23 (top). While for distribution D1 (Fig. 3.23(a)), combustion takes place in lean conditions, for distributions D2 to D4 (Fig. 3.23(b) -3.23(d)) a rich zone close to the injection point is found. This rich zone is framed by an iso-line at stoichiometric mixture fraction Z st = 0.066 and coincides with the region where combustion occurs in a non-premixed regime. Furthermore, the mixture fraction variance is represented in Fig. 3.23 (bottom). It supports the use of the PCM-FPI approach, showing that, even though β-PDF is applied for values of Z from 0 to 1, its variance is so small that any value of Z above the saturation value can be neglected.
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In Fig. 3.24, a causal diagram is drawn to synthesize the flame behavior and, hence, its topology depending on the time needed to evaporate concerning the flow-through time inside the injec- Although it may be difficult to infer conclusions from instantaneous snapshots, these qualitative comparisons permits to obtain preliminary information on the distribution of kerosene in the combustion chamber and the reaction zone given by the OH concentration.

Instantaneous and time-averaged kerosene molar fractions are compared with experimental results obtained thanks to the KEROSENE-PLIF diagnostic [START_REF] Malbois | Quantitative measurements of fuel distribution and flame structure in a lean-premixed aero-engine injection system by kerosene/oh-plif measurements under highpressure conditions[END_REF] (Planar Laser-Induced Fluorescence) in Fig. 3.25. In these figures, the scale of representation is not the same, kerosene fields are represented up to their maximum value, which may be different for the experimental and numerical results. Regarding the instantaneous snapshots, it can be seen that except for distribution D1, kerosene vapor presents a very spotty profile, as in the experimental case. Concerning the time-averaged profiles, it can be seen that for distribution D1 kerosene vapor is present farther in the combustion chamber than in the experimental case, which is consistent with the fact that the droplets go farther and the larger ones evaporate later. Distribution D2 also presents kerosene vapor farther downstream, however with a narrower and shorter profile, approaching the experimental results. Regarding distributions D3 and D4, results are very close to the experimental ones. On the one hand, kerosene vapor in distribution D3 shows the same length as the experimental profile with some traces farther in the chamber. On the other hand, distribution D4 is slightly shorter again with some traces farther downstream.

Instantaneous and time-averaged OH molar fractions are compared with experimental results from OH-PLIF [START_REF] Malbois | Experimental invetigation with optical diagnostics of a lean-premixed aero-engine injection under relevant operating conditions[END_REF] in Fig. 3.26, which allows to directly compare the flame topologies with experimental results. Again, the scales are not the same for the numerical and experimental results. As stated before, distribution D1 shows a reaction zone completely detached and showing a V-shape topology, which is significantly different from that the one obtained experimentally. However, distributions D2 to D4 perfectly capture the characteristic tulip-shape topology of the experimental flame. There are no significant differences between them. Instantaneous screenshots show the branchy profile of the flame, while the time-averaged representations allow observing that the width of the flame is well obtained.

Finally, a view of a radial plane at z/D = 0.75 with the kerosene and OH instantaneous molar fractions is represented in Fig. 3.27 allowing to have an idea of their spatial distribution. The upper part of each picture corresponds to the experimental results [START_REF] Malbois | Experimental invetigation with optical diagnostics of a lean-premixed aero-engine injection under relevant operating conditions[END_REF][START_REF] Malbois | Quantitative measurements of fuel distribution and flame structure in a lean-premixed aero-engine injection system by kerosene/oh-plif measurements under highpressure conditions[END_REF] while the lower part represents the numerical results. In these figures, the scale used to represent kerosene molar fraction is the same in the experimental and numerical case. However, this is not the case for the OH fields. On the one hand, distribution D1 shows misplaced distributions. The flame is much wider than the experimental one, nevertheless, this could be expected since the topology of the flame does not correspond to the observed experimentally or the other distributions. Besides, the kerosene concentration is too high compared to the experimental results, as well as its distribution inside the chamber. Distribution D2 shows better agreement with the experimental results. However, the flame is a little wider and the concentration of kerosene seems to be overpredicted. On the other hand, distribution D3 and D4 have the correct flame width and the kerosene spatial distribution seems to be well captured. Besides, in the experimental case, some spots representing zones of high kerosene concentration or vestiges of droplets are present. These spots were also captured for distributions D3 and D4.

Quantitative comparison with experimental results

To continue, a quantitative comparison of the kerosene and OH molar fractions with experimental results for five different planes in the axial direction situated at z/D = 0.31, 0.53, 0.74, 0.95 and 1.38 are displayed in Figs. [START_REF] Anderson | Computational Fluid Dynamics[END_REF].28(a) and 3.28(b). Note that the KEROSENE-PLIF diagnostic is a very innovative methodology since very few quantitative studies, hence very few experimental data, are available at high pressures. To be able to obtain the quantitative results presented here, a series of assumptions had to be made. Besides, the fluorescence signal had to be calibrated.

In Fig. 3.28(a), the kerosene molar fraction profiles have been plotted and compared with the experimental results [START_REF] Malbois | Quantitative measurements of fuel distribution and flame structure in a lean-premixed aero-engine injection system by kerosene/oh-plif measurements under highpressure conditions[END_REF]. Kerosene distribution is strongly influenced by the spray injection properties. The kerosene molar fraction is over-predicted for all four distributions. Kerosene arrives farther in the combustion chamber than in the experimental case, where practically all the kerosene fuel is consumed inside the injector. However, this difference is more important for distribution D1. This is because bigger droplets are injected and need more time to evaporate. Besides, two main kerosene jets are encountered as experimentally observed. However, the jet opening is better described by distribution D3 and D4. All distributions have in common with the experimental results the asymmetry of the profiles to the central axis. This asymmetry may be explained by the feeding arm of the injector which introduces some flow blockage before the injection system. This asymmetry highlights the importance of taking into account the full geometry.

OH species distributions are also compared to the experimental data [START_REF] Malbois | Experimental invetigation with optical diagnostics of a lean-premixed aero-engine injection under relevant operating conditions[END_REF] in Fig. 3.28(b). The gradient of OH is experimentally used to detect the reaction zones. It can be seen that regardless of the completely different profile for D1, the reaction zone, that is, the OH gradient location, is well captured as well as for all other distributions. While distributions D2 to D4 do not show important differences between them, distribution D1 shows a completely different profile. This seems to indicate that OH species molar fraction is not affected by the spray properties but by the flame topology.

The important differences between experimental and numerical results might be due to the use of tabulated chemistry. The look-up table was created from laminar premixed flame archetypes using the detailed LUCHE mechanism. However, in Fig. 3.19, it can be seen that combustion happens not only in a premixed regime but also in a non-premixed regime close to the injector and partially premixed regime inside the combustion chamber. Also, non-quantified errors due to experimental measurements might be considered. Another important source of error in the OH quantities could be the dependency of the OH species mass fraction with the progress variable (Y C ) close to equilibrium, i.e. in the burnt gases. In Fig. 3.29, the mass fraction of OH is represented as a function of the progress variable. The values used to plot this graph were obtained from the 1D simulations performed to validate the look-up table . In this graph, it can be seen that a small variation in Y C at equilibrium can lead to a big change in the obtained OH species mass fraction and, hence, its concentration.

Granulometry comparison with PDA results

The mean diameter D 10 is represented in Fig. 3.30 and 3.31 for two planes downstream the injection point. These two planes correspond to z/D = 0.04 and z/D = 0.64 where the numerical results could be compared to experimental measurements with PDA technique.

Starting with results at z/D = 0.04 in Fig. 3.30, distribution D1 presents droplets much larger than in the experimental case, which could be expected from previous sections. Distribution D2 presents droplets that are bigger than the real spray again, however, within a closer diameter range. For distribution D3, the results are very close to the experimental ones. In both cases, the smallest particles are located at the central part of the spray, while the largest droplets are placed outside. Finally, distribution D4 features much smaller droplets than in the experimental case.

Moving on downstream, results at z/D = 0.64 are represented in Fig. 3.31. Once again, both distributions D1 and D2 exhibit too large diameters. Once more, distribution D3 shows very accurate results, with some clusters of bigger droplets in the outer part of the spray. The difference between the experimental and numerical results is the homogeneity of the results. The experimental field shows very homogeneous results, while the numerical results are not so homogeneous. This is due to the smaller number of drops that arrive to this plane. A lower number of droplets may be due to the fact that a numerical parcel approach is being used for the spray. However, this fact could not be evaluated. This analysis is supported by the results presented in Figs. 3.35 and 3.36. Figure 3.35 shows the droplet size distributions PDFs. It can be seen that on one plane as well as the other, distributions D1 and D2 present larger droplets than experimental results. Distribution D3 perfectly fits with experimental results in terms of diameter, however, PDF values are smaller, since fewer droplets go through those planes. The fact that fewer droplets pass through this plane may be due to an excess of evaporation in the numerical case. This would also explain why in kerosene species molar fraction comparisons (Fig. 3.27), the numerical results are significantly higher than the experimental ones. In addition, in Fig. 3.36, diameter D 10 is plotted for a particular line of the defined planes. These lines are represented in Fig. 3.34. In these plots, it is observed how distribution D3 accurately fits experimental results, not only on the values of the diameter but also its trend. Distributions D2 and D4 also follow the same trend, however, diameter values are higher for distribution D2 and lower for distribution D4. On its part, distribution D1 shows completely different behavior.

Moving on to the analysis of the radial velocity (V y ) profile of the droplets, in Fig. 3.32 and 3.33, radial velocities are represented for the planes defined above. The velocity profiles do not show large differences for any distribution neither between them nor concerning experimental results. This is because in all cases the droplet's dynamics is completely conditioned by the flow dynamics. Besides, in Fig. 3.37, results are again compared to the experimental results. Thus, numerical velocity profiles follow the trend of the experimental data for all distributions, though their values are lower. 

Conclusion

A detailed numerical study of a novel LP injection system is presented. This injection system operates in realistic pressure and temperature conditions and it was experimentally investigated with advanced optical diagnostics. On the one hand, the objective of this study was to complement the experimental activities to better understand the flame dynamics. On the other hand, a parametric study was performed to understand the influence of the spray characteristics on the flame. Only one pressure and temperature condition was simulated, which corresponds to one of the experimental operating points. To model combustion, a tabulated chemistry approach, PCM-FPI, was chosen. Finally, the two-phase flow was described by a Euler-Lagrangian approach.

First, non-reactive simulations were performed. Numerical results are compared to experimental results. These simulations allowed for the study of the impact of the mesh quality on the results. It has been observed that by refining the mesh, very accurate results are obtained. Aerodynamics is accurately captured.

Then, a parametric study in reacting conditions was performed to analyze the influence of the spray characteristics on the flame. Results have shown that flow aerodynamics is slightly influenced by the initial spray parameters. All distributions present the two recirculation zones, characteristics of swirled flames, which contribute to the stabilization the flame.

