The research presented in this PhD thesis aims to increase the understanding of the effect of controlled transverse plane acoustic standing fields on the atomization process in a relatively dense atmosphere providing experimental data and developing acoustic analytical models for the acoustic radiation pressure and the acoustic radiation force. This research contributes to the research strategy on combustion instabilities in liquid rocket engines (LRE) in the frame of CNES Liquid Propulsion R&D program. For the experiments, coaxial air/water jets were injected in a pressurized parallelepiped cavity where a high amplitude transverse acoustic standing field at a frequency ∼ 1kHz is forced internally by four loudspeakers. The air ambient density is modified by changing the cavity pressure. The coaxial injection was characterized by diffuse back-illumination (DBI) visualizations in two perpendicular directions with two synchronized high-speed (∼ 1kfps) cameras. Visualizations in the plane containing the acoustic axis and in the wave plane allow observing phenomena such as the jet flattening or jet/spray deviation. In parallel with experiments, three acoustic models of the radiation pressure and radiation force were developed to help analyze the liquid jet flattening and deviation under acoustics. The first approach introduces a semianalytical model for evaluating the radiation pressure on objects of non-circular crosssections to evaluate the modification of acoustic effects with the geometry change. The second introduces a model to compute the liquid object deformation by coupling the surface tension law with the radiation pressure model to determine the acoustic energy needed to produce a desired liquid deformation state. A third model is developed to determine the acoustic interaction between spherical objects to quantify the distance from which droplets in a spray start to interact acoustically. Comparison of model and experiments showed a perfect agreement indicating that the radiation pressure and radiation force effects are the main physical mechanisms responsible for the jet flattening and deviation regardless of the jet/ambient relative density.
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Résumé

La recherche présentée dans cette thèse de doctorat vise à accroître la compréhension de l'effet d'un champ acoustique stationnaire plan sur le processus d'atomisation dans une atmosphère relativement dense en fournissant des données expérimentales et en développant des modèles analytiques acoustiques pour la pression de radiation acoustique et la force de radiation acoustique. Cette étude contribue à la stratégie de recherche sur les instabilités de combustion dans les moteurs-fusées dans le cadre du programme de R&D CNES en Propulsion Liquide. Pour les expériences, des jets coaxiaux air/eau ont été injectés dans une cavité parallélépipédique pressurisée au sein de la quelle un champ acoustique transverse stationnaire de haute amplitude à une fréquence ∼ 1kHz est forcé à l'aide de quatre haut-parleurs. La densité de l'air ambiant est modifiée en changeant la pression dans la cavité. L'injection coaxiale a été caractérisée par des visualisations par imagerie en fond diffus dans deux directions perpendiculaires avec deux caméras rapide (∼ 1kfps) synchronisées. Des visualisations dans le plan contenant l'axe acoustique et dans le plan d'onde permettent d'observer des phénomènes tels que l'aplatissement du jet ou la déviation du jet/spray. Parallèlement aux expériences, trois modèles analytiques de la pression de radiation acoustique et de la force de radiation acoustique ont été développés pour aider à analyser l'aplatissement et la déviation du jet de liquide par l'acoustique. La première approche introduit un modèle semi-analytique pour évaluer la pression de radiation sur des objets à sections transversales non circulaires afin d'évaluer la modification des effets acoustiques avec le changement de géométrie. La seconde introduit un modèle pour calculer la déformation d'un objet liquide en couplant la loi de tension superficielle avec le modèle de pression de radiation pour déterminer l'énergie acoustique nécessaire pour produire un état de déformation donné. Un troisième modèle est développé pour déterminer l'interaction acoustique entre des objets sphériques afin de quantifier la distance à partir de laquelle les gouttes dans un spray commencent à interagir acoustiquement. La comparaison du modèle avec des expériences a montré un accord parfait indiquant que les effets de la pression de radiation et la force de radiation sont les principaux mécanismes physiques responsables de l'aplatissement et de la déviation du jet quelle que soit le rapport relatif de densité entre le liquide et le mileu ambiant. LMDE and (a) Ariane liquid engines [START_REF] Anderson | Liquid Rocket Engine Combustion Instability[END_REF]. . . . . 1.3 Acoustic modes configurations relative to the injection axis [START_REF] Caceres | Impact of transverse acoustic modes on a linearly arranged two-phase flow swirling flames[END_REF]. 1.4 Baseline injector face before and after combustion instability (illustrations taken from [START_REF] Oefelein | Comprehensive review of liquid-propellant combustion instabilities in F-1 engines[END_REF]. . . . . . . . . . . . . . . . . . 1.5 Thermoacoustic instabilities mechanism influence loop [START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF]. [START_REF] Carpentier | Behavior of cylindrical liquid jets evolving in a transverse acoustic field[END_REF]. . . . . . . . . . . . 2.8 Coaxial jet water/air behaviour for differents two-phase flow regimes under transverse acoustic standing fields at a pressure node. P ac is the acoustic pressure [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF]. . . . . . . . . . . . . . . . . . . . . xiv 2.9 Multi-point injection visualization of a coaxial jet water/air for Re l = 2000 and We g = 9 under transverse acoustic standing fields at a pressure node. PAN the pressure anti-node, VAN the pressure node (velocity anti-node) and IAN (intensity anti-node) the middle position between PAN and VAN (Ficuciello et al., 2017). . . . . . . . . . . . . . . . . . . . . 2.10 Consecutives high-speed shodowgraph frames of a liquid jet (a) and a coaxial jet (b) of liquid nitrogen LN 2 assited injected in a pressurized cavity under operating conditions of subcritical (P ch ≈ 1.5MPa), near critical (P ch ≈ 3.5MPa) and supercritical (P ch ≈ 4.9MPa) with and without acoustics(ON and OFF) [START_REF] Chehroudi | Interaction of acoustic waves with a cryogenic nitrogen jet at sub-and supercritical pressures[END_REF]Davis and Chehroudi, 2006) 
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2.1 Dimensionless radiation force F * rad formulas found in the literature for cylindrical or spherical objects for different boundary condition and acoustic configuration. F * rad = F rad (D 0 /2) ν P ; D 0 is a circular diameter; α = 1 2 kD 0 ; ν = 1 for cylinders and 2 for spheres; P = ρ 0 c 0 k 2 is the mean volumetric energy; h is the object center in the acoustic field; η = ρ 0 ρ 1 where ρ 1 and ρ 0 are the density of the object and the surrounding fluid, respectively; c * = c 0 c 1 where c 1 and c 0 are the sound speed of the object and the surrounding fluid, respectively. Note that the formulas concerns to the case Engines Vulcain 2 and HM7B operate by consuming the stored cryogenic comburant LO X and cryogenic fuel LH 2 . In their working operation, they cross different pressures, from the ground ignition at atmospheric pressure until standard operation under oxygen transcritical pressure for Vulcain 2 and subcritical for HM7B (see Fig. 1.1). LO X and LH 2 flow is forced by turbopump action. In these engines, propellants are injected into the combustion chamber by means of coaxial injectors. Coaxial injection refers to elements in which a jet of one propellant is injected into the combustor surrounded by an annular jet of the other (see Fig. 1.2(a)). Other injectors used in LRE are impinging jets and pintle injectors used for the American F-1 and the lunar module descent engine (LMDE) (see Figs. 1.2(b) and 1.2(c)). In coaxial injectors used in the Ariane launcher, the fuel (LH 2 ) is heated up over its critical temperature (33 K for H 2 ) and injected into the chamber. Depending on the chamber pressure, the fuel is in the gas phase or the supercritical phase. The comburant (LO X ) is injected below the critical temperature (155K for O X ). Under the engine operation, the comburant is in the liquid phase at the ignition point, then at the transcritical phase for the Vulcain 2 operating condition, and liquid for HM7B. Thus, the oxygen sees different physical behavior under its operation. At the ignition condition for the Vulcain 2 and during the whole HM7B operation, gas or supercritical assisted liquid-jet should be observed, implying jet atomization, spray formation, and evaporation phenomena. In the future, mastering of engine stability over their whole operating domain will be an even bigger challenge, as reusable engine will be throttable and will have to operate over a wide operating range, including stable operation in both liquid and transcritical or supercritical injectors for the same injector. High frequency instabilities can drastically damage the engine and in the worst case, lead to engine destruction.

Combustion instabilities

Combustion instabilities in solid and liquid propellant rocket engines were detected roughly in late 1930 almost at the same time. Since then, these instabilities have been detected in almost all new rocket propulsion systems. They were also observed in aircraft systems such as afterburners and ramjets and in power generating systems, particularly in the configuration of lean-burn combustor technology [START_REF] Culick | Shear-coaxial jets from a rocket-like injector in a transverse acoustic field at high pressures[END_REF]. Combustion instabilities are classified into three kinds according to [START_REF] Barrere | Comparison of combustion instabilities found in various types of combustion chambers[END_REF] which are briefly presented hereafter. In this thesis, only the third class is considered.

1 Intrinsic instabilities: Inherent to the reactants and independent of the chamber properties. They can, for instance, depend upon combustion kinetics. This means that the equations representing the combustion kinetics exhibit unstable solutions.

2 System instabilities: are related to the processes taking place in the chamber and those outside the system. They appear at low frequencies, called "chugging". They are related to the thrust fluctuation arising from the coupling of the chamber pressure fluctuation with the propellant supply system. The system instabilities are produced at low frequency and are characterized by the longitudinal acoustic modes excitation (≈ 10Hz) (see Fig. 1.3). At this frequency, it is also found the POGO instabilities. They come from the coupling between the propulsion system and the longitudinal natural vibrations of the vehicle structure.

3 Combustion chamber instabilities: are characterized by the coupling between acoustics and combustion. The frequency of such waves is conditioned by the chamber geometry and the speed of sound. Longitudinal modes can develop in the direction of the injection axis of the chamber at frequencies of a few hundred Hertz. In addition, high frequency (HF) instabilities in the range of 1 to 10kHz may also occur, stimulating transverse or radial or azimuthal modes.

In LRE, the acoustic direction is defined with respect to the injection axis as shown in Fig. 1.3. Longitudinal modes: the acoustic axis is parallel with the injection axis (≈ 10Hz). Transverse modes: the acoustic axis is perpendicular to the injection axis (≈ 1kHz). Azimuthal modes: the acoustic field rotates around an axis parallel with the injection axis or the central combustion axis (≈ 1kHz). For annular chambers, the azimuthal modes can be modeled as a uni-dimensional plane wave on the linearized circular combustion chamber where the consideration of transverse is applicable. Radial modes: The acoustic field spreads radially to the injection axis (≈ 1kHz). FIGURE 1.3: Acoustic modes configurations relative to the injection axis [START_REF] Caceres | Impact of transverse acoustic modes on a linearly arranged two-phase flow swirling flames[END_REF].

LRE are particularly sensitive to combustion instabilities due to their high heat release rate per unit volume (roughly 10 to 50 GW/m 3 ) observed in chambers where losses are relatively low. This characteristic favors acoustic excitation and large selfsustained oscillations [START_REF] Oefelein | Comprehensive review of liquid-propellant combustion instabilities in F-1 engines[END_REF]. Mainly, the instabilities observed in liquid rocket engines are the system instabilities and the combustion chamber instabilities. According to [START_REF] Oefelein | Comprehensive review of liquid-propellant combustion instabilities in F-1 engines[END_REF] the HF instabilities are the most harmful for liquid rocket engines compared to the chugging instabilities due to the higher damping of the low frequency produced by the exhaust nozzle exit. The HF instabilities perturb the physical and chemical processes near the injector face changing the conditions at the combustion chamber walls in terms of mechanical stress and temperature of the propulsion system. These instabilities were characterized by peak pressure amplitudes greater than or comparable to the average pressure where the standard operating average pressure is of the order of 80 MPa [START_REF] Oefelein | Comprehensive review of liquid-propellant combustion instabilities in F-1 engines[END_REF]. Consequences are highly devastating as they reduce the engine performance or even they destroy the combustion chamber. A clear effect of the devasting damage on the injector face is shown in Fig. 1.4(c).

A considerable effort was realized in the Apollo program to remove those HF instabilities in the 70s. Passive control technics were used to solve the problem by adding baffles on the injector face (see Fig. 1.4(b)) in order to dissipate the transverse or azimuthal acoustic wave occurring near the injectors where liquid propellant atomization occurs. However, some sporadic pressure waves were also detected. Baffles implementation does not stop the acoustic modes from being established downstream, influencing upstream flow conditions. A synthesis work was produced by gathering studies from a series of NASA and Air-Force sponsored programs in the form of a reference text Liquid propellant rocket combustion instability (Harrje and Reardon, 1972). A second important step was done by the production of the textbook Liquid Rocket Engine Combustion Instability [START_REF] Anderson | Liquid Rocket Engine Combustion Instability[END_REF] covering results of more than 50 worldwide experts in the field in 1993. This publication is always currently used as a reference text. [START_REF] Souchier | Propulsion systems for Ariane 1 to Ariane 4 -A continuous evolution[END_REF]. The latest failure on the Ariane program was reported in 2002 due to the degradation of Aestus second stage engine (N 2 O 4 /MMH) by combustion instabilities, already highlighted during tests in 1999 [START_REF] Dutheil | ARIANE 5 upper-stage ignition conditions improvement, and return to operation with "Envisat" payload[END_REF]. In that context, the French-German network REST (Rocket Engine STability) was created in 2000 to foster international exchanges [START_REF] Hardi | High frequency combustion instabilities in liquid propellant rocket engines: research programme at DLR Lampoldshausen[END_REF]. It continues to produce actual results and to organize workshops regularly. The group includes most current major contributors in France and Germany, such as CNES, CNRS, Airbus DS, Safran, DLR, etc. LRE combustion instabilities have been studied widely in several laboratory-scale experiments and simulations by researchers in the network REST. This huge effort have led to a substantial understanding on the triggering and settlement of HF instabilities. However, a big testing effort is still needed in the frame of LRE development by means of extensive test campaigns aimed at evaluating the engine stability by extensive tests in the whole engine operating domain and beyond, or by additional destructive tests using artificial perturbations like pyrotechnic devices to emulate the triggering of HF instabilities in order to quantify instabilities damping. The combustion instabilities are a current research topic that emphasizes on Physico-chemical mechanisms susceptible to be perturbed by acoustic waves involved in combustion instabilities. Such mechanisms are the liquid jet injection, atomization, droplet fragmentation, droplet evaporation, turbulence, injection domes coupling, and heat release.