The flame and the spray topologies are strongly affected by the spray initial characteristics. It has been observed that the flame can present two different topologies, V-shape or tulip-shape and that this is completely dependent on the quality of the atomization. On the one hand, in the V-shape case, the flame is localized inside the combustor and the maximum temperatures can be found in the reaction zones and around the burnt gases. Combustion, lean all over the combustor, happens mostly in the premixed and partially premixed regime. This behavior is directly related to the spray features. Kerosene arrives further downstream and evaporation occurs in a more widespread manner which favors the mixing between fuel and air. On the other hand, the tulip-shaped flame is mainly localized inside the injector and the maximum temperature regions are found inside the CRZ. Here, three combustion regimes can be encountered. The combustion regime starts being non-premixed close to the injection point, where it happens to be fuel-rich. It turns to a premixed regime in the CRZ, where it mixes with burnt gases and it finally changes to a partially-premixed regime inside the combustion chamber. In this case, kerosene evaporates very fast once it is injected and only the bigger droplets enter the combustor.

Furthermore, a quantitative analysis has made possible the comparison of the axial and radial velocities and the kerosene and OH species concentrations with the experimental data. On the one hand, the time-averaged axial and radial and the associated RMS have been compared to PIV measurements for five planes. The CRZ is well captured as well as the jet width and the asymmetry of the profiles. Quantitatively, the aerodynamics of the flow is barely influenced by the spray characteristics. On the other hand, the time-averaged kerosene and OH species molar fractions have been compared with kerosene/OH-PLIF measurements. Evaporated kerosene is broadly overpredicted for all four distributions, especially in the near-planes of the injector nozzle. This excess of evaporated kerosene is more evident for distribution D1 since in experiments no kerosene is left downstream in the combustion chamber. The OH profiles correctly capture the gradient location, that is, the reaction zone. However, there is an over-prediction of the OH concentration which may be due to the use of tabulated chemistry combined with the evaporation models.

Finally, a comparison with recent experimental tests has allowed comparing the spray distributions with granulometry data obtained thanks to the PDA technique. In spite of the lack of data at the beginning of these computations, the spray characteristics have been accurately fitted for distribution D3. This distribution was obtained thanks to the Jajusa's correlation for prefilming airblast atomizers.

This means that if the process of atomization is known, precise results can be obtained thanks to empirical correlations.

To summarize, it has been observed that spray modeling is decisive to obtain the good behavior of the flame and that the droplets evaporation time is directly related to the flame topology. It may affect not only the flame topology and its anchoring point but also the combustion regime and the species spatial distribution. This study further highlights the importance of atomization performances in the LP injection design.

In fluid mechanics, non-intrusive measurements are fundamental to gain insight into the behavior and main physical phenomena of flows. This scientific methodology is well suited to combustion [START_REF] Eckbreth | Laser Diagnostics for Combustion Temperature and Species[END_REF]. Many studies based on laser diagnostics have been conducted to describe the combustion mechanisms governing swirled Lean-Premixed (LP) burners under atmospheric [START_REF] Meier | Laser-based investigations in gas turbine model combustors[END_REF][START_REF] Steinberg | Parametric study of vortex structures and their dynamics in swirl-stabilized combustion[END_REF][START_REF] Stohr | Transient effects of fuel-air mixing in a partiallypremixed turbulent swirl flame[END_REF][START_REF] Weigand | Investigations of swirl flames in a gas turbine model combustor: I. flow field, structures, temperature, and species distributions[END_REF] and high-pressure realistic conditions [START_REF] Salaun | Experimental investigation of a spray swirled flame in gas turbine model combustor[END_REF][START_REF] Malbois | Experimental invetigation with optical diagnostics of a lean-premixed aero-engine injection under relevant operating conditions[END_REF][START_REF] Tedder | Oh planar laser induced fluorescence (plif) measurements for the study of high pressure flames: An evaluation of a new laser and a new camera system[END_REF]. Among the different laser diagnostics, Planar Laser-Induced Fluorescence (PLIF) is a technique based on the excitation to a higher energy level of the target minor combustion species (OH, CH, NO, CO,...) by the absorption of resonant photons of the laser, then measuring the fluorescence emitted when the molecules relax back to a lower energy state [START_REF] Tedder | Oh planar laser induced fluorescence (plif) measurements for the study of high pressure flames: An evaluation of a new laser and a new camera system[END_REF]. This technique has been widely used to study the flame structure [START_REF] Liao | Oh-plif imaging of the reaction zone in swirled, stronglypulsed jet diffusion flames with a low reynolds number[END_REF][START_REF] Galley | Mixing and stabilization study of a partially premixed swirling flame using laser induced fluorescencer[END_REF][START_REF] Schefer | Combustion of hydrogen-enriched methane in a lean premixed swirl-stabilized burner[END_REF]. However, achieving quantitative PLIF measurements can be very challenging, primarily because the effects of collisional quenching must be considered in the signal analysis [START_REF] Grisch | Role of Planar Laser-Induced Fluorescence in Combustion Research[END_REF]. Nowadays, quantitative comparisons between experimental and numerical results are required. Both techniques have the ability to obtain high spatial and temporal resolutions, which are required to correctly capture combustion dynamics. Nevertheless, when using PLIF techniques, some justified assumptions and calibration must be done. For this reason, it is necessary to develop new numerical tools allowing to take into account the spectroscopy of the molecule to directly compare numerical results with raw fluorescence images obtained experimentally.

The flame structure in the HERON combustion chamber was experimentally studied thanks to the OH-PLIF imaging at a low repetition rate of 10 Hz. An Nd-YAG-laser operating at 532 nm is used to pump a tunable dye laser (SIRAH Precision Scan) supplied with Rhodamine 590 dye. The resultant output pulse energy is 25 mJ per shot in the probe volume. The excitation wavelength is tuned to the Q 1 (5) transition line of the A 2 Σ + (v = 1) ← X 2 Π(v = 0) band of OH at 282.75 nm. The collection system consists of an EmICCD camera (PIMAX 4, Roper Scientific) with two colored glass filters (WG 295 and UG 5 from Schott) and an interferential filter centered at 310 nm (FWHM = 5.6 nm) [START_REF] Malbois | Quantitative measurements of fuel distribution and flame structure in a lean-premixed aero-engine injection system by kerosene/oh-plif measurements under highpressure conditions[END_REF].

An example of excitation spectrum of the OH molecule is represented in Fig. 4.1 from [START_REF] Stocker | OH LIF in atmospheric pressure flames excited by a tunable OPO (type II) laser system[END_REF]. The spectrum goes for an excitation wavelength range from 291.0 nm to 278.5 nm, and two bands are represented. The peaks identify rotational lines. It can be seen that some of these peaks are very close to each other and cannot be distinguished. This implies that, in most cases, it is not possible to excite a single rotational line.

Introduction

Fluorescence is the emission of light by a molecule after being excited by a light of a determined wavelength. That is, the electrons of the atoms or molecules absorb energy of photons from an incident light and almost immediately after they relax to their ground energetic state by emitting light [START_REF] Sonntag | [END_REF].

The internal energy of atoms and molecules depends on several factors. For atoms, it depends on the energy of the electrons spinning around the nucleus. For atoms in molecules, it depends on the energy associated with the atoms spinning around each other or vibrating against each other,

E total = E rotational + E vibrational + E electronic . (4.1) 
Quantum mechanics postulates that these energies are quantized, that is, the energy level of electron orbits and molecular rotation and vibration can only change by specific discrete amounts of energy. When a photon interacts with a gas molecule, it may be absorbed, increasing the molecule energy level, or scattered, changing its direction. Also, a gas molecule in a high energy level may deliver a photon spontaneously, decreasing its energy level. The energy of a photon is proportional to its frequency, which means that photons must have a specific frequency in order to be absorbed or emitted, resulting in discrete spectral lines for absorption and emission. Planck's law is the fundamental relationship representing this concept:

∆E = E 2 -E 1 = hν , (4.2) 
with h = 6.626 × 10 -34 J • s the Planck constant and ν the photon frequency. However, according to the uncertainty principle, also called the Heisenberg uncertainty principle, the energy level cannot be measured exactly, but it involves a slight broadening of these spectral lines. The change of orbit of an electron needs a large amount of energy. To do that, a high-frequency photon is needed, i.e. short-wavelength emission-absorption lines result (between 10 -2 -1.5 µm, i.e., between Ultraviolet (UV) and near-InfraRed (IR)). Concerning vibrational energy level changes, they require less energy (wavelength between 1.5 -10 µm, i.e, IR), while changes in rotational energy levels need a least amount of energy (wavelength beyond 10 µm, i.e., far-IR) [START_REF] Modest | Radiative Heat Transfer[END_REF].

The electronic states of a molecule and the transitions between them can be represented in an energy diagram known as Jablonski diagram. In Fig. 4.2, a simplified version of this diagram is represented. The gray boxes represent two electronic energy states: the upper, or excited, state E 2 , and the lower, or ground, state E 1 . The excited substates are marked by the ( ) superscript while the ground substates are marked by the ( ) superscript. Within each electronic state, each horizontal line represents an eigenstate for a specific molecule. A portion of the multiple vibrational energy states are represented by filled horizontal lines (v), likewise, rotational energy states of each vibrational state are represented by dashed horizontal lines (J). When the energy of the molecule changes because of the absorption or emission of a photon, it is said to be a radiative process. Otherwise, it is said to be a non-radiative process. In this diagram, several pathways represent how an electron may accept and then dissipate the energy from a photon of a particular wavelength. On the one hand, the radiative processes of absorption and emission are represented by wavy lines. On the other hand, non-radiative processes such as vibrational relaxation and collisional quenching are represented by straight lines. Vibrational relaxation is a process in which the energy of the molecule is given away to other vibrational modes as kinetic energy. This kinetic energy may stay within the same molecule, or it may be transferred to other molecules around the excited molecule. The molecule will remain in the excited energy level, but its vibrational energy level will be lower. Collisional quenching is the process by which a molecule goes back to the ground energy level due to the interaction of the excited molecule with other species molecules. As a result of the energy transfer between the excited molecule and other species molecules present in the medium, a decrease in the observed fluorescence intensity is observed. Finally, the transition Q 1 [START_REF] Aquilanti | Hund's cases for rotating diatomic molecules and for atomic collisions: angular momentum coupling schemes and orbital alignment[END_REF], which is the transition of interest in this work, is represented by a red line.
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Figure 4.2: Simplified Jablonsky diagram. E 1 represents the lower (or ground) energy state, while E 2 represents the high (or excited) energy state. Vibrational (v , v ) and rotational (J , J ) sublevels are represented by filled and dashed horizonal lines respectively. Absorption and fluorescence are radiative processes (wavy lines). Vibrational relaxation (dashed vertical lines) and quenching (filled vertical line) are non-radiative processes. In red, the molecular transition Q 1 [START_REF] Aquilanti | Hund's cases for rotating diatomic molecules and for atomic collisions: angular momentum coupling schemes and orbital alignment[END_REF].

It can be said that the spectra of molecules are composed of three fundamental elements, the line position, which depends on the molecular structure and the line strength and shape that depend on the properties of the media, i.e. composition, temperature, pressure.

Laser Induced Fluorescence modeling: Two-level method

Fluorescence is based on the spontaneous radiative emission of a molecule in the process of relaxation from an upper energy state to a lower energy state.

The two-level method is a simplified model that gives a good approximation of the experimental results. This method assumes only two quantum levels, which reach steady-state populations ( ṅ2 = ṅ1 = 0) after the laser pulse of a duration τ L is applied. A specific molecule will be excited by the absorption of a photon issued from a source of light, i.e. a laser beam, passing from the ground state (E 1 ) to an excited state (E 2 ). Consecutively, relaxation will take place through either a radiative or non-radiative path, back to the lower state (E 1 ). In fluorescence, the important process is the radiative process whereby the molecule is returned to the ground state.

The fluorescence signal collected by the camera is the number of photons emitted per unit time. If the relaxation to the ground state would take place only through a radiative process, i.e. Eq. 4.2. The spontaneous emission occurs when the molecule is spontaneously relaxed from the excited upper state 2 to the ground state 1 by emitting a photon. This radiative decay process is given by the Einstein A 21 coefficient (s -1 ) and the total fluorescence is proportional to the number of molecules in level 2. The emission intensity is equal in all directions, i.e. it is isotropic and photons are emitted in any direction.

As stated above, emission can also be stimulated. This implies that from an incoming radiative intensity with the proper frequency, for instance, when a collimated light at frequency ν enters the medium, a molecule can emit a photon in the same direction of the incoming intensity. As a result, the total number of molecules going from state 2 to state 1 may be written as:

dn 2 dt 2→1 = -n 2 A 21 + B ρ 21 4π
IdΩ ,

where A 21 and B ρ 21 are constants, also known as the Einstein coefficients for spontaneous and induced emission, respectively, and I is the laser intensity, which needs to be integrated over all directions. Part of this laser intensity may be absorbed by molecules in state 1. This is known as the resonant absorption. It is proportional to the number of molecules in state 1 as well as a parameter indicating of how strongly the upper and lower states are coupled with the laser wavelength:

dn 1 dt 2→1 = n 1 B ρ 12 4π
IdΩ ,

where B ρ 12 is the proportionality constant called the Einstein coefficient for absorption. The three Einstein coefficients are related to one another in case of equilibrium radiation.

Non-transient rate analysis

This analysis requires that all transitions from state 1 to 2 are balanced by transitions from state 2 to 1. Therefore, the rate of change of number density in any molecular state is zero. Equation 4.5 may be rewritten as:

dn 2 dt 2→1 = -n 2 (A 21 + B ρ 21 I ν ) molec/s leaving state 2 + n 1 B ρ 12 I ν molec/s entering state 2 = 0 , (4.7) 
with

I ν = 4π IdΩ . (4.8) 
For a collimated light, the intensity of the laser radiation may be defined as:

I ν = n p • hν • c (4.9)
where n p is the number of photons per volume per unit frequency and c is the light speed. Introducing the spectral density, ρ(ν), which is the energy density per unit frequency contained in an electric field, the laser intensity can be expressed as:

I ν = ρ(ν)c with ρ(ν) = n p • hν . (4.10) 
Equation 4.7 can be rewritten as:

dn 2 dt 2→1 = -n 2 (A 21 + B 21 ρ(ν)) + n 1 B 12 ρ(ν) = 0 , (4.11) 
with B 12 = B ρ 12 • c. With the two populations, n 1 and n 2 , the Einstein coefficients can be now combined:

n 2 n 1 = B 12 ρ(ν) A 21 + B 21 ρ(ν) . (4.12) 
At equilibrium condition ρ(ν) = ρ(ν) eq , Eq. 4.12 can then be expressed by the Boltzmann fraction from statistical mechanics as:

B 12 ρ(ν) eq A 21 + B 21 ρ(ν) eq = g 2 g 1 exp(-hν/kT ) , (4.13) 
where g 2 and g 1 are the degeneracies, that is, the number of possible arrangements of distribution of energy of the molecule, k = 1.38 × 10 -23 J/K is the Boltzmann constant and T is the temperature. Besides, the spectral density at equilibrium (ρ(ν) eq ) corresponds to the Planck's blackbody distribution,

ρ(ν) eq = 8πhν 3 /c 3 exp(hν/kT ) -1 . (4.14) 
Resolving Eq. 4.13 for ρ(ν) eq and comparing to Eq. 4.14, gives

ρ(ν) eq = A 21 /B 21 g 1 g 2 B 12
B 21 exp(hν/kT ) -1 = 8πhν 3 /c 3 exp(hν/kT ) -1

P lanck s distribution , (4.15) 
which must be valid for all ν and T , producing the following conclusions:

g 1 B 12 = g 2 B 21 , (4.16) 
A 21 = (8πhν 3 /c 3 )B 21 (4.17)

and the inverse of A 21 is the radiative lifetime (τ 21 ) in state 2. A 21 , B 12 and B 21 are calculated from quantum mechanics, and since their relationship do not depend on ρ(ν), they are valid even for systems not in thermal equilibrium.

Improved model

In Eq. 4.5, it was assumed that relaxation was due only to spontaneous and stimulated emission. However, molecules can de-excite also by collisions with other molecules. For this reason, Eq. 4.5 may be rewritten as:

dn 2 dt = n 1 B ρ 12 I ν -n 2 (B ρ 21 I ν + A 21 + Q 21 ) , (4.18) 
where Q 21 is the overall rate of quenching induced by collisions. Quenching is a non-radiative process, where the molecule of interest has inelastic collisions with other molecules present in the bath. These inelastic collisions produce rotational, vibrational and electronic energy transfer. The computation of quenching for the OH will be detailed in Sec. 4.4. Combining Eq. 4.7 and Eq. 4.18, population in state 2 can be defined as:

n 2 = n 1 B ρ 12 I ν B ρ 21 I ν + A 21 + Q 21 . (4.19) 
From this equation, two limits of operation are possible:

• weak excitation limit, when B ρ 21

I ν << A 21 + Q 21 , A 21 [s -1 ] B ρ 12 [m 2 • (J • s) -1 ] 1.9935 × 10 5
3.63 × 10 9

Table 4.1: Einstein coefficients for OH molecule from [START_REF] Chidsey | Calculated rotational transition probabilities for the a-x system of OH[END_REF][START_REF] Crosley | Relative transition probabilities and the electronic transition moment in the a-x system of OH[END_REF] • strong excitation or saturation limit, when B ρ 21 I ν >> A 21 + Q 21 .

The saturation limit has the advantage of being independent of the quenching and the laser intensity. However, this approach introduces complications due to the decrease of energy in outer edge of the laser beam. For this reason, the weak excitation limit is preferred because laser nonuniformities are not a problem. In this limit, it is considered that population in the ground state is weakly perturbed, which means that n 1 = n 1 (t = 0 s). Finally, the population in the excited state, see Eq. 4.19, is given by:

n 2 = n 1 I ν B ρ 12 
A 21 + Q 21 . (4.20) 
The Einstein coefficiens for the OH molecule from [START_REF] Chidsey | Calculated rotational transition probabilities for the a-x system of OH[END_REF][START_REF] Crosley | Relative transition probabilities and the electronic transition moment in the a-x system of OH[END_REF] are used in this work and can be found in Tab. 4.1. A summary of the variables used in this section together with their units in the international system is done in Tab. 4.2

Fluorescence signal

By introducing Eq. 4.20 into Eq. 4.3 the equation for the fluorescence signal is obtained:

S F = n 1 × V × B ρ 12 I ν × A 21 A 21 + Q 21 × Ω 4π . (4.21) 
The term A 21 /(A 21 + Q 21 ) is known as Fluorescence Yield Φ. It gives the efficiency of the fluorescence signal. It can be defined as the ratio between the number of photons emitted and the number of photons absorbed or as the rate of excited state decay.

Here, the fluorescence signal represents the number of photons emitted per unit time. The power of the fluorescence signal is finally given by: Collisional quenching

P F = n 1 × V × B ρ 12 I ν × A 21 A 21 + Q 21 × Ω 4π × hν = S F × hν . ( 4 
Q 21 s -1
Integral absorption coefficient

S ν m -1 • s -1 Absorption coefficient k ν m -1
Lineshape g(ν) s Table 4.2: Variables needed to compute the fluorescence signal and their units in the International System

Collisional quenching

As stated above, collisional quenching (Q 21 ) occurs when molecules relax by collisions with other molecules. It varies with temperature, pressure, species composition and energy levels. In the current study, the "Harpooned model" from Paul [START_REF] Paul | A model for temperature-dependent collisional quenching of OHA2e+[END_REF] is used. This model is based on an electron transfer and it was found to adequately describe the experimentally observed behavior of collisional quenching of OH and NO [START_REF] Battles | Laser-induced fluorescence measurements of NO and OH mole fraction in fuel-lean, high-pressure (1-10 atm) methane flames: Fluorescence modeling and experimental validation[END_REF]. Here, the total contribution from each collisional partner is added with a defined weight depending on:

• the collisional partner population (n q )

• the mean relative velocity between molecules v q

• collision efficiency characterized by an effective cross-section of diffusion σ q .

and it is defined as:

Q 21 = q n q σ q v q . (4.23)
Since this study is only focused on the OH molecule, the collisional partners of this molecule need to be identified. Then, the mean relative velocity can be computed as:

v q = 8RT π 1 M OH + 1 M q , ( 4.24) 
where M OH and M i are the molar masses of the OH and the collisional partner molecules, respectively.

Based on the study of Bresson [START_REF] Bresson | Techniques d'imagerie quantitatives: fluorescence induite par laser appliquée aux écoulements et aux combustions[END_REF], only the collisional partners in Table 4.3 have been taken into account. In this table, the constants needed to compute the cross section (σ q ) are given. This [START_REF] Paul | Correlations for the NO A2X+ (v'=0) electronic quenching cross-section[END_REF] parameter is one of the most difficult and important in the modeling of quenching. In this work, the following relationship [START_REF] Paul | Correlations for the NO A2X+ (v'=0) electronic quenching cross-section[END_REF] is used:

σ q = P A C 0 (1 + h c )e -hc + C 1 h 2/α c γ(2 -2/α, h c ) , (4.25) 
with h c = C 2 300/T and γ the incomplete gamma function. The constants P A , C 0 , C 1 , C 2 and α are given in Table 4.3. In Fig 4 .3, the cross section based on this expression for the collisional partners is plotted against temperature. It can be seen that at low temperature the collisional cross section is very high, however, when temperature increases (above 1500 K) all species present a weak temperature dependence. Since Eq. 4.23 can also be defined as a function of pressure and temperature (P , T ),

Q 21 = P kT q X q σ q v q (4.26)
with X q being the concentration of each species, in Fig. 4.4 the OH quenching is plotted as a function of temperature for different pressures. It can be seen that, as happened with the collisional cross-section, quenching is only dependent on temperature for weak temperatures. However, it presents a behavior strongly dependent on pressure, i.e., quenching increases notably with pressure.