Fundamental processes in combustion instabilities

The combustion is an unstable diffusive physical mechanism where the reaction zone or combustion layer leads to turbulence which causes an intense convective mixing of the gas as demonstrated analytically by [START_REF] Landau | On the Theory of Slow Combustion[END_REF]. Thus, the propagation of combustion is controlled by turbulent convection processes. The turbulence produces flow oscillations causing the heat release rate fluctuations. Such heat release rate oscillations can act as an acoustic source feeding the acoustic modes of the combustion liner. As stipulated by [START_REF] Strutt | The Explanation of certain Acoustical Phenomena[END_REF], a heat release rate-acoustic coupling can be produced when the acoustic energy produced by the oscillation of the heat release rate q acts in a region at a given time where the pressure oscillation p are maximum, i.e. q and p are in phase. This is called the Rayleigh criterion. Such criterion is used to detect the combustion instability identified by the heat release rate fluctuations. The Rayleigh criterion formally indicates that the combustion is locally unstable if:

R local = 1 T ˆT 0 p q dt > 0 (1.1)
where T is a very long time. The stability can vary over the space creating regions of instabilities and stables zones. A criterion to compute the global stability in a combustion chamber is obtained by considering the volumetric average of R local :

R global = 1 V ˆV R local dV > 0 (1.2)
where V is the chamber volume. This criterion gives the necessary condition to qualify the system whether it is stable or not. However, this alone is not sufficient to describe the combustion instabilities. Because to produce and maintain combustion instabilities, it should also be verified that the acoustic energy from q is higher than the acoustic energy dissipation produced by the surface acoustic flux and the system intrinsic dissipation.

A low order approach widely used by combustion chamber constructors to determine combustor stability is the time lag nτ formulated by [START_REF] Crocco | Aspects of Combustion Stability in Liquid Propellant Rocket Motors Part I: Fundamentals. Low Frequency Instability With Monopropellants[END_REF]. The approach was developed for liquid rocket engines applications. The time lag comes from the idea that the different mechanisms such as atomization, mixing, and combustion take a particular time τ. The model nτ assumes that the heat release rate fluctuations are linearly proportional to the reduced pressure oscillations with respect to the ambient pressure with n the proportionality coefficient. Generally, this theory expresses the linear system stability in terms of flow regimes, which mainly drive the heat release rate. However, this can not explain the lead mechanism leading to combustion instabilities.

The problem is that pressure oscillations can also change the flow conditions capable of implicitly changing the combustion conditions. A loop showing the intervening mechanisms in the thermoacoustic instabilities in LRE is shown in Fig. 1.5. A first mechanism was highlighted from the Rayleigh criterion relating to the heat release rate and acoustics. Also, for LRE, pressure fluctuations produced by combustion can boost the acoustic modes of the combustion chamber, disturbing the flow conditions such as liquid fragmentation, aerodynamics, and evaporation. All these processes directly impact combustion. Fluctuating heat release rate, in turn, may play the role of a thermal source that feeds the acoustic waves through the process described by the generalized Helmholtz equation written for reactive media. In this way, a thermoacoustic instability loop is produced, characterized by a source of acoustic energy involved in the acoustic energy balance equation expressed by the Rayleigh term. 

Experimental works on thermoacoustic instabilities in Liquid Rocket Engines (LRE)

Thermoacoustic instabilities in liquid rocket engines can come from several coupling between the pressure fluctuations combined with the chamber acoustic modes perturbing the atomization, the aerodynamics, or the flame. To study the different mechanisms, authors studied separately every involved physical mechanism linked with pressure oscillations.

A first work dealing with the perturbation of atomization by acoustics was done by [START_REF] Miesse | The Effect of Ambient Pressure Oscillations on the Disintegration and Dispersion of a Liquid Jet[END_REF] This study gave experimental proof of the acoustic influence on three parallel cylindrical liquid jets at atmospheric pressure. In this study, the acoustic field was oriented transversally, longitudinally, and azimuthally to the injection axis. The most prominent perturbation was observed for a transverse acoustic field. These results inspired the works of [START_REF] Buffum | The response of a turbulent liquid jet to transverse acoustic fields[END_REF] For this case, the authors characterized the effect of different liquid diameter orifices, flow regimes, liquid specific gravities, liquid viscosities, and acoustic frequencies. The main interest was to determine the jet deviation by acoustics. They proved that an acoustic amplitude over 140dB induces a significant liquid jet deviation. Then, experimental results of [START_REF] Pal | Pressure Oscillation Effects on Jet Breakup[END_REF] gave an important insight on the effect of a transverse acoustic field over a liquid cylinder placed at a pressure node. These authors highlighted that the liquid jet started to deform with a cross-section becoming elliptical under the action of acoustics. As the acoustic level increases, the jet becomes a liquid sheet and then atomizes. The authors tried to explain this phenomenon by considering that the acoustic effect might be considered a transverse air counter-flow at this point. The model developed under this hypothesis could not match the experimental data, showing that a counter-flow does not represent the acoustic field at a pressure node.

The Air Force Research Laboratory (AFRL) developed an experimental bench to characterize a two-phase flow under actual cryogenic LRE conditions. Classical fluids in this application are H 2 /LO X . First, authors at AFRL considered cryogenic liquid nitrogen (LN 2 ) injections into room temperature gaseous nitrogen (GN 2 ), due to the similar properties of GN 2 /LN 2 and H 2 /LO X , see [START_REF] Chehroudi | Initial growth rate and visual characteristics of a round jet into a sub-to supercritical environment of relevance to rocket, gas turbine, and diesel engines[END_REF] The interest was to quantify the liquid jet behavior under different ambient pressure and temperature without acoustic excitation. A strong effort was made to determine the relationship between the atomization parameters as the jet spread angle and the liquid core length with the injectant/ambient density ratio or the reduced pressure ratio with respect to the critical pressure. Then, injections were perturbed by a transverse acoustic mode produced by a piezo-siren capable of generating sound waves with a sound power level up to 180 dB. Ambient pressure operating conditions were chosen to be close to the critical pressure, 1.46, 2.48, and 4.86 MPa by [START_REF] Chehroudi | Interaction of acoustic waves with a cryogenic nitrogen jet at sub-and supercritical pressures[END_REF]. Under acoustic excitation, the liquid jet showed different behaviors depending on the ambient pressure. Under sub-critical conditions, the liquid jet spread perpendicularly to the acoustic axis. However, this effect is not observed in supercritical conditions. The authors concluded that mainly the effect of acoustics is observed when acoustics can impose against the vortex formation around the liquid jet. The same installation was also used to characterize a shear coaxial jet (LN 2 /GN 2 ), and the same experimental procedure was used to quantify the atomization parameters by [START_REF] Chehroudi | The Effects of Pressure and Acoustic Field on a Cryogenic Coaxial Jet[END_REF] For this case, the important parameter is the liquid core length. Similar to the liquid injection, the coaxial jet was not sensitive to acoustics in the supercritical region.

Under the fellowship REST, researchers at the laboratory EM2C studied the cryogenic flame-acoustic coupling of multiple simultaneous cryogenic gaseous methane (GCH 4 ) liquid oxygen (LO 2 ) flames (see [START_REF] Richecoeur | High-Frequency Transverse Acoustic Coupling in a Multiple-Injector Cryogenic Combustor[END_REF][START_REF] Richecoeur | Experimental investigation of high-frequency combustion instabilities in liquid rocket engine[END_REF]. Experiments were carried out at the MASCOTTE experimental test bench of ONERA facilities. The combustor used was designed to produce stable flames and withstand pressures up to 7MPa, surpassing the critical pressure of oxygen (5.04MPa). In this installation, transverse pressure oscillations are produced by a rotatory siren, inducing pressure oscillations of 7% of the chamber average pressure. The combustion chamber allows transverse modes for frequencies superior to 2000 Hz. This experiment aims to evaluate the relation between heat release rate and pressure oscillations at different frequencies. During load points, the frequency is linearly incremented at a rate of 150 Hz.s -1 covering a frequency range between 500 Hz to 3500 Hz. The heat release rate is detected by measuring emissions of the combustion radicals CH * and OH * . Results at the transverse mode excitation showed an enhancement of the flame spread. OH * measurements indicated an increment of the heat release rate in phase with pressure oscillations.

In the same framework, flame-pressure oscillation interactions are studied deeply at the German aerospace laboratory DLR. Two test facilities named combustors BKH and BKD, or simply H and D, were developed to study the thermoacoustic instabilities in near-real LRE conditions. Combustor D was developed to produce stable flames and external actuators forced the acoustic. Combustor H was designed to develop selfsustained combustion instabilities (see [START_REF] Hardi | Review of experimental test cases for modelling high frequency combustion instability[END_REF]. Their particular interest is the cryogenic oxygen-hydrogen (LO x /H 2 ) flames acoustic interaction near-real LRE operating conditions in order to give valuable information for simulations. Combustor BKH has a rectangular cross-section and contains five shear coaxial injection elements clustered centrally. A rotating siren forces the acoustic field as done at the MASCOTTE experimental test bench of ONERA facilities. This combustor allows a first longitudinal mode at a frequency of 3200 Hz, placing flames at a pressure anti-node, and a first transverse mode at 4200 Hz, placing the flames at a pressure node. [START_REF] Hardi | Review of experimental test cases for modelling high frequency combustion instability[END_REF] showed a significant response of LO x by shadowgraph technics on this combustor. The liquid core length was observed to be reduced by the acceleration of liquid fragmentation by the pressure fluctuations. Combustor D was developed to give information on the pressure fluctuations and the heat release rate perturbations under combustion instability conditions. This combustor contains 42 shear coaxial injectors, operates at a pressure of 80 bar and produces a thermal power of 91 MW. This combustor produces self-sustained thermoacoustic pressure oscillations under determined oxidizer-to-fuel ratio ROF. Measurements in this combustor made by [START_REF] Groning | Injector-Driven Combustion Instabilities in a Hydrogen/Oxygen Rocket Combustor[END_REF] at a ROF of 6 showed mainly a 1T mode excitation at 10kHz producing peak to peak amplitudes of 34.4 bar representing 43% of the average pressure.

Researches done by DLR Groning et al., 2016, andEM2C Richecoeur et al., 2006;[START_REF] Richecoeur | Experimental investigation of high-frequency combustion instabilities in liquid rocket engine[END_REF] teams showed a coupling between combustion and pressure oscillations. However, there are several physical mechanisms leading to the HF thermoacoustic instabilities that need further exploration, such as the coupling between atomization and acoustics. This mechanism has been proven to be very perturbed by transverse pressure oscillations. Collaborating in the group REST, the CORIA laboratory held several experiments on a liquid jet and coaxial jets injected in pure transverse acoustic plane pressure oscillation modes to give valuable experimental data for simulations on the acoustic-perturbed atomization and to develop simplified models about liquid-acoustic interaction.

One of the first work was reported in the Ph.D. thesis done by Boisdron, 2006 studying the air-assisted liquid jets placed at a pressure node of a transverse acoustic standing field. The better quality of optical measurements compared to results in [START_REF] Pal | Pressure Oscillation Effects on Jet Breakup[END_REF] allowed the authors to experimentally identify the liquid jet atomization through the Faraday instability acting on the flattened liquid jet. They characterized the liquid sheet formation threshold in terms of the acoustic Bond number at different Weber numbers. For gaseous Weber numbers below 130, they found a single threshold value for the acoustic level leading to the flattening of the liquid jet in a liquid sheet. For higher Weber numbers, the acoustic effects are extinguished. They were the first to give theoretical insights showing that liquid jet deformation into a flat liquid sheet was mainly the product of acoustic radiation pressure [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF]. These results were also observed by [START_REF] Carpentier | Behavior of cylindrical liquid jets evolving in a transverse acoustic field[END_REF] studying cylindrical water and water/acetone liquid jets in a transverse acoustic standing plane field at the pressure node. Following the approach developed during the Ph.D. thesis of [START_REF] Boisdron | Etude de l'atomisation d'un jet liquide assisté par air soumis à une onde acoustique stationnaire transverse haute fréquence[END_REF], Ficuciello et al., 2017 showed that a global deviation of the spray for air-assisted jets was induced by acoustics from low to high Weber jet regimes. In parallel, the authors developed an analytical model that highlighted that the acoustic effects on the liquid elements depended on the ambient/liquid jet density ratio (see [START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF]. As explained in the thesis Ficuciello, 2017,"it (the model) can explain the flattening and deviation which are observed in transcritical/supercritical or gas/gas configurations in both experiments and simulations. This leads to two fundamental conclusions. The first one is that phenomena observed in trans-critical/supercritical and gas/gas configurations can be interpreted as actually resulting from nonlinear acoustics. The second one is that the driving feature is the existence of a density difference between the jet and the surrounding environment. When localized in space, the layer separating the two media is seen as an interface. In such an approach, the interface does not need to be restricted only to a liquid/gas interface.". Thus, it is necessary to get further by experimentally working in a controlled transverse acoustic field in a pressurized environment to quantify the influence of the density ratio on the acoustic effects. In addition, there are still fundamental questions concerning the liquid deformation by acoustics and the modification of the acoustic field by the deformed liquid object.

Thesis objectives

High-frequency combustion instabilities have been proven in the literature to be very devastating on liquid rocket engines. Studies in this field focused mainly on cryogenic reacting flows in order to describe the global mechanism leading to thermoacoustic instabilities in LRE. The problem in this strategy comes from the large number of physical mechanisms involved. Therefore, a strategy to reduce the difficulty level in phenomenological interpretation of these instabilities is to dissociate every physical mechanism intervening in the fluid mechanics of LRE from acoustics, thus studying every mechanism under acoustics separately. In this way, the non-reacting flow injection process interaction with pressure oscillations can be considered. This coupling is hardly considered in the literature despite being one of the most disrupted mechanisms. Most authors studying the perturbation of two-phase flows under acoustics do not pay attention to the acoustic field's characteristics, quality, and intensity dynamics. In such cases, a detailed model for the effect of acoustics over liquid elements cannot be elaborated due to the lack of information about acoustic characterization.

The research presented in this thesis aims to increase the understanding of the effect of controlled plane acoustic standing fields on the atomization process in a relatively dense atmosphere providing experimental data and acoustic analytical models of the nonlinear acoustic effect of linear acoustics. Our framework covers the acousticatomization coupling present in the combustion loop shown in Fig. 1.5 for LRE. This study, held at CORIA Laboratory, follows the thesis of [START_REF] Boisdron | Etude de l'atomisation d'un jet liquide assisté par air soumis à une onde acoustique stationnaire transverse haute fréquence[END_REF][START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF] and as these previous studies, it is funded by the CNES program in the framework of the French-German collaboration workshop REST.

The present research includes two parts: an experimental approach and a modeling approach. A new experimental setup is proposed to perform experiments on a coaxial injection in a variable density medium to highlight the density effect combined with acoustics. The density effects are here characterized by the air ambient pressure P ch . The modeling of acoustics in this field aims to enlarge the scope of the acoustic radiation model proposed in the Ph.D. thesis of [START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF] The experimental part is also composed of several subgroups of activities. The first is the development of the experimental bench. An extensive study based on acoustic simulation is done to determine the best acoustic resonant cavity design to favor the transverse plane modes. Secondly, the acoustic modes are qualified experimentally by acoustic pressure measurements in order to validate the acoustic simulations. Nonacoustic-perturbed coaxial injections are qualified by optical diagnostics to determine the regimes modifications by the dense air medium. The actual approach covers an extensive range of two-phase flows regimes, going from low Weber number (Rayleigh regime) up to high Weber number (fiber regime). Therefore, these two-phase flows are submitted to plane acoustic standing fields with amplitudes dynamically increased at different ambient pressure and characterized by high-speed diffuse back-illumination (DBI) visualizations.

The modeling part corresponds to the development of three acoustic models. The first approach introduces a semi-analytical model for evaluating the radiation pressure on objects of non-circular cross-section. The second introduces a new model to compute the liquid object deformation by coupling the surface tension law with the radiation pressure model. The interest is to determine the acoustic energy needed to produce a desired liquid deformation state. A third model is developed to determine the acoustic interaction between spherical objects. The aim is to quantify the distance from which droplets in a spray start to interact acoustically. Those models are then used to explain experimental observations obtained in the first part and in the same way those in the works of Boisdron and Ficuciello, mainly at low Weber number where the acoustic effects are predominant.

Thesis structure

The present thesis is composed of 8 chapters. The first chapter presents the context to this research, fundamental notions on the combustion instabilities, and representative works found in the literature on the combustion instabilities on liquid rocket engines. The second chapter contains a general overview of the theories related to acoustics (Sec. 2.1), atomization (Sec. 2.2) and acoustic-atomization coupling (Sec. 2.3). The third chapter presents the acoustic modeling for the pressure radiation calculation (Sec. 3.1), the deformation of liquid elements by acoustics (Sec. 3.3) and a model for the acoustic interaction of spherical objects (Sec. 3.4).

The fourth chapter shows the experimental bench and the methodology for the post-processing quantification. This chapter gives detail on the experimental cavity design (Sec. 4.1), the experimental bench components (Sec. 4.2), the acoustic signal processing (Sec. 4.3) and the image processing (Sec. 4.4). Chapter 3 focuses on all the experimental results, including the acoustic characterization of the resonant cavity (Sec. 5.1), the ambient pressure influence on a coaxial jet (Sec. 5.2), and the ambient pressure influence on a coaxial jet submitted to a transverse acoustic plane field (Sec. 5.3).

In chapter 6, the experimental results shown in chapter 5 are analyzed under the consideration of the acoustic model presented in chapter 3. First pertinent model results on the liquid deformation are presented to represent experiments (Sec. 6.1). Then, some observations and explanations are performed by means of the deformation approach (Sec. 6.1.2). In a third section, the liquid jet deviation is discussed in terms of the model deviation results (Sec. 6.3). Chapter 7 gives all the conclusions and perspectives. Chapter 8 gives the appendices.

Chapter 2

Generalities

In this chapter, a general overview of the theories related to acoustics (Sec. 2.1), atomization of air-assisted jets (Sec. 2.2), and jets submitted to acoustics (Sec. 2.3).

Acoustics generalities

Modification of location and shape of liquid-gas interfaces by acoustics are encountered in multiple applications such as acoustic levitation, ultrasonic standing wave atomization, or two-phase flow combustion instabilities occurring in rocket engines [START_REF] Andersen | Production of Fine Particles from Melts of Metals or Highly Viscous Fluids by ultrasonic standing wave atomization[END_REF][START_REF] Yarin | On the acoustic levitation of droplets[END_REF][START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF]. For those applications, it was evidenced that the main effects of acoustics on objects in two-phase flows were liquidgas interface deformation and displacement. This can even lead to liquid jet flattening, spray deviation up to an enhanced liquid fragmentation in atomization processes [START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF]. These effects (deformation and displacement) come from the action of the radiation pressure and the radiation force acting on an object placed in an acoustic field. Indeed, when an object is placed in an acoustic field, the acoustic field scattered by this object combines with the incident field, producing an important acoustic radiation pressure and the acoustic radiation force. In the following, we are going to develop the acoustic theory to compute these radiation quantities.

Sound

Sound is defined as pressure waves that cause local regions of compression and rarefaction. The propagation of sound involves energy transport without carrying a transport of matter through the mentioned mechanical waves. The matter that supports the sound is called the medium. Sound is transmitted through fluids as compression or dilatation waves. The energy carried by an oscillating sound wave converts back and forth between the potential energy of the extra compression or lateral displacement strain of the matter and the kinetic energy of the displacement velocity of particles of the medium.

Linear acoustics

It is considered the small perturbations hypothesis, the fluid as an ideal gas and all the processes as isentropic. Thus, the main physical quantities are developed as follows:

ρ = ρ 0 + ρ 1 + O(2) (2.1)
with ρ 0 the ambient density in the reference state, ρ 1 the first order perturbations of ambient density ρ 1 ρ 0 << 1 .

P = P 0 + P 1 + O(2) (2.2)
with P 0 the absolute pressure in the reference state, P 1 the first order perturbations of absolute pressure

P 1 P 0 << 1 . -→ V = -→ V 0 + -→ V (2.3)
-→ V 0 , the speed of the medium in the reference state, is equal to -→ 0 for a purely acoustic problem, and || -→ V || << c 0 with c 0 the speed of sound in the reference state. For an ideal gas c 0 is written as:

c 0 = γR C T 0 (2.4) with γ = C p C v
, R C the mass-specific gas constant. First, we introduce the momentum balance equation for an inviscid fluid:

ρ ∂ -→ V ∂t + 1 2 ∇-→ V • -→ V = - -→ ∇ P (2.5)
We will not take into consideration the nonlinear effects that appear in Eq. (2.5), thus ∇-→ V • -→ V is omitted. Introducing Eqs. (2.1), (2.2) and (2.3) into (2.5):

∂ -→ V ∂t = - 1 ρ 0 ∇P (2.6)
The continuity equation is introduced:

∂ρ ∂t = ∇ • (ρ • -→ V ) (2.7)
By linearisation, we obtain:

∂ρ ∂t + ρ 0 • ∇ • ( -→ V ) = 0 (2.8)
Deriving this expression with respect to the time:

∂ ∂t ∂ρ ∂t + ρ 0 • ∇ • ( -→ V ) = 0 ∂ 2 ρ ∂t 2 + ρ 0 ∇ • ∂ -→ V ∂t = 0 (2.9)
Combining Eqs. (2.9) and (2.6):

∂ 2 ρ ∂t 2 -∇ 2 P = 0 (2.10)
A Taylor series is used to relate the pressure and the density, it is expressed as:

ρ = ρ 0 + ∂ρ ∂P s (0)(P -P 0 ) + ∂ 2 ρ ∂P 2 s (0)(P -P 0 ) 2 + ... (2.11)
Considering only the linear terms of this expansion and applying a thermodynamical expression, we get:

ρ -ρ 0 P -P 0 = ρ P ∂ρ ∂P s (0) = 1 c 2 0
where c 0 is the sound speed in the reference state. P = c 2 0 ρ (at the first order) (2.12)

Combining Eqs. (2.10) and (2.12):

1 c 2 0 ∂ 2 P ∂t 2 -∇ 2 P = 0 (2.13)
Eq. (2.13) is called the wave equation in the framework of the linear acoustics approach.

Among all solutions of equation (2.13), it will be considered only the harmonic solutions, represented in the complex notation by P = p (x, y, z)e -iωt , where p (x, y, z) is a complex spatial function, ω = 2π f is the angular frequency of the wave and f is the frequency of the wave. Thus, introducing the complex notation in Eq. (2.13) gives:

∇ 2 p + k 2 p = 0 (2.14) with k = ω c 0 = 2π λ
, the wave number.

Nonlinear effects of linear acoustics

When the acoustic amplitudes are large enough, the nonlinear quadratic terms from linear acoustics intervening in the balance are non-negligible. Writing the thermodynamic relation for an isentropic process:

dh = dP/ρ (2.15)
a general form of the Bernoulli equations is obtained as:

h -h 0 = ˆdP ρ = - 1 2 v 2 - ∂φ ∂t = - 1 2 ∇φ 2 -φ (2.16)
where v = ∇φ. The enthalpy h can be written as the sum of the enthalpy at the reference state h 0 and the fluctuating part h , i.e. h = h + h 0 . Expanding h in powers of p, and taking only terms up to second order:

P -P 0 = ∂P ∂h s (0)(h -h 0 ) + 1 2 ∂ 2 P ∂h 2 s (0)(h -h 0 ) 2 + O(2) (2.17) Since ∂P ∂h s (0) = ρ ≈ ρ 0 , ∂ 2 P ∂h 2 s (0) = ∂ρ ∂h s (0) = ∂P ∂h s (0) ∂ρ ∂P s (0) = ρ 0 c 2 0
, h = hh 0 and P = P -P 0 we have:

P = ρ 0 h + ρ 0 2c 2 0 h 2 = ρ 0 - 1 2 ∇φ 2 -φ + ρ 0 2c 2 0 - 1 2 ∇φ 2 -φ 2 (2.18)
Substituting Eq. (2.18) into (2.16) we have:

P = -ρ 0 φ - 1 2 ρ 0 ∇φ 2 + ρ 0 2c 2 0 φ2 (2.19)
Indeed, even though the instantaneous nonlinear fluctuations terms still are negligible compared to the linear terms, their time-averaged expression, namely radiation quantities, can become sufficiently large to induce quantifiable time-averaged nonlinear effects. The radiation pressure is given by Eq. (2.20):

P rad = 1 T ˆT 0 -ρ 0 φ - 1 2 ρ 0 ∇φ 2 + ρ 0 2c 2 φ2 dt (2.20)
This radiation pressure is composed of three terms:

P rad = P ζ + P φ + P q
(2.21)

P ζ = -ρ 0 ∂φ ∂t t (2.22) P φ = - 1 2 ρ 0 | -→ ∇ φ T | 2 t
(2.23)

P q = 1 2 ρ 0 c 2 0 ∂φ T ∂t 2 t (2.24)
where -P ζ , -P φ and P q are the time-averaged acoustic pressure, volumetric kinetic, and potential acoustic energy densities, respectively. ρ 0 is the unperturbed surrounding gas density, and c 0 is the speed of sound in the unperturbed gas. • t indicates time-averaging.

The radiation force is deduced by integrating the radiation pressure field all over a given surface:

-→ F rad = -˛S P rad ndS

(2.25)

with n the outer normal on the surface considered.

Acoustic interaction with rigid immobile objects

Massive objects relative to the medium are considered as completely reflective. In other words, there is an impedance mismatch between the surrounding fluid and the object. This is the case of water objects in the air. A variety of models which considers this case exists for simple geometries as spheres [START_REF] King | On the acoustic radiation pressure on spheres[END_REF][START_REF] Embleton | Mean Force on a Sphere in a Spherical Sound Field. I. (Theoretical)[END_REF]Mitri, 2009-05;[START_REF] Nyborg | Radiation Pressure on a Small Rigid Sphere[END_REF], or circular cylinders [START_REF] Haydock | Calculation of the radiation force on a cylinder in a standing wave acoustic field[END_REF][START_REF] Wu | Acoustic radiation pressure on a rigid cylinder: an analytical theory and experiments[END_REF][START_REF] Zhuk | Radiation force acting on a cylindrical particle in a sound field[END_REF]Mitri, 2010). Authors considered that in the presence of an object, the resulting field φ T is computed as the superposition of the incident field φ i and the field φ s scattered by the object:

φ T = φ i + φ s (2.26)
For a perfectly reflecting acoustic object at rest, the boundary condition is given by:

∇φ s • n sur f ace = -∇φ i • n sur f ace (2.27)
Analytically, this problem is usually solved utilizing the partial wave expansion approach giving the scattered field φ s . Then, radiation values can be evaluated with Eqs. (2.21) and (2.25).