Boltzmann fraction

For more accurate modeling of the fluorescence signal, the strict approach of a two-level model must be adapted. For that, we assume that the lower energy level (E 1 ) has a manifold of rotational level in thermal equilibrium. Population in these levels maintains a Boltzmann distribution and the population of a specific rotational level can be written as n 1 = n 0 • f b , where f b represents the Boltzmann fraction of the individual energy level, n 0 is the total population of the specific molecule. To determine this fraction, it is necessary to consider that all media contain a huge number of molecules and each one of them have their energy distributed on a set of energy levels. In the gas phase, they move around and collide with each other or with the container walls. During these collisions, the energy of a molecule may change continuously. Energy exchange also occurs by absorption and emission of photons.

When the medium is excited by an energy source, as a beam of light, these particles are excited to a higher energy level. Once the source of energy disappears, its energy is transferred by collisions, emission and absorption until reaching a new state of equilibrium. The population of molecules (or atoms) per unit volume (n i ) in a determined energy level i depends only on temperature,

f b = n i n 0 = g i exp - E i kT Q , (4.27) 
where g i is the degeneracy and E i is the energy of that state. The energy of the state,

E i = [J], is
given by Eq. 4.1. For a specific energy level with an electronic quantum number n, a vibrational quantum number v, and a rotational quantum number J, the energy of the level is equal to

E i = E i /hc [m -1 ].
Based on the Born-Oppenheimer approximation E i = E(n, v, J) the molecular energy can be decomposed and defined as a sum of independent terms:

E(n, v, J) = T e (n) + G(v) + F (J) , (4.28) 
where

T e (n) [m -1 ], G(v) [m -1
] and F (J) [m -1 ] are the electronic, vibrational and rotational terms, respectively. The electronic energy, T e (n) is given in Tab. In Eq. 4.27, the normalization denominator Q is the partition function and it is calculated as:

Q = i g i exp - E i kT = i g i exp - hcE(n, v, J) kT , (4.29) 
which represents the sum of populations in all the energy levels of the molecule. The computation of the partition function is developed in Sec. 4.5.2. Finally, combining Eq. 4.27 and Eq. 4.29, the Boltzmann function is defined as:

f b = n i n 0 = g i exp - E i kT i g i exp - E i kT . ( 4.30) 
Since the Boltzmann fraction calculation might be computationally expensive, an approximation based on the Born-Oppenheimer approximation is used. The energy is divided into three modes (rotation,vibration,electroni), producing a population fraction for each mode. Finally, Boltzmann fraction is computed as:

f b = n 1 n 0 = exp - hcT e (n ) kT Q elec × exp - hcG(v ) kT Q vib × (2J + 1) exp - hcF v (J ) kT Q rot (4.31)
where (2J + 1) is the degeneracy of the rotational energy level.

Diatomic molecular spectra

In a molecule, emission and absorption are related to the energy transfer between the rotational, vibrational and electronic energies, which are defined by respecting selection rules. The selection rules define the transition probability from one eigenstate to another. In other words, it is the probability that an atom or molecule goes from one energy level to another after absorbing a photon. It will depend on the initial and final state wavefunctions and how strongly the photon interacts with an eigenstate. Since this topic is beyond the scope of this thesis, a more detailed explanation can be found in dedicated literature [START_REF] Schwartz | The franck-condon principle and the duration of electronic transitions[END_REF][START_REF] Ellis | Electronic and Photoelectron Spectroscopy: Fundamentals and Case Studies[END_REF][START_REF] Byers | A teaching aid for the conceptualization of the franck-condon principle[END_REF].

Structure of the atom

To well understand how the molecular structure affect its molecular spectrum, it is interesting to firstly understand the structure of its fundamental entity, i.e. the atom. The structure of an atom is represented in Fig. 4.5. To simplify, the orbit of an electron in an atom can be seen as an ellipse. Thanks to that, its geometry and hence its energy may be described by two quantum numbers. On the one hand, the major axis is defined by the principal quantum number n, where n = 1, 2, 3, . . . On the other hand, the secondary axis is defined by its azimuthal quantum number l, which takes the values l = 0, 1, 2, . . . , n -1.

The angular momentum of the orbit, which is a vector, is specified by l and it is given by:

||L|| = h 2π l(l + 1) . (4.32) 
The vectorial nature of L cannot be observed in normal conditions, however, when the atom is placed in an external magnetic field, the vector of the angular momentum turns around an axis parallel to the magnetic field, called zaxis, drawing a cone in space, see Fig. 4.6. The angle between L and this axis is quantized. Consequently, only specific projections of L on zaxis are allowed, L z . These projections are defined by the magnetic quantum number m l :

L z = h 2π m l , (4.33) 
with m l = l, (l -1), (l -2), . . . , -(l -1), -l. This implies that for every l, 2l + 1 magnetic quantum numbers are existing. That is, if there is no external magnetic field, states with the same quantum numbers n and l, but different m l , appear. Another important characteristic of the electron that must be considered is the spin around its own axis. The spin angular momentum is defined as:

||S|| = h 2π s(s + 1) , (4.34) 
where s = 1/2 is the spin quantum number. Again, it can be oriented with an external magnetic field, therefore its projection is given by:

S z = h 2π m s , (4.35) 
with m s = -1/2 or m s = 1/2 the spin magnetic quantum number. Despite the fact that electrons cannot be distinguished from one another, the number of electrons in each particular state is restricted by the Pauli exclusion principle. This principle states that in one atom, each electron must have a different set of values for the four quantum numbers, n, l, m l and m s . The energy of one electron is then determined by the principal quantum number n and the azimuthal quantum number l. However, the probability of absorption or emission of a photon while going from one energy state to another one is determined by its total angular momentum number.

Atomic spectra are determined by the distribution of the electrons in the outer shell. When multiple electrons are encountered in the outer shell of an atom, the total angular momentum of the atom are computed adding the angular momentum of each electron, J = L + S, with:

||J|| = h 2π j(j + 1) . (4.36) 
In order to obtain its associated quantum number j, the azimuthal and spin quantum numbers must be added, being:

|L -S| < j < (L + S) , (4.37) 
with L the total azimuthal quantum number and S the total spin quantum number. When j has several values, states cannot be distinguished from each other and are known as degenerate states.

The number of degenerate states is called degeneracy, which is an important parameter since it conditions the distribution of population on each energy level. Degeneracy is then given by 2S +1.

The quantum numbers are used to describe the energy level of the atom. The L -S coupling, i.e. spin-orbit coupling, is used to describe the atomic state. So, for L = 0, 1, 2, 3, 4,. . . the letters S, P, D, F, G,. . . , are assigned. The atom is then described by: 2S+1 L j (4.38)

Diatomic molecules

In diatomic molecules, the total angular momentum can be described again by quantum numbers, however, in this case, four kinds of angular momentum need to be considered. On the one hand, the electron angular momentum L and spin S. On the other hand, the nuclear rotational angular momentum N and the nuclear spin I. Besides, these may combine in different ways. In addition to these terms, it is important to define new properties:

• The projection of the orbital angular momentum (L) on the internuclear axis, Λ. The magnitude of this term, Λ, is used to describe the diatomic molecules, see Tab. 4.4.

Λ 0 1 2 Symbol Σ Π ∆ Table 4.4: symbols associated with the values of Λ

• The projection of the electron spin (S) on the internuclear axis, Σ.

• The sum of the projection along the internuclear axis of L and S, Ω.

Ω = Λ + Σ (4.39)
Values of these parameters together with the molecular electronic state and the transition band are going to define the model chosen to describe the molecular electronic spectra.

A simple way to characterize a diatomic molecule is by picturing it as a dumbbell, see Fig. 4.7. It would have 5 degrees of freedom, 3 translational and 2 rotational, since the rotation around its internuclear axis is not taken into account. The two rotational are indistinguishable, so they can be reduced to one. Besides, the translational motion of molecules can be considered dependent only in its mass and velocity, which depends on the gas temperature. The most important effect of this kind of motion is the broadening of the absorption or emission spectral features, which will be discussed later in Section 4.8.3. Also, another kind of motion due to the bond linking the atoms must be included, the vibration. 

Rotational transitions

The rotational energy of molecules is quantized, i.e. a new quantum number J is introduced, which should not be confused with j, the angular quantum number of the atom (see Sec. 4.5.1.1). The molecular rotation depends on its moment of inertia and the frequency of rotation. It can be described by the rigid rotor model [START_REF] Vincenti | Introduction to physical gas dynamics[END_REF] from classical mechanics. Here, the angular momentum is given by:

|Iω| = h 2π J(J + 1) , (4.40) 
where I is the moment of inertia and ω is the angular velocity. The rotational energy (F (J)) can be related to its moment of inertia. Nevertheless, the moment of inertia depends on the mass of the atoms and the separation between them, which will vary due to the oscillation or vibration of the bond. For this reason, the effect of vibrational motion on the moment of inertia must be included. For instance, when the bond length is stretched, the moment of inertia is changed and, hence, its rotational energy. Likewise, rotation affects vibrational motion through the centrifugal force. However, the effects of vibrational stretching are more important than the effects due to centrifugal distortion. Accordingly, the rotational energy is defined as:

F (J) = 1 2 Iω 2 = B v J(J + 1) -D v J 2 (J + 1) 2 , (4.41) 
which by convention has units of cm -1 and B v is the vibrationally-dependent rotational constant, which is specific to each molecule and the energy state of its electrons in the outer shell, and D v is the centrifugal distortion constant. For a diatomic rigid rotor, the change in rotational quantum number ∆J = J -J can only be ±1 or 0, giving the following symbology:

∆J -1 0 1 Symbol P Q R 4.5.1.

Vibrational transitions

The vibrational energy is quantized, which means that only certain amplitudes are allowed, and it is characterized by a vibrational quantum number v. A vibrational energy level represents the exchange between kinetic energy and elastic energy. When computing the vibrational energy, it must be taken into account that molecules dissociate when stretched too far, that is when vibrational energy exceeds the dissociation energy. On the contrary, when compressed, the energy of molecules approaches infinity due to electrostatic repulsion. To consider these effects, the energy of the vibrational state is given by:

G(v) = ω e v + 1 2
ω e x e (v + 1/2) 2 . (4.42)

It is also called the anharmonic oscillator equation, where ω e is the oscillation frequency in cm -1 , and x e is a higher-order correction term. These magnitudes can be determined experimentally. Other higher-order terms could be also added, such as y e , but they need highly resolved spectroscopic measurements to be obtained. In the current work, values from Tab. 4.5 are used. Energy levels are described by curves with a potential well from Eq. 4.42 shown in Fig. 4.8. From this equation, it can also be inferred that the energy between adjacent vibrational levels decreases with v.

The change in the vibrational quantum number is ∆v = vv = +1.