Significant results for the case of rigid immobile elliptic objects placed in plane progressive or standing waves were obtained by Mitri Mitri, 2016-03;Mitri, 2015 giving the radiation force. He used the partial wave series expansion to calculate the acoustic field under a semi-analytical approach in such a case. Elliptic semi-axis a, b were taken parallel and perpendicular to the acoustic axis, respectively. The results are reported in Fig. 2.1. Results show a strong dependence of the radiation force on the object geometry. For progressive waves, positive radiation force indicates a force pushing in the acoustic direction. The most noticeable effect is when objects present an elongated surface perpendicular to the acoustic axis, i.e., b > a. For progressive waves, the radiation force increases when the aspect ratio a/b decreases whatever the elliptic relative object size kb (see Fig. 2.1(a)). For elliptic objects placed in standing waves at the middle position between the pressure antinode and the pressure node (Fig. 2.1(b)), a significant radiation force is obtained for object sizes in the range 0 < kb < 2. For standing wave, it indicate a force towards the pressure node. Depending on the aspect ratio a/b and kb, the radiation force can invert the direction producing a force towards the pressure antinode. 

Acoustic interaction with oscillating rigid objects

If the acoustic pressure can move the object with a velocity U, then this displacement modifies the acoustic field through the boundary condition:

∇φ s • n sur f ace + ∇φ i • n sur f ace = U • n (2.28)
U is oriented along the acoustic axis for incident plane waves. This velocity is calculated by considering the force produced by the instantaneous acoustic pressure :

m d U dt = -˛S P ndS = - ˛v ∇P dv = ρ 0 ˛v ∂ V ∂t dv (2.29)
with e ac = k k the wave direction; m = ρ ob v, ρ ob is the object density and v its volume. Then, considering a harmonic displacement, U = U 0 e -iωt e ac with U 0 its amplitude, Eq. (2.29) leads to :

U = ρ 0 ρ ob 1 v ˛v V dv = ρ 0 ρ ob V v (2.30)
• v gives the volumetric average. Under this description the object velocity is mainly related to the acoustic velocity. As the object and medium densities are close, the object presents a speed equal to the acoustic velocity.

Considering that all the functions describing the acoustic field are symmetrical with respect the acoustic axis, the object velocity in terms of the acoustic potential field is:

U = ρ 0 ρ ob v ˛S φ T n • e ac dS (2.31)
As φ T is composed of φ i and φ s , U is written for the incident and scattered part :

U i = ρ 0 ρ ob v ˛S φ i n • e ac dS (2.32) U s = ρ 0 ρ ob v ˛S φ s n • e ac dS (2.33)
In the region near the object, the material derivative of the acoustic field is :

Dφ T Dt = ∂φ T ∂t + U • ∇φ T (2.34)
As it is considered that object velocity (boundary displacement) is periodic, the time average on an acoustic period of the material derivative is zero. It means that the acoustic field perturbations by the object velocity in a period of time can be determined as the object was at the frozen position and it is the medium that oscillates at the object velocity, leading to :

∂φ T ∂t t = ˆT 0 ∂φ T ∂t dt = - ˆT 0 U • ∇φ T dt (2.35)
For other conditions, it can be verified that the time-average acoustic pressure is zero, but the effect of the perturbing object velocity leads to a non-negligible quantity.

Let consider the surface integration of Eq. (2.35) over the object and taking into account the boundary condition:

˛S ∂φ T ∂t ndS t = - ˛S ∇φ T U • ndS t = - ˛S ∇φ T ∇φ T • ndS t (2.36)
Considering u n = ∇φ T • n and u t = ∇φ T • t S , with t S the unit tangent vector, it is obtained:

ρ 0 ˛S ∂φ T ∂t ndS t = -ρ 0 ˛S (u n n + u t t S )u n dS t (2.37)
Eq. (2.37) is the force contribution on the radiation force of the modified acoustic pressure by the object velocity. The expression was developed by [START_REF] Yosioka | Acoustic radiation pressure on a compressible sphere[END_REF]. It expresses the force directly from the field φ T , with φ T verifying the boundary condition. Eq. (2.37) is also applied to objects with a vibrating surface which is the case of compressible object behavior. What is essential is the nonnull normal velocity at the object's surface.

Formula for the radiation force in circular cylinders or spheres under mobile objects (R-M) or compressibility(C-M) considerations are given in Tab. 2.1. The compressibility boundary condition will be discussed in the next section. Different acoustic field configurations as progressive wave (PW) or standing wave (SW) are also considered in the table. A key parameter is the acoustic-circular object relative size α = 1 2 kD 0 , called the Helmholtz number. η is the density ratio between the object and the surrounding media. c * is the sound speed ratio between the object and the surrounding media. Formulas given in Tab. 2.1 are helpful to understand objects deviation in the acoustic field. They cover an extensive range of properties combinations between the object and the surrounding fluid. (D 0 /2) ν P ; D 0 is a circular diameter; α = 1 2 kD 0 ; ν = 1 for cylinders and 2 for spheres; P = ρ 0 c 0 k 2 is the mean volumetric energy; h is the object center in the acoustic field; η = ρ 0 ρ 1 where ρ 1 and ρ 0 are the density of the object and the surrounding fluid, respectively; c * = c 0 c 1 where c 1 and c 0 are the sound speed of the object and the surrounding fluid, respectively. Note that the formulas concerns to the case α << 1. 

Sphere PW C-M 2πα 4 (1-1 3 ηc * 2 (η+2)) 2 + 2 9 (η-1) 2 (2+η) 2
Yosioka and Kawasima, 1955

Sphere SW C-M πα 1+ 2 3 (1-η) 2+η
-1 3 ηc * 2 sin 2kh Yosioka and Kawasima, 1955

Acoustic interaction for compressible objects

When the specific impedance of the surrounding fluid and the object is about the same, the object's inner compressibility must be considered. Authors found in the literature on this topic considered spherical geometry [START_REF] Yosioka | Acoustic radiation pressure on a compressible sphere[END_REF][START_REF] Hasegawa | Comparison of two solutions for acoustic radiation pressure on a sphere[END_REF][START_REF] Crum | Acoustic Force on a Liquid Droplet in an Acoustic Stationary Wave[END_REF] In the case of cylinders it is found [START_REF] Wei | Acoustic radiation force on a compressible cylinder in a standing wave[END_REF][START_REF] Barmatz | Acoustic radiation potential on a sphere in plane, cylindrical, and spherical standing wave fields[END_REF][START_REF] Marston | Acoustic Radiation Force On Elliptical Cylinders And Spheroidal Objects In Low Frequency Standing Waves[END_REF] Those studies mainly consider mechanically rigid objects (no shape modification) placed in a liquid medium, the main objective being to compute the radiation force. Commonly, the far-field assumption is used in the computation of the radiation force. Significant discrepancies from completely reflected objects are found when acoustic propagating fluid and object densities are close enough. In such a case, the boundary conditions link the acoustic pressure and acoustic velocity from outside to inside the object. Thus, this implies an acoustic field outside φ o T and inside φ i T the object. This is written as :

∇φ o T = ∇φ i T (2.38) ρ 0 ∂φ o T ∂t = ρ ob ∂φ i T ∂t (2.39)
So, to know the scattered field, it is needed to resolve the object's internal field simultaneously. Authors consider that once the acoustic get inside the object, it propagates inside without backscattering. A partial wave series expansion is used to represent the acoustic field propagating inside the object and scattered field outside the object. Then, the acoustic field problem is solved by applying the boundary conditions to obtain the scattered field and the internal field. Once both fields are known, the radiation pressure is computed using classical formulation (Eq. (2.21)) for the outside field. Most relevant analytic formulas under the compressibility consideration are given in Tab. 2.1.

Other studies found in the literature considered a more general approach by introducing the object shear stress. Those works focused mainly on solids. It is found [START_REF] Hasegawa | Acoustic radiation force experienced by a solid cylinder in a plane progressive sound field[END_REF][START_REF] Jr | Sound scattering by solid cylinders and spheres[END_REF]and Mitri, 2006b for cylinders. Mitri and[START_REF] Mitri | New expressions for the radiation force function of spherical targets in stationary and quasi-stationary waves[END_REF][START_REF] Jr | Sound scattering by solid cylinders and spheres[END_REF] for spheres. In the case of elliptic cylinders [START_REF] Pillai | Sound scattering by rigid and elastic infinite elliptical cylinders in water[END_REF]Léon et al., 2004a;Léon et al., 2004b;[START_REF] Hasheminejad | Acoustic radiation force and torque on a solid elliptic cylinder[END_REF]. More complex models considered multilayer objects as coated spheres [START_REF] Mitri | Acoustic radiation force due to incident plane-progressive waves on coated spheres immersed in ideal fluids[END_REF] or cylinders (Mitri, 2006a). All those works mentioned previously considered analytic developments. In addition, it is found numerical studies of solid objects as [START_REF] Cai | Computation of the acoustic radiation force using the finitedifference time-domain method[END_REF][START_REF] Glynne-Jones | Efficient finite element modeling of radiation forces on elastic particles of arbitrary size and geometry[END_REF].

Acoustic interaction of acoustically interacting objects

In some applications, when several objects are placed in an acoustic field depending on the interobject distance, they can interact acoustically. This is the case of a spray or aerosols in an acoustic field. In such cases, objects see their incident field be affected by the scattered field of surrounding objects. Authors found in the literature have dedicated their works to the determination of the radiation force produced by the interaction. Depending on the object boundary condition it is found [START_REF] Embleton | Mutual interaction between two spheres in a plane sound field[END_REF][START_REF] Sepehrirahnama | Numerical study of interparticle radiation force acting on rigid spheres in a standing wave[END_REF] on rigid immobile spherical objects ;[START_REF] Apfel | Acoustically induced square law forces and some speculations about gravitation[END_REF][START_REF] Silva | Acoustic interaction forces between small particles in an ideal fluid[END_REF]Bruus, 2014 on compressible immobile objects;[START_REF] Crum | Bjerknes forces on bubbles in a stationary sound field[END_REF][START_REF] Doinikov | On the mutual interaction of two gas bubbles in a sound field[END_REF][START_REF] Doinikov | Radiation forces between two bubbles in a compressible liquid[END_REF] on pulsating immobile bubles; [START_REF] Pelekasis | Secondary Bjerknes forces between two bubbles and the phenomenon of acoustic streamers[END_REF] on oscillating gas bubbles in a viscous compressible fluid. These authors were able to show that the force produced by the interobject interaction can lead to a substantial modification of the radiation force with respect to the isolated object behavior.

Let consider a particle p acoustically interacting with a particle q. The incident field φ q iT observed by particle q can be written as the superposition of the global incident field acting φ q i on q and the retroaction contribution of the scattered field φ p→q s from p to q:

φ q iT = φ q i + φ p→q s
(2.40) and the resulting field can be written as :

φ q T = φ q i + φ q s + φ p→q s
(2.41) where φ q s is the scattered field by the particle q. In this interaction, the only variable known is the external field φ i . Quantities φ q s and φ p s are modeled by the partial wave series expansion. The problem is that these two fields are intrinsically related, and the dependence is not known apriori. An iterative method is considered to solve this problem. Initially, both objects are considered as isolated, i.e., non-interacting. Then, the scattered field of one particle, for instance, φ q s , is determined via the boundary condition as a function of φ p→q s and φ q i . This new φ q s is injected in particle p to determine a new φ p s and so on. Iterative method convergence is obtained when φ q s or φ p s meets the boundary condition with a given precision.

The method can also be generalized for several particles as:

φ q T = φ q i + φ q s + N par ∑ p=1,p =q φ p→q s
(2.42)

Once the acoustic field φ T acting in each particles is known Eqs. (2.21) and (2.25) can be used to calculate the acoustic radiation quantities. Relevant results of the interaction effect between two interacting spheres in plane progressive fields aligned in the acoustic axis were obtained by [START_REF] Embleton | Mutual interaction between two spheres in a plane sound field[END_REF] and are reported in Fig. 2.2(b). Fig. 2.2(a) shows the dimensionless radiation force for α in the range of 0.1 < α < 0.4. Distance between objects is characterized by kr 12 where r 12 is the interobject distance. He showed that the sphere receiving first the wave fronts showed a radiation force oriented towards or away the sound source depending on the object proximity. The second spheres observed always a repulsion from the acoustic source. The schematic results of Embleton are reported in Fig. 2.2(b) for spheres with α = 0.2. When the object are at a distance of r 12 < 0.2λ, a strong repulsing force is observed. For r 12 = 0.2λ, the force acting on the first sphere is zero. At bigger distance the radiation force is always repulsive approaching to the isolated behavior as the distance augments. Results found by [START_REF] Embleton | Mutual interaction between two spheres in a plane sound field[END_REF] represents only a first iteration of the procedure presented in this section which is not sufficient to meet the boundary condition for every object. However, results gives a new insight in the physical mechanism produced by the radiation pressure. 