Rovibrational improved model

The molecule quantum numbers, its electronic state and the transition band of interest are going to define the model chosen to describe the molecular electronic spectra. On the one hand, the electronic state of interest is known thanks to their labeling. Ground state molecules are labeled with X, while electronically excited states are designated by letters A, B, C, ... when they have the same electron spin and those in lowercase otherwise. The molecule is then described by: χ 2S+1 L , (4.43) with χ corresponding to the label given by the electronic state. On the other hand, the transition band is denoted as:

Y Z αβ (J ) , (4.44) 
where:

• Y represents the ∆N , with N the quantum number associated to the nuclear rotational angular momentum (N)

• Z represents the ∆J, i.e., P, Q, R

• α gives the spin multiplicity at the ground state

• β gives the spin multiplicity at the excited state It should be noted that when Y = Z, then Y is suppressed, likewise when α = β, β is suppressed. The different available parameters to describe the molecule electronic spectra are:

• Rigid rotor (Λ = 0, S = 0)

• Symmetric Top (Λ = 0, S = 0)

• Hund's cases (S = 0)

The description of each of the parameters does not fall within the scope of this manuscript, more detailed information is available in [START_REF] Hanson | ME 364: Introduction to spectroscopy and laser diagnostics for gases[END_REF].

In this study, only the transition Q 1 (5) of the OH molecule in the A 2 Σ + ← X 2 Π system is treated. This transition was selected since it is the one used experimentally [START_REF] Malbois | Experimental invetigation with optical diagnostics of a lean-premixed aero-engine injection under relevant operating conditions[END_REF]. Here, the molecules at the ground state, i.e. at X 2 Π, are of interest. The following conclusions may be resumed:

• since X is accompanied by a superscript which is equal to 2, then 2S + 1 = 2, i.e. S = 1/2

• Π means that Λ = 1

• since this is the Q transition, then ∆J = 0 • since Q is not accompanied by a superscript, Y = Z, then ∆N = ∆J = 0

• since Q only has one subscript, α = β = 1

• because Λ = 0 and S = 0 only the models used for the Hund's cases may be used to describe the molecule electronic spectra, more precisely the Hund's Case a

The Hund's case a occurs when the electrostatic coupling of L and the internuclear axis become stronger, there is spin-orbit coupling but coupling between S and the internuclear axis is weaker. More information about the Hund's cases can be found in [START_REF] Aquilanti | Hund's cases for rotating diatomic molecules and for atomic collisions: angular momentum coupling schemes and orbital alignment[END_REF][START_REF] Herzberg | Molecular Spectra and Molecular Structure. I. Spectra of Diatomic Molecules[END_REF]. This results in a new expression for the rotational energy: 

F v (J) = B v (J + 1) 2 -Λ 2 - 1 2 [4(J + 1) 2 + Y v (Y v -4)Λ 2 ] 1/2 -D v J 2 (J + 1)

Partition functions

The total partition function gives the properties of the system under thermodynamic equilibrium. Thanks to the Born-Oppenheimer approximation, it can be decomposed:

Q = i g i exp - E i kT = Q rot Q vib Q elec . (4.46)
For diatomic molecules, the rotational partition function, Q rot , can be approximated by the rigid rotor model, which gives:

Q rot = kT hcB v . (4.47) 
The vibrational partition function might be approximated by the harmonic oscillator model with:

Q vib = exp - hcω e 2kT 1 -exp - hcω e 2kT . ( 4.48) 
Note that to have a good approximation, the sum of Q vib from v = 0 to a high enough v must be performed. Finally, in the ground electronic configuration, Q elec can be modeled as the degeneracy of the electronic configuration:

Q elec = (2S + 1)(2 -δ 0,Λ ) , (4.49) 
where δ 0,Λ is equal to 1 if Λ = 0 and δ 0,Λ = 0 otherwise.

Laser modeling: Forward Ray Tracing

To calculate the fluorescence signal from Eq. 4.21 it is necessary to know the population of molecules in the lower energy state (n 0 1 ), the Einstein coefficients (A 21 , B ρ 12 ), the collisional quenching (Q 21 ), the collection fraction which will be given by the characteristics of the detection system and the intensity of the laser beam. The initial population will be obtained thanks to the concentration of OH and the Boltzmann fraction. Einstein coefficients are given in Tab. 4.1 and the quenching is computed thanks to equation 4.23. The only key piece missing now is the computation of the laser intensity variation across the medium. This loss of intensity is due to absorption.

Forward Ray tracing

Forward ray tracing follows the photons from the light source to the object. In this case, the source is the laser sheet. The power of the light will be divided among all the emitted photons equally, and therefore each photon will carry a fraction of the power of the initial light source. It is important to emphasize here that the power of the photons will be proportional to the number of emitted photons. In this case, the emission of light is done from a given position and it will have a defined direction.

In this study, the laser beam is going to be discretized in photon packets, which are going to be modeled by Lagrangian particles with no drag. These packets have a defined and finite trajectory.

First of all, these packets of photons are seeded on the boundary (x 0 ). This boundary will correspond with the optical window through which the laser beam enters the combustion chamber experimentally, Fig. 4.9. These packets will then be transported to the first position that the camera can image (x 0 + L). Note that this transport is not directly done but that the displacement is substepped. In other words, the traced length is divided into small ∆L, thus allowing the loss of intensity from one point to the other to be calculated more precisely. Recalling Eq. 4.55, the loss of intensity may be computed as:

dI ν dx = -k ν I ν . (4.50)
That is, to compute the loss of intensity the local absorption coefficient needs to be known, which is computed in the grid. For this reason, it will be interpolated to the packet in each sub-step. Once at this point, the photon packets unfold in such a way that they create a sheet covering the entire camera frame, as it can be seen in Fig. 4.10. In the same way that the first translation is done, the translations are also done in sub-steps and the variation of intensity and, therefore the interpolation, is done at each step. Finally, when each packet has reached its final position, the fluorescence signal is calculated. To do this, all necessary variables are interpolated towards the packets of photons, such as population or quenching. The computation of the fluorescence is done by Eq. 4.21.

In addition, a final stage is carried out. Since fluorescence is a luminous emission, photons are emitted by OH molecules. These photons must pass through the medium to attain the camera. The transmission of photons through the medium may imply that part of the OH molecules absorb part of the emission photons, thus reducing the fluorescence signal intensity. This reabsorption effect must be taken into account as it involves a loss of the signal collected by the camera.

Absorption

The absorption of light per unit length in a medium is quantified by the absorption coefficient k ν .

Beer's law

The Beer's law is the governing law for absorption and describes the relationship between the incident and transmitted laser intensity inside a media layer of length dx:

T ν = I I 0 ν (4.51)
where T ν is the spectral transmissivity, I and I 0 are the transmitted and the incident laser intensity, respectively. Usually, reflection and scattering are negligible, so that,

α ν + T ν = 1 , (4.52) 
with α ν the spectral absorptivity. Combining Eq. 4.51 and Eq. 4.52 the spectral absorptivity is defined as:

α ν = I 0 -I I 0 ν , (4.53) 
with (I 0 -I) ν = dI ν . Thus, the absorption (dI ν ) is directly proportional to the incident energy and the distance traveled through the medium,

dI ν = -k ν I ν dx (4.54)
where k ν is the proportionality constant, also known as the absorption coefficient and dx the covered distance. Finally, the absorption coefficient is described as:

k ν = - 1 I ν dI ν dx . (4.55) 

Absorption coefficient

For LIF application, it can be assumed that the spontaneous emission is negligible with respect to the resonant absorption and emission. Thus, the change of intensity through the medium can be seen as a combination of these two phenomena energies or a power balance. Considering the stimulated emission power P ν,e and the absorption power P ν,a , then 

P ν,e =
If the transition from one energy state to another is considered to be sharp, i.e. it appears as a line in the spectrum, the absorption coefficient can be assumed to be equal to the integrated absorption coefficient or line strength S ν . Combining these expressions with Eq. 4.55, the integrated absorption coefficient is written as the variation of power between x and x + dx: However, in reality, the spectral line associated with a transition is not a line, but this one is broadened. This means that transitions occur across a very small range of frequencies, with its maximum at the frequency predicted by quantum mechanics. The broadening of the line is defined by a shape and a width. Thus, the absorption coefficient can be obtained as:

∆P ν I ν = S ν = hν(n 1 B ρ 12 -n 2 B ρ 21 ) = hν c (n 1 B 12 -n 2 B 21 ) . ( 4 
k ν = S ν × g(ν) , (4.61) 
where g(ν) is the normalized lineshape. The integrated absorption coefficient is then defined as:

S ν = line k ν dν . (4.62)

Spectral Lineshapes

As previously said, the energy levels of an atom or molecule cannot be expressed as a Dirac peak. The Heisenberg uncertainty principle relates the uncertainty of these energy levels to their lifetimes (τ i ), so that:

∆E i ≥ h 2πτ i . ( 4.63) 
The lineshape function g(ν) describes the variation of the spectral coefficient with frequency. This variation is caused by broadening mechanisms in the medium. Consequently, there is a range of energies over which the transition takes place. This range is characterized by a linewidth, also known as Full-Width Half Maximum (FWHM) or (∆ν).

The three most important mechanisms causing this broadening are natural broadening, collisional broadening and Doppler broadening.

Natural broadening

Every excited molecule has its natural radiative lifetime parameter (τ 21 ). However, since the energy state cannot be exactly determined, neither the lifetime parameter can. Consequently, the mechanism of decay for spontaneous emission is characterized by the natural FWHM:

∆ν N = 1 2πτ 21 = A 21 2π . (4.64) 
In this case, the lineshape function is derived by modeling the system as a damped oscillator, which gives the shape a Lorentzian form:

g N (ν) = 1 2π ∆ν N (ν -ν 0 ) 2 + (∆ν N /2) 2 .
(4.65)

Collisional broadening

Collisions or interactions between molecules perturb their state and their energy may be changed within the molecule or transferred between molecules. Consequently, its average lifetime becomes shorter than the natural lifetime, leading to a broader line.

Collisions will occur when two molecules, A and B for instance, approach each other at a specific distance. This distance is called optical collision diameter and it is defined as:

D AB = 1 2 (d A + d B ) , (4.66) 
being d i the diameter of each molecule. The associated optical cross-section is then πD 2 AB . Once the optical cross-section is obtained, the number of collisions per second of one molecule B with all molecules A is computed with:

Z AB = n A πD 2 AB 8πkT µ AB 1/2 , (4.67) 
where n A is the number of molecules of species A per unit volume and the expression inside the brackets is the mean relative velocity of the molecules, with µ AB the reduced mass

µ AB = m A m B m A + m B . (4.68) 
The total collision frequency is obtained by summing over all the different species that can be collisional partners of molecule B,

Z C = A Z AB = A n A πD 2 AB 8πkT µ AB 1/2 . ( 4 

.69)

Since the total collision frequency, Z C is the inverse of the lifetime, the FWHM for collisional broadening can be computed:

∆ν C = Z C π . (4.70) 
However, computing the collisional frequency as in Eq. 4.67 is not possible since the diameter of each molecule, i.e. d i , can not be computed. Besides, Eq. 4.67 was obtained under the assumption that the cross-section for collisional broadening is independent on temperature. Despite this assumption might be true in most of the cases, the cross-section varies with temperature for some molecules such as O 2 [START_REF] Cann | High resolution atmospheric transmission calculations down to 28.7 km in the 200-243-nm spectral range[END_REF].

In the current study, an approximation from [START_REF] Battles | Laser-induced fluorescence measurements of NO and OH mole fraction in fuel-lean, high-pressure (1-10 atm) methane flames: Fluorescence modeling and experimental validation[END_REF] based on the work of Rea et al. [START_REF] Rea | Shock-tube study of pressure broadening of the A2E+ -X2M (0,0) band of OH by ar and n2[END_REF] has been chosen to represent the OH collisional linewidth FWHM:

∆ν C = 320 P T ref T ref T 1.3 ∆ν D (ln 2) 0.5 , (4.71) 
where P is in atm, T ref = 1600K, and ∆ν D is the Doppler broadening defined in Section 4.8.3. From Eq. 4.71, it can be seen that the collisional broadening depends linearly on pressure. It is also dependent on temperature, but the pressure effect is predominant. For this reason, this type of broadening is also known as pressure broadening.

The spectral line is going to be dependent on collisions between molecules frequencies. The shape of the transition takes again the Lorentzian form:

g C (ν) = 1 2π ∆ν C (ν -ν 0 ) 2 + (∆ν C /2) 2 .
(4.72)

In Fig. 4.11, the collisional broadening together with the collisional lineshape are plotted for three temperatures, T = 500 K, 1500 K, 2500 K. It can be seen that, as it is said above, the broadening increases linearly with pressure for all temperatures, however, it is not highly affected by the increase of temperature at high temperature. Thus, as broadening increases with pressure, the maximum value of the lineshape, i.e. at the nominal frequency, g(ν 0 ), is lower. 

Doppler broadening

The random motion of the molecule (or atom) induces a third line-broadening effect known as Doppler broadening. The velocity vector of each molecule can point in any direction and its magnitude may have any value. When a molecule has a velocity component in the same direction as the propagation of the beam, there will be a shift in the frequency at which the photon is absorbed. This effect is known as the Doppler shift. Because of this shift, the absorption coefficient will depend not only on the characteristics of the molecule at ν 0 but also on the absorbers that have their frequency shifted, thus matching ν 0 .

This effect is the result of the modification of the velocity via the thermal motion of molecules. Consequently, this shift is directly dependent on temperature. To explain this effect, a group of molecules with the same velocity component can be considered to be part of a velocity class. Each velocity class will have a Doppler shift, i.e. there will be a shift in the frequency at which it will absorb a photon. The new frequency is given by:

ν D = ν 0 1 + u c (4.73)
with c the light speed and u the relative velocity between the molecule and the observer. The distribution of the random velocity is given by the Maxwell velocity distribution function:

p(u) = m 2πkT 1/2 exp - mu 2 2kT . ( 4 

.74)

The distribution function reflects the sum of the contribution of each molecule with its distinct vector velocity, which leads to a lineshape with a Gaussian form. In Fig. 4.12, this phenomenon is represented. Molecules whose velocity is perpendicular to the beam of light do not shift the frequency of absorption. For molecules whose velocity goes towards the incoming beam of light, the frequency of absorption shifts to a lower frequency. Likewise, for molecules moving away from the beam of light, the frequency of absorption will be shifted to higher frequencies. The Doppler FWHM is given by:

∆ν D = 2ν 0 c 2 ln 2kT m (4.75)
where m is the mass of the molecule given by M/N A , with M being the molar mass and N A the Avogadro number. The lineshape factor is defined as:

g D (ν) = 2 ∆ν D ln 2 π exp -4 ln 2 ν -ν 0 ∆ν D 2 (4.76)

Voigt profile

Up to here, natural, collisional and Doppler lineshapes have been treated separately. Natural and collisional broadening can be combined in one Lorentzian lineshape. The effective Lorentzian lineshape is the result of two processes, one that decreases the population of a state with a rate A 21 and another one that disturbs the state due to collisions at a rate 2Z C . The resultant lineshape should be obtained by the convolution integral of the two lineshapes, which would be also a Lorentzian lineshape whose FWHM would be the sum of each separate lineshape width. Thus, the combined linewidth is defined as:

∆ν N C = ∆ν N + ∆ν C . (4.77) 
However, when both Lorentzian and Doppler broadening are important, neither of them can be neglected. Doppler broadening, for instance, cannot be ignored when the temperature is extremely high and/or pressure is extremely low. In Fig. 4.13, the typical FWHM for OH is presented for a frequency corresponding to a wavelength of 282.75 nm for two pressures, 1.01 bar and 8.33 bar. It can be seen that for the lower pressure, the Doppler broadening always dominates. However, when the pressure increases the Lorentzian broadening becomes more important, unless the temperature is very high, i.e. T > 2500 K.

When neither of them can be neglected, the lineshape will be a combination of the three broadening mechanisms. In this case, it is assumed that each broadening is independent of the other. It can be seen as if each velocity class was broadened with a Lorentzian (natural + collisional) shape. This leads to a lineshape known as the Voigt profile. It is the convolution of Doppler and Lorentzian function:

g V (ν) = +∞ -∞ g D (ν )g L (ν -ν )dν , (4.78) 
To solve this function, a few parameters need to be defined before: Now, Eq. 4.78 becomes:

g V (ν) = g D (ν 0 ) a π +∞ -∞ exp(-y 2 )dy a 2 + (w(ν) -y) 2 = g D (ν 0 )V (a, w(ν)) , (4.83)
where V (a, w) is the Voigt function. In the current study, the Voigt function has been solved thanks to the Humlíček approximation [START_REF] Humlíček | Optimized computation of the voigt and complex probability functions[END_REF]. This approximation has been widely used and represents a good alternative for relatively fast and accurate algorithms [START_REF] Hanson | ME 364: Introduction to spectroscopy and laser diagnostics for gases[END_REF][START_REF] Modest | Radiative Heat Transfer[END_REF][START_REF] Schreier | The voigt and complex error function: A comparison of computational methods[END_REF].

In Fig. 4.14, the spectral distribution of the different lineshapes are compared for equal FWHM. It can be seen how the Doppler lineshape is narrower than the Lorentzian lineshape. Besides, it can also be observed that the Voigt profile changes from pure Doppler broadening for ∆ν L /∆ν D = 0 towards the Lorentzian lineshape for ∆ν L /∆ν D > 0. The maximum of each of the lineshipes, i.e. g(ν = ν 0 ), is plotted as a function of temperature for two pressures, again P = 1.01 bar and P = 8.33 bar, in Fig. 4.13. While the Doppler lineshape does not change with pressure, as expected, it can be seen that at higher pressure, the lineshape shows a lower peak. This result could be presumed from Fig. 4.13 since the broadening is larger. 4.9 OH-PLIF application 4.9.1 2D bunsen flame A simple 2D bunsen configuration was chosen to validate the fluorescence model since it is usually used to calibrate the laser beam for the OH-radical.

Simulations were done at atmospheric pressure for a methane/air mixture and an inlet temperature of 300 K. The mixture equivalence ratio is φ = 1.5. The domain is a combustion chamber of 10 cm 2 with an inlet duct of 5 cm 2 , represented in Fig. 4.16. The domain is discretized in 147296 elements. A refined zone appears in the flame location where cells have a size of 100 µm.

The flame thickness at these operating conditions is around 1.5 mm that allows having at least 10 points in the reaction zone. The inlet duct cell size is around 500 µm and the largest cells are around 1.2 mm in the burnt gases zone. Adiabatic boundary conditions are imposed.

In the first place, simulations were performed by taking into account detailed chemistry effects that are modeled with finite-rate chemistry using the detailed mechanism GRI-Mech 3.0 [START_REF] Smith | GRI mech 3.0[END_REF], which counts 53 species and 325 reactions. All the species of the mechanism are transported and solved with an operator splitting approach, i.e. the chemical source terms are solved implicitly with a stiff ODE integrator (CVODE). These simulations were then performed using the tabulated chemistry approach, with a look-up table built from the GRI-Mech 3.0 detailed mechanism.

The source term of the progress variable, which represents the reaction zone, is shown in Fig. 4.17. In the detailed chemistry simulation, it is computed as the source term of CO and CO 2 species, ωYc = ωY CO + ωY CO 2 . In Fig. 4.18, the profiles of Y c and ωYc are compared to validate the tabulated chemistry approach. These profiles have been plotted along the yaxis and the xaxis, see Fig. 4.18. The most important difference between both approaches is found at the tip of the flame. In this zone, the 1D laminar premixed flame approach used to build the look-up table is no longer valid. The flame curvature is a parameter that influences the structure and propagation of premixed flames. For instance, compression increases the reaction rate, which leads to an increase in the burning velocity [START_REF] Choi | Contribution of curvature to flame-stretch effects on premixed flames[END_REF]. This phenomenon is only captured with the detailed chemistry approach. For this reason, the source term of the progress variable is higher in the detailed chemistry approach, hence, the adiabatic temperature and the species mass fractions in these zones are slightly different from the ones obtained with the tabulated chemistry approach. Since species concentrations are different, a small difference in the variables used to compute the Laser-Induced Fluorescence signal may be expected.

The total population of OH molecules n 0 is represented in Fig. 4.19. These molecules may be in any energetic state. To know the number of molecules that will be excited, the Boltzmann fraction needs to be computed. As it can be seen in Fig. 4.19, the Boltzmann fraction is higher near the flame front, where temperature is between 1000 K and 1800 K. The population of OH molecules that are in the desired energy level (n 1 ) and, hence, that will absorb photons from the laser is also represented. The absorption coeffcient is directly linked to the OH molecule population. In the detailed chemistry simulation, absorption is maximum at the tip of the flame and low at the bottom of the flame while remains constant on the sides. In the tabulated chemistry approach, the absorption coefficient does not vary along the flame front. The collisional quenching rate is important since it directly impacts the fluorescence efficiency. Higher values of quenching appear in the inner zone of the reaction zone where lower temperatures can be found.

The laser initialization is represented in Fig. 4.20. In these simulations, it is considered that the laser sheet enters by the right side. The photon packets are then trasported until they cover the zone considered as the camera frame, represented in this figure by a semitransparent squared plane. The loss of intensity is represented in Fig. 4.21. It can be seen how the laser slightly loses intensity all through the medium, since the absorption at this operating conditions is weak.

Finally, the fluorescence signal is computed. It can be seen how the fluorescence signal is high in the flame front where the population of OH molecules is more significant. Fluorescence signals also appear in the burnt gases near to the flame because of the presence OH molecules, however, the signal is weak compared to the signal at the flame front. 

HERON combustion chamber

The same procedure to calculate the LIF signals is applied to the HERON combustion chamber. Laser-Induced Fluorescence is only applied to distribution D3 since the most accurate results compared to the experimental data were obtained.

The temperature, the source term of the progress variable and the OH species mass fraction are represented in Fig. 4.22. From temperature, it can be seen that at the flame zone the temperature values obtained with the LES simulations are around 2500 K. The term ωY C represents the reaction zone, which is mostly inside the injector. The OH species mass fraction gives the location of the OH molecules, which are important for the Laser-Induced Fluorescence model and OH concentration appears to be higher in the flame zone.