Liquid object deformation by acoustics

In all the above approaches, non-deformable considerations are used (circular, spherical, elliptical, or ellipsoidal shapes). This condition may not be satisfied for liquid objects when subjected to a sufficiently high acoustic level. Authors, studying experimentally the effects of acoustics on liquid elements, highlighted that these objects were liable to be deformed, as was shown by [START_REF] Marr-Lyon | Passive Stabilization of Capillary Bridges in Air with Acoustic Radiation Pressure[END_REF] for liquid bridges, [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF][START_REF] Trinh | Equilibrium shapes of acoustically levitated drops[END_REF][START_REF] Trinh | Equilibrium shapes of acoustically levitated drops[END_REF] for droplets in acoustic levitation and [START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF] for an air assist liquid jet in a standing wave in an extensive range of Weber numbers and momentum ratios. Theoretical [START_REF] Marston | Shape oscillation and static deformation of drops and bubbles driven by modulated radiation stresses-Theory[END_REF] and numerical studies [START_REF] Tian | Deformation and location of an acoustically levitated liquid drop[END_REF]Lee et al., 1994;[START_REF] Shi | Deformation and position of acoustically levitated liquid drops[END_REF][START_REF] Yarin | On the acoustic levitation of droplets[END_REF][START_REF] Yarin | Acoustically levitated drops: drop oscillation and break-up driven by ultrasound modulation[END_REF], which mainly focuses on acoustic levitation, considered the distribution of the elementary radiation force per unit surface of the object as the source of the fluid object deformation.

To solve the problem of liquid deformation the authors consider first the balancing force at the surface of liquid objects, provided by the Laplace equation :

P i -P e = σK
(2.43) P i , P e , σ, and K are the liquid internal pressure, the external gas pressure, the surface tension, and the curvature of the object, respectively. Another equation to consider is the conservation of mass. In the case of incompressible objects, such as liquid objects, mass conservation leads to volume conservation.

Under static deformation considerations, it can be considered that the internal pressure P i inside the object is constant, i.e., no flow in the liquid inner part. Note also that P i is unique for every deformation state. The problem is that P i is not a priori known.

Authors solve this problem by considering an iterative method from which the start point is the circular geometry, then updating P i for every iteration until convergence is reached. In our case, the external pressure P e applied to objects is the radiation pressure, mainly dependent on geometry. So, P e can also evolve in each iteration.

Gas-assisted liquid jet

One of the (if not the) most important parts of a liquid rocket engine is the injection system, which aims to introduce the flow of propellants in the combustion chamber to control the conversion into combustion gases at a high temperature and pressure. Thus, the injector has a crucial role in this process since it controls the atomization that determines the distribution and mixing of the propellants. A common type of injector for this application is the coaxial type, which consists of two concentric cylindrical tubes, where the liquid flows through the inner tube, and gas flows through the outer tube. This injector is widely used due to its high atomization efficiency at large flow rates with low-pressure drops. According to Lasheras and Hopfinger, 2000 (see Fig. 2.3), the liquid-gas injection regimes at atmospheric pressure can be qualified by at least two dimensionless numbers: the liquid Reynolds number Re l and the gaseous Weber number We g . The liquid Reynolds number is defined as the ratio of inertial forces to viscous forces as:

Re l = ρ l u l D l µ l (2.44) with
• u l the bulk velocity of the liquid jet at the injector exit

• ρ l the liquid jet density

• D l the liquid exit diameter of the injector

• µ l the dynamic viscosity of the liquid jet Re l is helpful to determine the stability of a liquid jet, for which we can define three different regions, which are the laminar region (for a Reynolds under 2000), transition region (which is in between a Reynolds of 2000 and 2500), and turbulence (that is for Reynolds usually over 2500).

The gaseous Weber number We g is defined as the ratio between the inertial forces of the gas and the surface tension forces of the liquid:

We g = ρ g u 2 g σ D l
(2.45) with

• u g the bulk velocity of the gas flow at the injector exit

• ρ g the gas density

• σ the surface tension of the liquid phase Five different atomisation regimes can be identified as illustrated in Fig. 2.4, corresponding to the distinct atomization regimes obtained by Ficuciello, 2017. One important remark is that if Re l and We g are maintained, the same regimes should be observed regardless of the operating condition.

Other important parameters are the momentum flux ratio J:

J = ρ g u 2 g ρ l u 2 l (2.46)
the mass flow rate ratio M:

M = ṁl ṁg (2.47)
ṁl and ṁg being the liquid and gas mass flow rate, respectively. Furthermore, the Ohnesorge number Oh is defined as the ratio of viscous force with the surface tension and the inertial forces:

Oh = µ l (ρ l σD l ) 1/2
(2.48)

Liquid jet stability

The first mechanism yielding to the liquid jet breakup is the Rayleigh cylindrical axisymmetric instability. Under the small perturbation approach, the Rayleigh axisymmetric instability is deduced from temporal linear stability analysis of a liquid cylinder of diameter D l perturbed by an axisymetric wave of the form: -ωt+kz) (2.49)

η(z, t) = η 0 e i(
In the cylindrical description (r, θ, z), η represents the surface displacement of the interface from r = 1 2 D l . The origin t = 0 characterize the liquid at the nozzle exit. η 0 is the initial perturbation amplitude. k is the wavenumber of the disturbance. From Eq. (2.49) it is observed that if ω is real, the perturbations are harmonics. When ω is complex, the disturbance will increase exponentially with temporal growth rate ω i the complex component of ω. Under azimuthal symmetry and neglecting the gravity, Eq. (2.49) is combined with the fluid dynamics equations along with the liquid-gas interface law obtaining the dispersion equation ω i = ω i (k). The dispersion equation solution gives the temporal growth rate ω i as a function of k. The dominant or the optimum of the dispersion, called the Rayleigh mode. The Rayleigh mode is characterized by: Chapter 2. Generalities

λ m = 2π k m = 4.51D l (2.50
)

ω m i = 1.11 σ ρ l D 3 l (2.51)
This mode is the most susceptible to develop, provoking the jet disruption (breakup) when the incremented perturbation amplitude η m 0 = η 0 e ω m i t is the same order of the diameter:

1 2 D l = η m 0 (t BU ) = η 0 e ω m i t BU (2.52)
t BU is the breakup time. Therefore, if we consider the cylindrical jet flowing at a constant speed u l , the breakup length L BU is deducted from the u l and t BU as:

L BU = u l t BU = u l ω m i ln D l 2η 0 (2.53)
Considering also that a single drop is produced per wavelength, utilizing volume conservation between a sphere of diameter d D and a cylinder of length λ m it is obtained:

d D = 1.89D l (2.54)
Eq. (2.53) shows a linear dependence of the breakup length with its bulk velocity. This regime is called the dripping flow (see Fig. 2.5) and it is observed only in the laminar flow region. As the liquid bulks peed is augmented the breakup length shows non linear behavior. Theoretical work of Weber later developed a new model in a effort to determine λ m by taking into consideration the effect of the liquid viscosity:

λ r = πD l 2(1 + 3Oh) (2.55)
He found that, as the liquid jet velocity increases, the aerodynamic forces increase the growth rate of the dominant wave in such a way that the breakup length decreases when the jet velocity increases as observed in the region B-C of the jet stability curve. He propose that the first critical point(B in Fig. 2.5) in the jet stability is the manifestation of the aerodynamic effect. Miscalculations of the critical velocity value arrives by the non consideration of the gaseous viscosity on the aerodynamic effect. The theory developed by Weber is sometimes discounted because it does not consider the gaseous viscosity which opposes the aerodynamic effects. The theoretical results previously mentioned are helpful for the understanding of the coaxial jet at very low gaseous Weber number. In the case of the laminar flow region the results breakup length should match the breakup length determined from the Rayleigh theory.

Spray angle modeling

The cone angle describes the liquid spatial dispersion of the spray. In the case of a coaxial jet, the spread angle ϑ is defined as the aperture angle of spray considered as a cone. [START_REF] Lasheras | Liquid jet instability and atomization in a coaxial gas stream[END_REF] considering the growing rate of the liquid-gas mixture and liquid cone length, he could define the spread angle as function of the momentum flux ratio J:

ϑ = tan -1 (J 1/2 /6) (2.56)
This equation is valid until a J ≤ 30 and it predicts a ϑ max = 40 • and its valid whereas the liquid core is conical.

Droplet size characterization

A spray is defined as an assembly of droplets evolving in a gas space where each droplet is characterized by a particular diameter and velocity. Commonly, the spray is presented in histograms based in the number of droplet falling into diameters D i -∆D i /2 and D i + ∆D i /2. This is called the numeric description. The spray is also characterized with a volumetric description which is a quantification of the mass. The droplets volume histogram is determined from the volume Q i of the spray corresponding to the range of droplet diameters D i -∆D i /2 and D i + ∆D i /2. Frequency distribution curves are preferred upon the histogram representation. They are calculated based on the histogram. In the case of numeric description, it is defined by considering the increment of droplets number ∆N i in a increment of diameter ∆D i as F n = ∆N i N . In the volumetric case, it is calculated considering the volume increment ∆Q i in a increment of diameter ∆D i as

F v = ∆Q i Q . The probability density function is f n = ∆N i N∆D i in the numeric case and f v = ∆N i N∆D i
for volumetric description. In the continuous description f n and f v normalized are formally expressed as:

ˆ∞ 0 f v (D)dD = 1 (2.57) ˆ∞ 0 f n (D)dD = 1 (2.58)
Another important quantity is the cumulative distribution function. This is essentially the integral of probability density function, it represents the percentage of the total number of drops in the spray or volume of a spray defined by drops below a given size. It is expressed as:

F v (D) = ˆD 0 f v (D)dD (2.59) F n (D) = ˆD 0 f n (D)dD (2.60)

Mean Diameters

Statistical diameters can be defined employing the expression:

D a-b ab = ´∞ 0 D a-3 f v (D)dD ´∞ 0 D b-3 f v (D)dD (2.61)
The most employed mean diameters are:

D 10
The first statistical momentum corresponds to the mean numeric diameter.

D 20 Represents the mean droplet surface diameter.

D 30 Represents the mean droplet volume diameter.

D 32 The mean Sauter diameter SMD is the diameter of a droplet having the same volume/surface ratio than the complete spray. The smallest this value the finest the spray.

Representative Diameters

Other representative diameters considered here are the ones computed from the cumulative volumetric distribution F v . The diameter D v,X is defined as the diameter representing the volumetric fraction F v ≤ X. This diameters are D v,10 , D v,50 , D v,90 . These diameters represent the liquid droplet with 10%, 50%, and 90% of the spray volume.

Atomization with acoustics

Acoustics on atomization has been largely used in practice to produce a very fine spray.

A variety of studies in this field has been focused in different injection systems as cylindrical liquid jet [START_REF] Buffum | The response of a turbulent liquid jet to transverse acoustic fields[END_REF][START_REF] Carpentier | Behavior of cylindrical liquid jets evolving in a transverse acoustic field[END_REF], flat liquid sheet [START_REF] Mulmule | Instability of a moving liquid sheet in the presence of acoustic forcing[END_REF], coaxial assisted liquid jet [START_REF] Ghafourian | Dynamic response to acoustic perturbation of an atomizing coaxial jet in a liquid rocket engine[END_REF][START_REF] Chehroudi | Interaction of acoustic waves with a cryogenic nitrogen jet at sub-and supercritical pressures[END_REF][START_REF] Leyva | Dark Core Analysis of Coaxial Injectors at Sub-, Near-, and Supercritical Pressures in a Transverse Acoustic Field[END_REF][START_REF] Rodriguez | Results of Subcritical One-Phase Coaxial Jet Spread Angles and Subcritical to Supercritical Acousticall-Forced Coaxial Jet Dark Core Lengths[END_REF][START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF][START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF] and impinging jets [START_REF] Boaz | The Structure of Impinging Liquid Jets with and without External Transverse Acoustic Forcing[END_REF][START_REF] Dighe | Dynamics of liquid sheet breakup in the presence of acoustic excitation[END_REF] or under supercritical or cryogenic conditions Davis and Chehroudi, 2006. Most of those studies focused on the thermoacoustic instabilities phenomenon present in liquid rocket engines. Acoustic fields in those applications are predominantly planar. The acoustic field is named, depending on the acoustic axis direction with respect to the injection axis as longitudinal, transverse, or azimuthal, i.e. longitudinal when the acoustic axis is parallel to the injection axis, transverse when it is perpendicular to the jet and azimuthal for rotating acoustic field around the jet axis. The range of frequency goes from low excitation frequency ≈ 100Hz up to high frequency > 1kHz. [START_REF] Miesse | The Effect of Ambient Pressure Oscillations on the Disintegration and Dispersion of a Liquid Jet[END_REF] was the first author to observe the perturbation of liquid jets under acoustics. This author studied the parallel jets under transverse, longitudinal, radial, and azimuthal acoustic excitation. Between all these configurations, the transverse and azimuthal were the most perturbing, as observed in Fig. 2.6, changing the jet position and the breakup length. Then, [START_REF] Buffum | The response of a turbulent liquid jet to transverse acoustic fields[END_REF] based on these previous results, hold experiments in transverse acoustic excitation. These authors studied the effect of acoustics over a liquid jet parametrically on the liquid flow rate, injector orifice, the liquid specific gravity, the liquid viscosity, the acoustic frequency (≈ 500Hz), and intensity under atmospheric operating conditions. The main result of this study is the observation of the jet deviation under acoustics solicitation. Authors in this field do not pay too much attention to the quality of the acoustic field quality. This part is crucial to developing an acoustic model capable of describing the physical phenomena of liquid jets under acoustic. [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF] studied the deformation of air assisted liquid jets under plane transverse acoustic standing field for several couples of gaseous Weber number We g (<4000) and liquid Reynolds number Re l (<4000) at the pressure node. They showed experimentally that the liquid jet becomes a liquid sheet under plane acoustics field at different two-phase flow regimes (see Fig. 2.8), leading to vivid atomization via the Faraday instability. A single threshold value was observed for two-phase flows regimes between Rayleigh axisymmetric to the membrane. They showed that the acoustic effect is almost nonexistent for higher atomization regimes. The phenomenon was explained as the manifestation of the radiation pressure effect. [START_REF] Carpentier | Behavior of cylindrical liquid jets evolving in a transverse acoustic field[END_REF] observed the same phenomena on non assisted liquid jets of water and water-acetone. FIGURE 2.8: Coaxial jet water/air behaviour for differents two-phase flow regimes under transverse acoustic standing fields at a pressure node. P ac is the acoustic pressure [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF]. [START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF] studied the effect of acoustics on an air-assit water jet and reported the deviation of the liquid jet for low Weber conditions and the deviation of the spray droplets for high Weber conditions. The spray droplet deviation was determined for single or multi-point injections. A key parameter for their study was the jet position in the acoustic field. Studied positions were taken between the pressure node and velocity anti-node. Low Weber jets deviation was obtained by considering the jet skeleton, and then a linear fitting was applied to determine the deviation angle. The spray droplets deviation were determined by counting the droplets locations along in the acoustic axis, and then a Gaussian fitting is applied to the spatial distribution to determine the mean value or the central position of the spatial distribution. Results showed that the liquid jet deviation did not present any deviation at the pressure node or pressure anti-node. For other positions, the jet always deviated towards the nearest pressure node. Also, the droplet location distribution was always shifted towards the nearest pressure node. The distribution shift being exponentially augmented with the acoustic pressure. Droplet location distribution shift for multi-point injection showed a droplet clustering at the pressure node (VAN in Fig. 2.9) highlighted in the instantaneous pictures reported in Fig. 2.9. They could explain those deviations by considering the acoustic radiation pressure model for circular geometries. However, they failed to explain the deviation as soon as objects are deformed. These authors also showed with a theoretical model of the radiation pressure via the radiation force that such deviation produced by this force is sensible to the density ratio between the gas and the liquid elements. Such property needs to be proved experimentally to validate the scope of the theoretical model, which may be crucial for understanding the acoustic effect. It is also needed theoretical elements to explain the deformation threshold characterized by the Bond number observed in [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF][START_REF] Carpentier | Behavior of cylindrical liquid jets evolving in a transverse acoustic field[END_REF] and to explain the deviation under objects deformation. FIGURE 2.9: Multi-point injection visualization of a coaxial jet water/air for Re l = 2000 and We g = 9 under transverse acoustic standing fields at a pressure node. PAN the pressure anti-node, VAN the pressure node (velocity anti-node) and IAN (intensity anti-node) the middle position between PAN and VAN (Ficuciello et al., 2017).

Liquid jet flattening and deviation are very contrasted when the injection is done under sub-critical operation conditions. As soon as the critical condition is reached, the liquid is not very contrasted when back-light illumination technics or shadowgraphy are used. [START_REF] Chehroudi | Interaction of acoustic waves with a cryogenic nitrogen jet at sub-and supercritical pressures[END_REF] showed the flattening of a liquid nitrogen jet at the near-critical condition as shown in Fig. 2.10(a). They highlighted that the jet presents a substantial flattening under acoustic excitation, which disappears under supercritical conditions. Davis and Chehroudi, 2006 studied a coaxial flow of liquid nitrogen (LN 2 ) assisted with gaseous nitrogen (GN 2 ) injected in an ambient temperature pressurized GN 2 under subcritical, near-critical, and supercritical conditions, submitted to high-frequency plane transverse acoustic standing fields. As observed without acoustics in Fig. 2.10(b) (OFF), as the critical condition is reached, there is not a strong contrast between the gas phase and the liquid phase. With acoustics (ON in FIGURE 2.10: Consecutives high-speed shodowgraph frames of a liquid jet (a) and a coaxial jet (b) of liquid nitrogen LN 2 assited injected in a pressurized cavity under operating conditions of subcritical (P ch ≈ 1.5MPa), near critical (P ch ≈ 3.5MPa) and supercritical (P ch ≈ 4.9MPa) with and without acoustics(ON and OFF) [START_REF] Chehroudi | Interaction of acoustic waves with a cryogenic nitrogen jet at sub-and supercritical pressures[END_REF]Davis and Chehroudi, 2006).

The liquid jet flattening shows to be a fundamental behavior of liquid jet under acoustics. The present study focus on the study of coaxial water/air jet in pressurized media. This research aims to highlight the acoustic effect related to the density ratio between the ambient fluid and the liquid injected under the operating conditions indicated in Fig. 2.4. This feature aims to test the scope of the theoretical model developed in the Ph.D. thesis of [START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF]. Also, this model will be modified to consider the effect of the cross-section shape on the radiation pressure. Furthermore, a model will be developed to determine the liquid deformation by acoustic radiation pressure to explain the liquid jet sheet transformation threshold observed in experiments on liquid jets.

Chapter 3

Modeling

The present chapter introduces an approach to compute the radiation pressure distribution over the surface of non spherical object or cylinders with non circular cross section Sec. 3.1, the liquid object deformation induced by acoustics Sec. 3.3 and spheres acoustically interacting Sec. 3.4. The radiation pressure model (Sec. 3.1) is based on the partial wave series expansion on multi-pole cylindrical or spherical functions for an arbitrary shape that is used to compute the radiation pressure distribution. The twoway coupling between incident acoustic harmonic plane waves and these objects is investigated by computing the radiation pressure field and the resulting radiation force (Sec. 3.2). The liquid deformation by acoustics is determined in (Sec. 3.3) by assuming a normal stress balance between local surface tension and acoustic radiation pressure phenomena. Geometrical properties are used to deduce the geometry from the curvature. In Sec. 3.4 the sphere acoustic interaction model is introduced to determine the distance for which the droplets in a spray start to interact acoustically.

Radiation pressure model

In this section objects presenting no variation of their shape are submitted to progressive or standing plane harmonic acoustic waves. Perfectly reflecting surfaces are considered. The wave vector k of the plane waves is set colinear to the direction x (see Fig. 3.1). The scattered acoustic field is computed using a semi-analytical acoustic model based on a partial-wave series expansion (PWSE) method.

Geometry

Objects under consideration are homogeneous objects (elliptic cylinders of main axis z or spheroids with a revolution axis parallel to the acoustic axis x with an elliptical cross section of center O, in the plane (O, x, y). The distance along x from O to a given plane of reference is noted h. The semi-axes are of length a, and b along the acoustic axis ( x) and the axis of direction y respectively. The elliptic geometry is specified by 

Geometry a b

Elliptic cylinder

1 2 D 0 1/2 1 2 D 0 -1/2 Spheroid 1 2 D 0 2/3 1 2 D 0 -1/3
the aspect ratio, = a/b, < 1 corresponding to oblate spheroids and > 1 to prolate spheroids. The extremities of the segment 2a, noted P + and P -, are called the poles, and those of the segment 2b and noted E + and E -are called the equatorial points. For elliptic cylinders, the cross-section area is kept the same as the reference cylinder of a circular cross-section of diameter D 0 . For spheroids, the volume is kept the same as the spherical reference object of diameter D 0 . Expressions of semi-axes a and b as functions of D 0 and are given in Tab. 3.1. The complete object surface, is described a priori in (r, θ, z) with θ ranging in [0, 2π] for cylinders, and in (r, θ, ψ) with θ and ψ ranging in [0, π] and in [0, 2π] respectively for spheroids. But as the system is assumed to be symmetrical with respect to the axis (O, x) for both objects and independent of z for cylinders, the computational domain can be only defined by the coordinates (r, θ) with θ ranging in [0, π] (see Fig. 3.1).

The contour of the elliptic cross-section is then described by:

r s (θ) = ab (b cos θ) 2 + (a sin θ) 2 (3.1)
and the outward normal unit vector n to the object contour is defined by:

n = e r -1 r s dr s dθ e θ 1 + 1 r s dr s dθ 2 1/2 (3.2)
The elemental surface area at the object surface is expressed by unit length for cylin-

ders: dS = r s (θ) 1 + 1 r s dr s dθ 2 1/2
dθ. For spheroids we get: dS = 2πr 2 s (θ) sin θdθ. Hereafter, the following notations for the angle at poles and equatorial points are introduced :

θ P + = 0 • , θ P -= 180 • and θ E + = 90 • .

Basic equations

The incident field is expressed by using the quasi-standing potential velocity field:

φ i = 1 2 φ 0 e -iωt e ik(x+h) + R e -ik(x+h) (3.3)
where φ 0 is the amplitude of the potential acoustical field, ω the angular frequency, and k the wavenumber. The wave reflecting coefficient R is 0 for a progressive wave and 1 for a standing wave. In the standing wave field, three key positions are identified: pressure antinodes (PAN) (h = mλ/2, |m| = 0, 1, 2, ...), velocity antinodes (VAN) (h = (2m + 1)λ/4) and intensity antinodes (IAN) (h = (2m + 1)λ/8). In the presence of an object, the resulting field φ T results from the superposition of the incident field φ i and the field φ s scattered by the object as φ T = φ i + φ s . As objects are considered as perfectly reflecting, the domain of computation is limited to the region outside the object. The scattered field is calculated semi-analytically as dependent on both the incident field and the object geometry. The method uses the classical decomposition of the scattered field by means of infinite series of multi-pole cylindrical or spherical functions:

φ s = φ 0 e -iωt ∞ ∑ m=0 C m H m (kr)P m (θ) (3.4)
The multi-pole functions are given in Tab. 3.2. The coefficients C m of the unknown vector [C m ] for the scattered field are determined from the boundary condition Eq. (2.27) along with Eq. (3.1). These expressions lead to the following linear system that only depends on m and θ: Geometry H m (kr)

∞ ∑ m=0 [C m γ m (θ)] + Γ(θ) = 0, ∀θ (3.5)
P m (θ) γ m (θ) Cylindrical H 1 m (kr) cos(mθ) kH 1 m (kr s ) cos(mθ) + m r 2 s dr s dθ H 1 m (kr s ) sin(mθ) Spherical h 1 m (kr) P m (cos θ) kh 1 m (kr s )P m (cos θ) + sin θ r 2 s dr s dθ h 1 m (kr s )P m (cos θ) with Γ(θ) = ∂φ i ∂r r=r s - 1 r 2 s dr s dθ ∂φ i ∂θ r=r s (3.6)
and γ m (θ) given in Tab. 3.2.

In the following, the size parameter of the analysis of the interaction of the acoustic field with the object is given by the reference Helmholtz number α = 1 2 kD 0 .

Calculation of φ S

A multiprecision PYTHON 3 code has been developed in order to compute a large number of terms of the infinite series. Infinite series (Eq. (3.4)) is truncated to a finite number of terms m max which is increased as the aspect ratio deviates more and more from 1. The criterion to determine m max is based on the accuracy of the calculation of the boundary condition (Eq. (3.5)). A linear equation system is established by evaluating Eq. (3.5) by means of a definite number of points NP for discrete values θ j over the elliptic contour. The QR solver of mpmath library used to solve the linear system imposes that NP> m max = f ( ), with the minimum value for m max equal to 25 obtained for = 1. The solver leads to an optimized solution giving the vector

C QR * m
for the NP points used. The discrepancy between C QR m and the optimum solution C QR * m was found to be small enough for NP * = 2m max which defines the minimum number of points to be considered. The boundary condition vector (Eq. (3.5)) is calculated by the discrete relation with the matrix [γ jm θ j ] at every point j ≤ NP * : An example of |BL QR | max convergence (blue symbols ∆) as m max increases is reported in Fig. 3.2 for an elliptic cylinder with = 0.5, placed at h = λ 8 (IAN) for a standing wave with α = 0.055. |BL QR | max = 0.01 gives m max = 100 for this particular case. The other quantities reported in Fig. 3.2 are explained in the next section. 

BL QR j = [γ jm θ j ] C QR * m + Γ j (θ j ).
= ρ 0 φ 2 0 k 2 .
Circular Geometry

F Circular P(D 0 /2) ν
Standing wave Progressive wave ν Cylinder 

Convergence and validation of the semi-analytical model

From results of Sec. 3.1.3 the radiation pressure distribution P rad , and the radiation force F rad are calculated. Indeed, from Eqs. (2.23) and (2.24), P φ and P q are expressed as infinite sums as it is done for φ s . Radiation pressure is presented in its dimensionless form P * rad = P rad P where P = ρ 0 φ 2 0 k 2 is the averaged-time acoustic energy per unit volume of a free progressive wave. Numerical computation shows that the partial sums of order m, -P * , are positive and have finite upper limits, -P * φ and P * q respectively. Both series are convergent, so their remainders R

φ m and R q m are such that |R φ m -R φ m-1 | = | -P * φ m --P * φ m-1 | < δ φ m and |R q m -R q m-1 | = | P * q m - P * q m-1 | < δ q m
where δ φ m and δ q m give the truncation errors. So, the finite limit of the series, P * rad , defined by the partial sums P * rad m exists and can be evaluated up to a given truncation error of order m, P * rad m -P * rad m-1 . The same reasoning applies for the dimensionless force with the results obtained by Mitri, 2015 under the far-field approach for elliptic cylinders and spheroids. An illustration is given in Fig. 3.3 for elliptic cylinders with 0.5 ≤ < 2.0 placed in a standing wave at IAN where our data exactly match results of Mitri, who used a fixed number of terms in the partial sums, whatever the value of in the range [0.5 -2.0]. Some discrepancies are found for = 2, showing that the method proposed here, which systematically adapts the number of terms m max to ensure the convergence, is relevant. 

F * rad = F rad Pb ² = 0 5 ² = 0 75 ² = 0 85 ² = 1 0 ² = 1 25 ² = 1 5 ² = 2 0

Influence of the object ellipticity on the radiation pressure

As shown hereafter, the method can establish the radiation force evolution and a fine local description of the radiation pressure exerted on an object whose shape deviates significantly from the circular case. Data concerning IAN, PAN, VAN, and progressive wave cases are exploited in the following.