The total population of OH molecules is represented in Fig. 4.23. However, not all these molecules are in the energetic level of interest. Only the molecules in the X 2 Π(v = 0) energetic level absorb photons from the laser. To compute the number of molecules in this state, the Boltzmann fraction needs to be known. The Boltzmann fraction is lower in the flame zone, where temperatures are very high. This happens because as temperature increases, the population of higher energy states increases at the expense of the population of lower states. The number of excited molecules n 1 is also represented in Fig. 4.24. It is observed that the population of excited OH molecules is lower than the total population by two orders of magnitude. Inside the flame, the number of molecules that are able to absorb a photon is around n 1 = 2.5 × 10 21 molec • m -3 . The time-averaged values of OH molecules population allows to see that the higher concentration of OH is found inside the flame.

The absorption coefficient is represented in Fig. 4.25. As expected, the absorption coefficient is larger in the flame zone where the OH excited molecules appear. Some spots of high absorption coefficient appear in the flame front. The absorption coefficient values are high inside the flame, around 100 m -1 . The high absorption coefficient will impact the laser sheet, since high absorption coefficient imply an important loss of the laser intensity and, hence, of the fluorescence signal. The collisional quenching rate is represented in Fig. 4.26. Quenching is higher at the reaction zone, where temperature is lower. This parameter also affects the fluorescence signal, the higher the quenching, the lower the fluorescence signal.

The laser initialization and the evolution of the laser sheet though the media are represented in Fig. 4.27. In reality, the laser sheet enters the combustion chamber by the upper part as it is represented in Fig. 4.9, which corresponds to the left side in Fig. 4.27. The laser sheet is only represented for a window corresponding to the camera frame. The laser sheet intensity is represented in Fig. 4.28(a). It can be seen that laser slightly loses intensity far from the flame since the OH population and the absorption coefficient are very low. However, once the laser sheet encounters the flame front, the laser intensity decreases drastically, which is caused by a high absorption coefficient in the flame. In Fig. 4.28(b), the loss of intensity of the laser beam is represented. The laser intensity loses more than 25% of its power after passing through the flame front, and at the end only a 3% of the laser intensity remains. This significant loss of intensity is going to directly impact the fluorescence signal.

The fluorescence signal is represented in Fig. 4.29 and compared to the experimental signal. The comparison cannot be quantitative since the units are not the same. The fluorescence signal is very high at the left front flame, that is, the side by which the laser enters the combustion chamber because the intensity of the laser is still very high. However, due to the high absorption, it decreases drastically right after the flame front. The impact of the loss of intensity is clearly visible.

Loss of fluorescence signal is linked to the loss of the laser intensity which, in turn, is due to the absorption of energy by the OH molecules. Such high levels of absorption can be due to two factors: the high flame temperature or the high concentration of OH.

Effect of temperature in the absorption coefficient

The temperature field at the HERON combustion chamber is represented in Fig. 4.22. It can be seen that temperatures are very high in the flame zone. Experimentally, in order to compute the OH species molar fraction the flame temperature needs to be used. However, they do not have direct access to this measurement. In order to compute the species concentration, the flame temperature is assumed to be the adiabatic temperature of the flame at the corresponding operating conditions, which is 2170 K [START_REF] Malbois | Analyse expérimentale par diagnostics lasers du mélange kérosène/air et de la combustion swirlée pauvre prémélangée, haute-pression issue d'un[END_REF]. Since there is an important difference between the value taken by the experimental team to compute the OH species molar fractions and the numerical values, the impact of this value on the temperature field needs to be known.

The absorption coefficient as a function of temperature, is represented in Fig. 4.30. This value has been computed at 8.33bar and with a determined population of OH molecules of n 1 = 3.0 × 10 21 molec • m -3 . It can be seen that the absorption coefficient has a rapid increase with temperature up to 750 K, however, it decreases gradually as the temperature increases. Moreover, the difference in the absorption coefficient between 2000 K and 2500 K is around 15 m -1 . Nevertheless, the evolution of the laser intensity for a temperature of 2500 K, with an absorption coefficient k ν = 60 m -1 is represented in Fig. 4.31. It can be seen that, in a 5 cm displacement the intensity loses more than 95% of its intensity. In the HERON combustion chamber, the flame width is around 2 cm, which according to this graph, implies a loss of intensity of around 70%. Considering that in the LES simulations the OH population and the absorption coefficient are higher than this values, the high loss of intensity is not surprising. For this reason, it is also important to evaluate the impact of the OH population on the absorption coefficient.

Effect of OH population in the absorption coefficient

The OH species molar fractions are represented and compared with experimental results for 5 different planes in Fig. 4.32. In this figure, it can be seen that there are important differences between the experimental and the numerical results. For instance, the concentration of OH is twice higher in the numerical simulations than in the experimental case for the first two planes. This difference is reduced downstream, where there is only a factor 1.5 between experimental and numerical results. The absorption coefficient as a function of temperature at 8.33 bar for different values of OH population n 1 is represented in Fig. 4.33. In this figure, it can be seen that the absorption coefficient increases with the OH population. For instance, for a temperature of 1000 K, k ν can vary from 20 m -1 to 180 m -1 for one order of magnitude of OH population. Even though this disparity is less important at high temperature, the absorption coefficient is highly affected by the concentration of OH.

Fluorescence signal after scaling the population

In the HERON combustion chamber, the OH population is the parameter that makes the absorption coefficient to be so important. For this reason, simulations have been carried out in which the population of OH has been readjusted so that it corresponds to the experimental one. Two new populations were tested:

• n 1 = n 1 /1.5 • n 1 = n 1 /2.0

These re-scaling factors were chosen from the OH concentration from Fig. 4.32, because it was observed that experimental values were between 2 times and 1.5 times lower than the numerical values. The objective now is to verify that with these populations the fluorescence signal is well obtained.

The new OH population of excited molecules is represented for a population n 1 = n 1 /1.5 in Fig. 4.34. It can be seen how the absorption coefficient has decreased, going from around 100 m -1 in the flame to 75 m -1 . Again, the laser is greatly absorbed at its first encounter with the flame front, however, at the end of its passage through the medium, the laser still retains 10% of its intensity, see Fig. 4.35. The fluorescence signal is represented in Fig. 4.36. The fluorescence signal maximum value is lower than in the previous case, since there was less absorption, but there is fluorescence signal all over the flame.

Results for the population n 1 = n 1 /2.0 are represented in Fig. 4.37. The absorption coefficient is even more reduced in this case, with a k ν ≈ 60 m -1 at the flame. In Fig. 4.38 the evolution of the laser sheet as it passes through the media is represented. The laser keeps 24% of the laser intensity at the end of its passage through the flame. Again, the fluorescence signal maximum value decreases, but overall the variation of the fluorescence signal in space is improved compared to the experimental fluorescence images, see Fig. 

Conclusion

A two-level Laser-Induced Fluorescence model was developed. In this model, LIF is considered to be a two-step process. First, the OH molecules are excited to an excited energy state by the absorption of photons from a laser beam. After, the molecules in the excited state go back to the ground energy state via a radiative (fluorescence) or a non-radiative (collisional quenching) pathways. In the radiative process, i.e. the energy is released by the emission of photons. The number of photons emitted per unit time represents the fluorescence signal. The variables needed to compute the fluorescence signal, such as the absorption coefficient and the collisional quenching are directly computed in simulations. The laser sheet is modeled by using the forward ray tracing approach. The laser is discretized in packets of photons that are followed along their trajectory through the medium.

The model was firstly implemented to a simple 2D bunsen configuration and it was validated for two combustion modeling approaches: the detailed chemistry and the tabulated chemistry approaches. Finally, it was applied to the HERON combustion chamber. These simulations showed that the absorption coefficient at this operating conditions is very important. Because of the high values of absorption, the laser intensity decreases significantly after passing through the flame front. This loss of intensity directly impacts the fluorescence signal. In fact, fluorescence signal is very high at the flame front, but it is strongly reduced afterwards, being almost zero on the other flame front.

The effect of flame temperature and OH molecules population was analyzed. It was showed that while temperature reduced the absorption coefficient, the excess of OH population entail an increase in the absorption coefficient. For this reason, a rescaling of the OH molecule population was done based on the experimental results. By doing the rescaling, the absorption coefficient was reduced and the fluorescence signal was higher.

The fluorescence signal could be compared to the experimental results. There are some differences between the fluorescence signal obtained with the numerical simulation and in the experience. However, since this is a very simplified model, these results are encouraging. CHAPTER 5 Conclusion and future works

Conclusion

The current study was performed as part of the PERCEVAL industrial chair supported by SAFRAN Tech and the Agence Nationale de la Recherche (ANR). The objective was to study the combustion resulting from new aeronautical injector architectures and to study the effect of pressure on the injection and fuel-air mixture properties. A new Lean-Premixed injector, designed and supplied by SAFRAN Helicopter Engines, was studied. Its performances under relevant pressure and temperature conditions for engine operations were investigated at the HERON combustion chamber. The efficiency of the engine is improved by an increase in combustion pressure, however, it also influences other important parameters:

• the laminar flame speed and the laminar flame thickness decrease with pressure • the quality of atomization is improved and the evaporation rate increases

• NOx emissions increase while CO emissions decrease

The industrial chair combines detailed experimental studies using advanced laser diagnostics and high-resolution Large-Eddy Simulations. State-of-the-art optical diagnostics were implemented to study the LP injector. Flow dynamics was characterized thanks to PIV measurements. Besides, simultaneous OH-PLIF, kerosene-PLIF and NO-PLIF laser diagnostics were applied. The OH-PLIF was used to characterize the flame structure, the kerosene-PLIF allowed to study the kerosene-air mixing and the NO-PLIF served to analyze the formation of pollutants. More recently, the spray droplet properties were evaluated thanks to the PDA technique. This set of experimental measurements was used to create a unique extensive database that could be used to validate the Large-Eddy Simulations.

The current study focused on the Large-Eddy Simulations of these experimental tests with the YALES2 code. Simulations were carried out for one operating condition at which the air was preheated to 670K and the pressure was 8.33 bar. Combustion was modeled by the tabulated chemistry approach and the two-phase flow was described by the Euler-Lagrange approach. Because of the lack of experimental data on the spray properties at the beginning of the project, a parametric study was carried out to evaluate the impact of the spray characteristics on the flame performances. The aerodynamic flow field presented typical characteristics of swirled flows and was slightly affected by the spray characterization. The flame presented two different topologies. It was shown that the quality of atomization had a strong impact on the flame characteristics. On the one hand, the production of small droplets led to fast evaporation, which created localized rich zones. In these rich zones, combustion occurred in a non-premixed regime. Moving downstream, the recirculation zone helped the mixing between the kerosene and the burnt gases. Then, combustion changed to premixed and partially premixed regimes. In these conditions, the flame anchoring point was located inside the injector and the flame presented a compact shape. On the other hand, large droplets needed more time to evaporate and the spray arrived further downstream. Combustion occurred completely in the combustion chamber in premixed and partially premixed regimes. The flame was anchored to the injector nozzle and presented a V-shape.

The aerodynamic profiles were compared to the experimental data in reacting and non-reacting conditions. Time-averaged axial and radial velocity profiles showed that the flow aerodynamics was accurately captured. Besides, OH and kerosene concentrations were compared to experimental results. The OH and kerosene distributions in the combustion chamber were properly captured. However, some differences appeared in species concentration values. Finally, a comparison of the spray characteristics was also performed. It was shown that despite the lack of experimental data at the beginning of this study, a well-detailed spray characterization was achieved. Droplet sizes were perfectly captured for one of the distributions used.

Moreover, a model enabling the simulation of Planar Laser-Induced Fluorescence signals was developed to be able to directly compare raw fluorescence images obtained experimentally with numerical results. From the LES simulations, temperature and species populations can be directly obtained. These variables are used to compute the fluorescence parameters, such as the absorption coefficient and the collisional quenching. The intensity variation of the laser sheet propagation is calculated thanks to the Forward Ray tracing approach. The model was validated in a 2D bunsen flame and then applied to the HERON combustion chamber. The evolution of the laser intensity as it is transported in the flame was analyzed. It was shown that an excess of OH population can lead to excessive absorption of the laser energy. This excess of absorption then modifies significantly the fluorescence signal, indicating that the laser intensity is too attenuated in the flame. Besides, it was shown that if the "correct" OH population was calculated with LES, the fluorescence signal could be well captured. Despite the simplicity of the two-level method, the coupling of LES results with the PLIF model shows promising features for the future. This coupling will undoubtedly support our understanding and the accurate prediction of complex flow phenomena and interaction mechanisms occurring in the combustion chamber.

Prospect

Further modeling challenges of the HERON combustion chamber

These numerical simulations were performed for a single operating condition. However, the experimental database contains a large set of results for different operating conditions. For instance, it was observed that the flame was more compact and shorter at high pressure. Also, that a better atomization improved the combustion efficiency. However, this assumption could not be confirmed until now because the study of the droplet size distribution was not done yet. Numerical simulations could provide more details about combustion performances and what kind of interaction mechanisms are developed inside the injector. Also, it would be interesting to perform simulations for pressures below 4 bar since the flame could present another topology. If this phenomenon could be reproduced numerically, some insights into the flame behavior could be deduced.

Despite the lack of the droplet size distribution at the beginning of this study, thanks to the parametric study, it was found that distribution D3 accurately reproduced the experimental results. Therefore, it would be interesting to perform again the simulations of this distribution using now a detailed chemistry approach. The use of a detailed mechanism containing more species could improve the numerical results on species concentrations. If OH species molar fraction results were better, the numerical fluorescence signals would be enhanced. For instance, an analytically reduced mechanism such as the one developed by Jaravel [START_REF] Jaravel | Prediction of pollutants in gas turbines using large eddy simulation[END_REF] could be used. This mechanism was developed for the combustion of n-dodecane as a surrogate of aviation fuel. It contains 27 transported species and contains a NOx sub-mechanism. Besides, it was derived for working at high pressure and temperature. Moreover, some other improvements could be coupled with the detailed chemistry simulations to increase the predictivity of high-pressure combustion:

• Multi-physics. Radiation could be considered. The radiative properties of the combustion species, as well as the radiative properties of the combustion chamber walls, would be taken into account. It would allow verifying how the radiation would affect the flame properties in these operating conditions and for this kind of configuration. For instance, Boulet [START_REF] Boulet | Caractérisation d'une torche de certification à la tenue des carters de moteurs d'hélicoptères[END_REF] observed that the flame temperature decreased and its position changed and that the kerosene droplets evaporation was faster.

• Cost reduction of the simulations. At high pressure, the flame thickness decreases, therefore, to be able to completely solve the reaction zone, very fine meshes or thickening models are needed. To overcome this drawback, dynamic mesh adaptation could be applied. This method allows for having a finer mesh in the region of interest, tagged based on user-defined criteria, and a coarser mesh elsewhere. For instance, in combustion, the flame front can be tracked, which enables to refine only the reaction zone. Then, a better-suited mesh with fewer cells can be used. With this methodology, a better tradeoff between precision and cost is obtained [START_REF] Bénard | Mesh adaptation for large-eddy simulations in complex geometries[END_REF].

• Other species comparisons. With a suitable model capable of reproducing the NOx formation mechanisms, a quantitative comparison between numerical and experimental results could be done. For instance, Jaravel's scheme contains this sub-mechanism. Since the two-level method applies to the NO molecule, the simulated fluorescence signals could be compared to the experimental results available in the Ph.D. thesis of Salaün [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF].

Finally, a detailed CFD study of the primary atomization could be carried out thanks to the use of the dynamic mesh adaptation. In this case, the mesh is refined in the liquid/gas interface. This approach has been already applied to a jet-in crossflow [START_REF] Leparoux | Primary atomization simulation applied to a jet in crossflow aeronautical injector with dynamic mesh adaptation[END_REF]. This is a very innovative method and a promising solution for the study of complex geometry injectors. This study would allow confirming the spray parameters chosen in this work and it would bring detailed insights into the primary and secondary-breakup in this type of injectors.

Improvements to the two-level method for Laser-Induced Fluorescence modeling

The model developed during this study to simulate Laser-Induced Fluorescence is a simple model that can be used as a first approach to compare with experimental results. Nevertheless, some improvements can be added to obtain a more reliable model:

• A multi-level fluorescence model would be a benefit to obtain a better description of the coupling of the laser beam with the different transitions of the molecule and the redistribution of energy (vibrational and rotational) in the excited state.

• In this study, in order to compute the Boltzmann fraction, the Born-Oppenheimer approximation was used, which allowed to divide the energy into separable modes. However, to obtain more accurate results, the rigorous definition could be applied: n 1(n,v,Σ,J,Λ) n total = (2J + 1) exp -hcE(n , v , Σ , J , Λ ) kT

(n,v,Σ,J,Λ) (2J + 1) exp -hcE(n , v , Σ , J , Λ ) kT .

(5.1)

• This model could be applied to other molecules (NO, CO, CH, C2,...). To do that, it would be needed to have:

-The corresponding Einstein coefficient for the specific probe molecule -The equation used to predict the effective cross-section in the computation of collisional quenching, together with the constant values.

For instance, this fluorescence model could be applied to the NO molecule by using the collisional quenching parameters from [START_REF] Paul | Correlations for the NO A2X+ (v'=0) electronic quenching cross-section[END_REF]. Simulations could be coupled to the experimental results obtained by Salaün [START_REF] Salaun | Étude de la formation de NO dans les chambres de combustion haute pression kérosène/air par fluorescence induite par laser[END_REF] for obtaining a better understanding of the different chemical mechanisms at the origin of the NO production.

Despite the complexity of kerosene species, the model could be suitable for kerosene-PLIF by considering kerosene as a one optical molecule, where the dependencies of the absorption coefficient and fluorescence signals with temperature, pressure and species composition are well known [START_REF] Malbois | Analyse expérimentale par diagnostics lasers du mélange kérosène/air et de la combustion swirlée pauvre prémélangée, haute-pression issue d'un[END_REF][START_REF] Malbois | Quantitative measurements of fuel distribution and flame structure in a lean-premixed aero-engine injection system by kerosene/oh-plif measurements under highpressure conditions[END_REF].

• In this study, only two energy transfer processes were taken into account, spontaneous emission, and collisional quenching. However, other processes can be significant in particular conditions, for instance, dissociation or ionization. A method for integrating these different mechanisms to refine the results could be developed.
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 330331332333334335336337 Figure 3.30: Droplet mean diameter (D 10 ) of the spray at z/D = 0.04 for distribution D1 (a), D2 (b), D3 (c) and D4 (d)
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  the Voigt "a" parameter, sometimes called broadening parameter. It indicates the relative importance of Doppler and Lorentzian broadening and increases with collisional broadening, -dimensional line position, or detuning parameter, w. It measures the distance from the linecenter, linecenter magnitude, g D (ν 0 ), which corresponds with the magnitude of Eq. 4.76 at ν = ν 0 , g D (ν 0 ) L /∆ν D = 0.20 Voigt, ∆ν L /∆ν D = 0.40 Voigt, ∆ν L /∆ν D = 0.60 Voigt, ∆ν L /∆ν D = 0.80
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  2 , (4.45) where Y v is a model parameter given in Tab. 4.5.

	A 2 Σ +	T e	ω e	ω e x e
		32682.0	3184.28	97.84
			B v	D v
		v = 3 v = 2 v = 1 v = 0	14.422 15.287 16.129 16.961	0.206 ×10 -2 0.208 ×10 -2 0.203 ×10 -2 0.204 ×10 -2
	X 2 Π	T e	ω e	ω e x e
		0.0	3735.21	82.21
		B v	D v	Y v
	v = 3 16.414 0.182 ×10 -2 v = 2 17.108 0.182 ×10 -2 v = 1 17.807 0.182 ×10 -2 v = 0 18.515 0.187 ×10 -2	-8.568 -8.214 -7.876 -7.547
	Table 4.5: OH term energy constants [cm-1], from Hanson [77]

through spontaneous emission the fluorescence signal would be defined as:

In this equation:

• n 2 is the number of molecules in the excited state in #/m 3 ,

• V is the volume element, or control volume, in m 3 ,

• A 21 is the Einstein coefficient for spontaneous emission, or fluorescence rate, which is a measure of the probability of emission of light by an atom or molecule, in s -1 ,

• Ω/4π is the fraction collected, where Ω is the solid angle of collection, calculated from the focal lens (diameter and position) used to collect fluorescence signal on the detection system.

Of all these variables needed to compute the fluorescence signal, A 21 is a coefficient that is tabulated for different transitional bands as functions of the rotational branch, the collection fraction Ω/4π is given by the properties and the set-up of the camera and V is given by the control volume. Therefore, the only variable that need to be modeled is n 2 . The population in the excited state is defined as:

The process to arrive to this definition will be discussed in Secs. 4.3 -4.3.2. In this equation new terms appear that need to be defined:

• n 1 is the number of molecules in the ground state that will absorb a photon in #/m 3 . It will be detailed in Sec. 4.5.

• I ν is the laser intensity at frequency ν in W/(m 3 • s -1 ). The modeling strategy of the laser intensity variation accross the medium will be developed in Sec. 4.6.

• B ρ 12 is the Einstein coefficient for induced absorption, which is a measure of the probability of absorption of a photon by an atom or molecule, in m 2 /(J • s). Again, this is a tabulated coefficient. The relationships between the A 21 and B ρ 12 coefficients is given in Sec. 4.3.1.

• Q 21 is the quenching of fluorescence. Quenching is a non-radiative process, where the molecule of interest, e.g. OH, has inelastic collisions with other molecules. These inelastic collisions produce rotational, vibrational and electronic energy transfers. Its computation will be discussed in Sec. 4.4.

Einstein theory of radiation

Einstein introduced the concept of spontaneous and stimulated emission, with rates characterized by the A and B coefficients [START_REF] Einstein | On a heuristic point of view about the creation and conversion of light[END_REF][START_REF] Kleppner | Rereading einstein on radiation[END_REF]. A photon may be captured (absorbed) or released (emitted) in three different ways, by spontaneous emission, stimulated emission and resonant absorption. Some coefficients are associated to these transitions which have to be calculated from quantum mechanics. Let's consider there are n 2 molecules in the excited (higher energy) state 2, and n 1 in the non-excited (lower energy) state 1. The difference in energy between the two states is given by