Averaged radiation pressure P * rad s at IAN A local positive radiation pressure P * rad is associated with a compression effect, whereas a local negative radiation pressure is associated with a suction effect. The surface averaged dimensionless radiation pressure P * rad s = ´S P * rad dS S is introduced to account for the global compression or suction effect of acoustics on the object. The variation of P * rad s vs. α is shown in Fig. 3.4 for an elliptic cylinder placed at IAN. It shows that suction effects are dominant for α in the range [0 -1[ and compression effects are dominant for α > 1 whatever . Note that the limit between suction and compression effects is characterized by a critical Helmholtz number α cr ( ) which decreases as decreases, passing by α cr = 1 for ≈ 1.30. Moreover, whatever α the smaller (i.e., the more elongated perpendicularly to the acoustic axis the objects), the higher P * rad s . Averaged radiation pressure P * rad s at VAN P * rad s vs. α is reported in Fig. 3.5 for a cylinder placed in a VAN. For this case, the suction-dominated case and the compression-dominated are separated by a particular α cr = 1 independent on . In the suction-dominated case, the maximum suction effect is observed to grow with the decrease of . The maximum being 3 times bigger than the one observed at IAN (see. Fig 3.4). The maximum compression effect is also observed to grow when decreases. Values of P * rad s shows to converge to compression asymptotic values as α grows, its magnitude depending on .

Averaged radiation pressure P * rad s at PAN P * rad s vs. α is reported in Fig. 3.6 for a cylinder placed in a PAN. The compression effect is globally observed in this case whatever α and . A suction is observed in a narrow region of α ranging in [0.9, 1.7] for < 1. The compression evolution starts from a global maximum observed for α → 0. The evolution with α is independent on for α < 0.3. A minimum value is observed for a given α( ). Its intensity depends on : the bigger , the smaller the value. Then, as α grows, P * rad s goes to an compression asymptotic value whose intensity depends on . Averaged radiation pressure P * rad s in a progressive wave P * rad s as a function of α is reported in Fig. 3.7 for a cylinder placed in a progressive wave. It is observed that P * rad s evolves similarly to the one obtained in a standing wave at IAN. The suction-dominated case is delimited by a α cr ( ), which is the same as the one at IAN. For α → ∞, P * rad s converges to an asymptotic value depending on . The bigger P * rad s for the smaller . Thus, it is observed that globally the case for a progressive wave can be assimilated to the case at IAN. Hereafter, in each of the regions for α (i.e. suction-dominated or compressiondominated cases), P * rad distribution calculated over the whole object surface is analyzed for ranging in [0.5 -2.0] and for θ ranging in [0 • -180 • ] as the acoustic axis is an axis of symmetry. The case PAN will not be considered because the two regions are not observed.

P *

rad distribution at IAN for α < α cr

Suction-dominated case

The variation of P * rad (θ) is reported in Fig. 3.8(a) for different values of and α = 0.055 that serves as an example to illustrate the results for the suction-dominated case (α < α cr ). This value of α was chosen to compare our computation of the radiation pressure distribution to theoretical results established analytically for α << 1 in the case of objects of circular cross-section by [START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF]. The particular case = 1 reported in Fig. 3.8(a) perfectly matches those theoretical results.

In the suction-dominated case, compression is always located around the poles P + and P -, regardless the value of as can be seen in Fig. 3.9(b). As decreases, the compression region expands to the detriment of the suction region. The maximum compression is at the position (θ mc ) close to the pole nearest to PAN (P + in the case of Fig. 3.9(b)), and it moves towards the equatorial point E + as α increases (see Fig. 3.9(b)). The associated maximum radiation pressure P * rad (θ mc ) evolves similarly to a cubic-like function of α, slightly depending on (see Fig. 3.9(a)). The maximum suction effect strongly depends on and α (see Fig. 3.10(a)). For ≤ 1, its position (θ ms ) near E + moves towards the pole P + as α increases (see Fig. 3.10(b)). For > 1, as α increases θ ms first moves from a location near E + towards P + , and then moves back to E + for a given value of α that depends on , noted α * ( ). The maximum variation ∆θ ms reaches 55 Comparing results between spheroids and cylinders indicates a similar compression effects while suction effects is greater (e.g. the augmentation is about 40% in the configuration of Fig. 3.8(a)). 

Compression-dominated case

For α > α cr as for α < α cr the distribution of the radiation pressure presents suction and compression effects, as illustrated in Fig. 3.8(b) for α = 4 and three values for ranging in [0.5 -2.0]. |P * rad (θ ms )| associated to the maximum suction is small and slightly depending on and α (0.4 < |P * rad (θ ms )| < 0.55) converging towards the value of about 0.55. For α α cr , θ ms spreads with from 55 • to 85 • with decreasing from 2 to 0.4. For α larger than 5, θ ms converges to θ 85 • whatever . The maximum compression effect is located near the pole P -and goes towards E + regardless as α increases, θ mc reaching an asymptotic value about 95 • . The number of relative minima and maxima, which strongly depends on , augments with α indicating a phenomenon of scattered wave interference as soon as the object size is sufficiently large. The intensity variation of relative minima and maxima increases while they migrate towards E + as α increases whatever . This induces the appearance of a sharp transition near the equatorial point E + (θ E + ) characterized by a strong suction effect at θ ms hardly lower than θ E + and a strong compression at θ mc hardly higher than θ E + . This process is marked by a more and more out of phase behavior at the poles: a relative compression maximum at P -corresponds to a relative compression minimum at P + , and vice-versa as observed in Fig. 3.11.

P *

rad distribution at VAN for α < α cr Suction-dominated case P * rad (θ) distribution at VAN is reported in Fig. 3.12(a) for different values of and α = 0.055. This figure serves as an example to illustrate the results for the suctiondominated case (α < α cr ). Result for = 1, i.e. objects of circular cross-section, perfectly matches the results of [START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF]. For the suction-dominated case at VAN, compression is always located at poles P + and P -, regardless of the value of as can be seen in Fig. 3.13(b). The compression shows to increase as a cubic-like evolution as α increases, starting from P * rad (θ mc ) ≈ 0 as α → 0 as observed in Fig. 3.13(a). The maximum P * rad (θ mc ) dependent on , the smaller the bigger P * rad (θ mc ). It is also observed that the P * rad (θ mc ) maximum is always contained in the suction dominated case regardless . From the radiation pressure distribution Fig. 3.12(a) it is observed that as decreases, the region of compression expands to the detriment of the region of suction. The compression is hardly observed, almost non-existent. The compression shows to be symmetrical with respect to the acoustic axis θ = 0 • and θ = 180 • . This is characterized by a maximum P * rad (θ mc ) found at a (θ mc , r(θ mc )) and its image point (θ * mc , r(θ * mc )) = (θ * mc , r(θ mc )) as observed in Fig. 3.13(b). The maximum suction effect strongly depends on and α (see Fig. 3.14(a)). Its location θ ms is found always at E + regardless α and (see Fig. 3.14(b)). The maximum absolute radiation pressure |P * rad (θ ms )| associated with the maximum suction effect increases with decrease and evolves with α similarly to the one obtained at IAN. Nevertheless, its intensity is at least two times bigger than the one found at IAN. Similarly to the case at IAN, for α > α cr as for α < α cr the radiation pressure distribution presents suction and compression effects, as illustrated in Fig. 3.12(b) for α = 4 and three values for ranging in [0.5 -2.0]. |P * rad (θ ms )| is small and slightly depending on and α (0.4 < |P * rad (θ ms )| < 0.55) compared to the case of suction dominated case. This value converges towards the value of about 0.5, as was also observed for IAN. For α α cr , θ ms stays at E + . The maximum compression effect is located near the pole P -and goes towards E + regardless as α increases, θ mc reaching an asymptotic value about 80 • . A number of relative minima and maxima appears, which strongly depend on , augments with α, indicating another time a phenomenon of scattered wave interference. The intensity variation of relative minima and maxima increases while they migrate towards E + as α increases whatever . This induces the appearance of a sharp transition from compression to suction near the equatorial point E + (θ E + ) characterized by a strong suction effect at θ E + and a strong compression at θ mc ≈ θ E + . Contrary to the case at IAN, values of the P * rad at the poles are exactly the same typical of the symmetrical distribution of P * rad in VAN as observed in Fig. 3.15.

P *

rad distribution in progressive wave (PW) for α < α cr (suctiondominated case) Suction-dominated case P * rad (θ) distribution in a progressive wave is reported in Fig. 3.16(a) for different values of and α = 0.055. This serves to illustrate the radiation pressure characteristics in progressive waves. The case = 1 perfectly matches the results of [START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF] In the suction-dominated case, the compression is located at pole P -regardless of the value of as can be seen in Fig. 3.18(a). Similarly to IAN, the compression increases as a cubic-like evolution as α increases. The maximum P * rad (θ mc ) dependent on , the smaller the bigger P * rad (θ mc ). P * rad (θ mc ) maximum is always contained in the suction dominated case regardless and is always located at pole P -. This is explained by the fact that the progressive wave here is oriented to touch firstly the point P -in its trajectory, producing a stagnation-like point at P -. Radiation pressure distribution shown in Fig. 3.16(a) shows that as decreases, the region of compression expands while reducing the region of suction. The maximum suction effect strongly depends on and α (see Fig. 3.17(a)). Its location (θ ms ) initially at E + regardless (see Fig. 3.14(b)) moves toward the pole as α increases. |P * rad (θ ms )| maximum absolute associated to the maximum suction effect increases with decrease and evolves with α similarly to the one obtained at VAN. However, its intensity is relatively smaller than the one found at VAN. Shifting values in the evolution of θ ms comes from the strong decrease of the suction effect as α increases. This is observed in Fig. 3.16(b), the suction effect is observed strongly reduced and with very smooth oscillating. The algorithm used for detecting this minimum cannot distinguish between the very low contrasted oscillations. 

Compression-dominated case

Similarly to the case at IAN, for α > α cr as for α < α cr P * rad contains suction and compression effects as observed in Fig. 3.16(b) for α = 4 and three values for ranging in [0.5 -2.0]. |P * rad (θ ms )| is slowly grows slightly depending on and α (0.25 < |P * rad (θ ms )| < 0.35) compared to the case of suction dominated case. This value converge towards the value of about 0.20 smaller to the one obtained at IAN. θ ms becomes almost impossible to detect due to the number of relative maxima and minima appearing in P * rad . The maximum compression effect is always located at the pole P - whatever α. A number of relative minima and maxima, which strongly depends on , augments with α indicating another time a phenomenon of scattered wave interference. The most remarking effect is the compression at the pole P + . This is quite bigger compared to the suction effect. Compression at the pole P -goes asymptotically to one while at P + goes to zero as α → ∞. This effect is marked by the complete wave fronts reflection by the hemisphere containing pole P -, the one receiving first the wave front.

Towards deformation : Possible cause in a quasi-static deformation analysis

Compression and suction effects jointly act on the object surface to produce a preferred deformation, provided that non-rigid objects are considered. Indeed, as suction and compression effects generally act in perpendicular directions, these effects, result in an elongation along the suction direction and a shortening in the compression direction. A new quantity relying on both effects (suction and compression) is defined to quantify the efficiency of the acoustic deformation strength. The aim is to evaluate suction and compression effects capable of collaborating in a beneficial manner such that they can induce flattening ( < 1) or lengthening ( > 1). The resulting action in the x-direction is given by the difference between the efforts acting on both sides of the object delimited by the plane perpendicular to e x and containing the object center :

∆F x = F 1x -F 2x (3.7)
with Similarly, the action in the y-direction is given by the difference between the efforts acting on both sides of the object delimited by the plane perpendicular to e y and containing the object center : respectively.

F 1x = ˆ3π 2 π 2 -P rad n • e x dS and F 2x =
∆F y = F 1y -F 2y (3.
As elongation in the plane (O, y, z) and compression along e x both contribute to the flattening of object with a reduction of , the global. global effect of acoustics on a potential deformation is defined by:

∆ D = ∆F x + ∆F y (3.9)
A schematic representation of ∆ D is shown in Fig. 3.20: ∆ D > 0 would induce a dominant flattening deformation ( < 1) while the opposite ∆ D < 0 would induce a dominant lengthening deformation ( > 1). For ∆ D = 0 no deformation would occur.

The dependence of ∆ D on α for IAN parameterized by is reported in Fig. 3.21. Whatever α the global effect of the acoustics is dominated by a flattening deformation (∆ D > 0). This effect is maximum for α < α cr when P * rad S is piloted by suction effect (see Fig. 3.8(a)). The maximum for ∆ D is observed for critical values α( ) between 0.3 and 0.7 for the range of considered here. It significantly increases with a slight decrease of . For large α, ∆ D ( ) tends towards an asymptotic value depending only on with a bigger value (bigger effect) for smaller (flattened objects).

∆ D vs α for VAN parameterized by is shown in Fig. 3.22. Similarly to IAN, the global effect of the acoustics is dominated by a flattening deformation (∆ D > 0) regardless of α , and for large α, ∆ D ( ) tends towards an asymptotic value depending only on with a bigger value (bigger effect) for smaller (flattened objects). ∆ D is maximum in the suction-dominated cases (0.3 < α < 0.7 for the range of considered here) (see Fig. As α increases ∆ D decreases until α 1 and then increases and becomes positive for α 1.7 ∆ D (α = 0) is negative for > 1 and positive for < 1. For < 1 the evolution is similar to the circular case = 1. ∆ D remains positive for ≤ 0.5 and for α > 1.7. So as soon as a deformable object placed at PAN is sufficiently large or is already slightly flatten, the acoustic effect will lead to increase more and more its flattening, as for whatever deformable objects placed at VAN or at IAN. For a small elongated (prolatelike for spheroids) deformable object placed at PAN the acoustic effects will lead to an increasing of its elongation. ∆ D vs α for a progressive wave is illustrated in Fig. 3.24. It evolves identically to the case for IAN and the same conclusion can be drawn for it. For < 1 the evolution is similar to the circular case = 1. ∆ D remains positive for ≤ 0.5 and for α > 1.7

We consider now the case of a small object α < 1 placed in a standing wave field for which, which presents only single compression and suction mode. We focus our attention here on the vertical force F y in the suction area in order to compare the potential deformation performance at different aspect ratio and different positions in the acoustic field. F y is defined as follows: F y = 2 ´θ1 θ 0 -P rad n • e y dS. Coefficient 2 comes from the symmetry with respect to the acoustic axis. θ 0 and θ 1 are the positions where

P rad = 0 in the θ range [0, 180] • . Dimensionless F * y = 2F y PD 0
is reported as a function of , h and α in Fig. 3.25. Whatever α, F * y is maximum at the velocity antinode ( 8h λ = 2) (see Fig. 3.25(a)). F * y as a function of at IAN( 8h λ = 1) and VAN( 8h λ = 2) are shown in Fig. 3.25(b) for α = 0.055. Whatever , F * y at VAN is always bigger than the one at IAN. To conclude, for almost all configurations considered (i.e. IAN, VAN, PW), acoustics leads to a preferential compression along the acoustic axis whatever α, which can be associated with a significant flattening in the plane (O, y, z). The deformation effect is expected more significant at VAN whatever α and with respect to other acoustic configurations. Now, it is necessary to add the mechanical properties of the object in the model to take into account the possible object deformation. 

Application to deformable liquid objects at VAN α < α cr = 1

A quasi-steady model for predicting the liquid object shape deformation under acoustic solicitation is presented in this section. It accounts for Laplace pressure and acoustic radiation pressure balance at the curved liquid-gas interface by implementing the partial-wave series expansion and surface tension. Basic equations are developed in Sec. 3.3.1 where two approaches are considered: the general shape deformation model (GDM) and the elliptic shape fitting model (EFM), respectively. Sec. 3.3.2 is devoted to the validation of these approaches for the case of liquid cylinders and quasi-spheroidal droplets.

Constitutive law

Laplace pressure balance equation is given by:

P i -P s = σK L (3.10)
where P i and P s designate relative pressures (w.r.t. the mean surrounding pressure) in the liquid and gas, respectively, σ the surface tension and K L the local curvature of the liquid-gas interface. In our case P s is the acoustic radiation pressure P rad at the surface of the object. Considering P = ρ 0 φ 2 0 k 2 and Eqs. (2.23) and (2.24) it can be shown that P rad = P × P * rad (θ, kr s (θ)) where P * rad only depends on the wave properties and the chosen geometry. Hence Eq. (3.10) can be expressed in its dimensionless form as:

P * i -Bo a P * rad (θ, kr s (θ)) = K L (θ) K L0 (3.11) K L0
is the curvature of the circular element of reference, P * i = P i σK L0 is the normalized internal pressure and Bo a = P σK L0 is usually called the acoustic Bond number (Anilkumar et al., 1993). Eq. (3.11) shows that the acoustic Bond number is the crucial parameter for the problem. The pressure P i in the liquid is expressed by the static fluid pressure relationship:

P i = p i + βρgh L (3.12)
where p i is a positive constant fixed from the boundary conditions piloted by a local convex curvature at every point of the object surface, h L is the height of the liquid column at the considered location. β is either 1 or 0, depending on the fact that hydrostatic pressure variation has to be taken into account or not. Indeed, for a cylinder, the balance is written in a cross-section normal to the gravity axis (parallel to the cylinder axis), implying β = 0. β = 1 for spheroids with the acoustic axis and gravity are aligned. The shape of the liquid-gas interface is implicitly related to the local curvature extracted from the surface stress balance. Two methods for describing the local curvature are proposed: The first one (Sec. 3.3.1) consists in solving the whole differential system describing the object geometry keeping constant the section area of the cylinder or the volume of the quasi-spheroidal object. The second one (Sec. 3.3.1) looks for the best fitting of an imposed elliptic shape that by construction keeps constant these quantities.

General shape deformation model (GDM)

FIGURE 3.26: Schematic arc length description for axisymetric shape.

Actual deformation of the liquid shape is determined by parametrizing the liquid surface with the arc length s(θ) along the perimeter of the cross section (see Sec. 3.1.1) with the origin at P + . The new framework O s , X = x, Y = y is then introduced with X = xa and Y = y (see Fig. 3.26). For the general shape a generalization of the aspect ratio is given by the global aspect ratio g =1 2 -X(θ P -) max θ≤180 • Y(θ) . The total local curvature is given by Eq. (3.13) Beard and Chuang, 1987:

K L = - dϕ ds + ς 1 r 2 (3.13)
where ϕ(s) is the angle between the local tangent to the surface and the direction y (see Fig. 3.26), ς is equal to 0 for cylindrical objects 1 and to 1 for spheroidal objects and 1 r 2 = sinϕ y is the second curvature of quasi-spheroidal objects. At the poles, the second curvature 1 r 2 is evaluated by using its limit values:

1 r 2 = - dϕ ds for (ϕ = 0 • or 180 • ) (3.14)
Substituting P i for Eq. (3.12) and K for Eq. (3.13) in Eq. (3.10) leads to a differential equation in the arc length domain:

- dϕ ds = -ς 1 r 2 (s) + p i + βρgX(s) -P s (θ(s)) σ (3.15)
The system of differential equations is completed by introducing two supplementary equations:

dY ds = -cos ϕ (3.16) dX ds = -sin ϕ (3.17)
The differential equation system (Eqs. (3.15), (3.16) and (3.17)) is solved by means of a fourth order Runge-Kutta scheme coupled with a Least-Square algorithm to determine the pressure (p i ), satisfying a mass conservation constraint. For cylinders the constraint expresses as

´X(ϕ=180 • ) 0 Y(X)dX = 1 8 πD 2 0 and for quasi-spheroids as ´X(ϕ=180 • ) 0 πY 2 (X)dX = 1
6 πD 3 0 . The deformation problem is solved utilizing an iterative approach. For iterations j and exponent notation for the quantities at a given iteration we consider:

1 Choose an initial geometry (default circular (

j=0 g = 1), D 0 , K L0 ).
2 Take an initial guess for the constant internal pressure (default p j=0 i = σK L0 ).

3 Compute radiation pressure P j s (θ) for the geometry (θ, r s , j g , p j i ) (see Sec. 3.1). j L (θ) by using Eq. (3.10) .

5 Calculate the new object shape (ϕ, X, Y) j+1 and p j+1 i .

6 Iterate steps 3-5 as long as the convergence criterion is unsatisfied, i.e., as long as j+1 g and p j+1 i change more than a given precision.

When the convergence criterion is satisfied, the static shape is found for the deformable object, characterized by g and P * i values. Results for g as functions of Bo a are presented in Fig. 3.27 considering a liquid cylinder and two values of α : α = 0.055 < α cr , and α = 0.87 ≈ α cr . It is observed that starting from the initial circular condition, the shape of the stable cross-section found by GDM is characterized by a decrease of g with Bo a . There is a maximum Bond number Bo a above which no convergence is found and thus no shape was found to be able to maintain equilibrium between radiation pressure distribution and Laplace Forces. This maximum Bond number implies a minimum value for g which is found to be of the order of 0.4. As shown in Sec. 3.2, small objects (α < 1) at VAN, objects with a non-circular initial cross-section g > or < 1 should also immediately adopt the stable solution of the steady-state deformation characterized by g ≤ 1. Such an initial shape would necessitate supplementary physical conditions not considered here. For a very small initial cylinder diameter (α = 0.055) the slope of the curve gradually decreases up to Bo a 1 where the slope decrease steeply. For a initial cylinder of perimeter of the order of the wavelength, g shows only a linear decrease with Bo a . Whereas similar ending values ( 0.4) are found for g for both α, the curvature at the pole K L (θ P ) → 0 for the biggest cylinder. This indicates that the general shape for this particular case no longer corresponds to an elliptic cross-section which implies a non-null curvature at the pole for a non-null aspect ratio g . We will see in the next section the Bond number limit for which the elliptic shape is a good approximation of the general shape. Some cases conduce to g = 0 while crossing K L (θ P ) = 0 at a certain Bo a leading to a concave shape dog-bone-like as observed for droplets in [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF] This indicates a transition from convex to concave shape. In our case, we are interested in objects maintaining a convex shape. This is the point where an unstable deformation is found while the object is always convex. So, for the following, we are going to focus on the point α < α cr .

Elliptical shape fitting model (EFM)

This approach assumes that the deformed liquid object cross-section can be approximated with an elliptical shape. The total local curvature K ellip (θ, ) is given by Eq. (3.18) where n y is the normal vector component along y (see Sec. 3.1.1 and Fig. 3.1 for the geometric elements). The weight of the liquid is also neglected (β = 0) in this case.

K ellip = 2r s 2 (θ) + r s (θ) 2 -r s (θ)r s (θ) r s (θ) 2 + r s 2 (θ) 3/2 + ζ n y (θ) r s (θ) sin θ (3.18)
The iterative method is similar to GDM with the difference that the local balance equation (Eq. (3.10)) can no longer be exactly verified in every point, and a best-fitting approach is applied. The following modifications are thus introduced in step 5 : 5a Determine the best adapted total elliptical curvature K ellip (θ, j+1 ) by means of a least-square method algorithm applied to K j L (θ, j ) distribution (see Tab. 3.1).

5b Calculate the new internal pressure p j+1 i by averaging Eq. (3.10) with respect to the total arc length s(θ P -= 180 • ):

p j+1 i = σ K j+1 ellip + P j rad S ; • S = ´S(•)dS S .
For the cases where a convex shape is found by GDM, EFM was found to give similar numerical results. This is illustrated in Fig. 3.28 showing ϕ as a function of θ and as a function of Bo a for α = 0.055 for both methods. As the curves are centrally symmetric with respect to (θ, ϕ) = (90 • , 90 • ), data in Fig. 3.28(a) are presented on the left hand side (i.e. 0 • < θ < 90 • ) for Bo a = 0.8 and on the right hand side (90 • < θ < 180 • ) for Bo a = 1.08. As shown in Fig. 3.28(b), both GDM and EFM predict a stable cross-section of the acoustically perturbed cylinder starting from a circular one that is characterized by a decrease of (Bo a ). As Bo a increases, the elliptical shape fitting deviates from the general solution because the calculated local elliptical curvature can no longer satisfy the Laplace equation. This deviation depends on the value of α. The least-square residual of the Laplace equation for elliptic objects as a function of the Bond number Bo a for the cylinder at a velocity antinode is reported in Fig. 3.29. The residual value grows exponentially with Boa , the exponential growth being dependent on α. For α = 0.055 the residual value is acceptable up to Bo a ≈ 1. For α = 0.87 it is obtained similar results by EFM and GDM for a more limited range of Bond number (Bo a 1). This explains why the elliptical aspect ratio deviates from the one deduced from GDM observed in Fig. 3.28(b). 

Physical validation

The validation is done by determining the liquid-gas interface shape of a cylinder or a quasi-spheroidal object under the action of acoustic radiation pressure. The deformation is characterized by the interface's global aspect ratio g and compared to experimental or numerical results.

Cylinder

Two validation experiments were found in the literature for the cylinder case [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF][START_REF] Marr-Lyon | Passive Stabilization of Capillary Bridges in Air with Acoustic Radiation Pressure[END_REF]. Both consider the deformation at the velocity antinode position (h = λ 4 ) of a standing wave where the deformation is expected to be maximum. The ambient conditions, of experiments, correspond to normal ambient pressure and temperature conditions. For the first validation, we look at the maximum deformation a liquid cylinder can withstand as the acoustic level is increased. For a given α a critical Bond number, Bo a,cr is found above, which calculations do not converge towards a stable object shape. For example, it can be seen in Fig. 3.27 that for α = 0.055 and h = λ 4 the critical Bond Bo a,cr 1.1 for GDM and Bo a,cr 1.03 for EFM. The existence of such a Bond limit agrees well with experiments done on a liquid jet placed in a velocity antinode with α = 0.055 by [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF][START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF] In this experiment the liquid jet continuously flattened until a complete jet atomization occurred at Bo a = 1.25 Bo a,cr .

A second experimental validation is done by considering the results obtained from Marr-Lyon et al., 2001 on a liquid bridge of radius D 0 /2 = 0.162 cm placed at a velocity antinode of a standing wave with a calculated amplitude of 2.3 kPa and a frequency of 29 kHz. Those authors observed a cross-section deformation characterized by a ratio 2a/D 0 = 0.78. From their data, it is possible to evaluate the following parameters : Bo a = 0.79 and α = 0.87, which leads to ε = 0.64, i.e. 2a/D 0 = 0.80. This experimental data reported in Fig. 3.27 ( symbol) showing the variation of g obtain by GDM as a function of Bo a for α = 0.055 < α cr and α = 0.87 > α cr . The prediction given by GDM matches very well the experimental results of [START_REF] Marr-Lyon | Passive Stabilization of Capillary Bridges in Air with Acoustic Radiation Pressure[END_REF].

Quasi-spheroidal objects

For the case of quasi-spheroidal objects, validation is made on the characterization of the shape of a droplet acoustically levitated in a standing plane field, obtained experimentally by [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF] and numerically by [START_REF] Lee | Static shape and instability of an acoustically levitated liquid drop[END_REF] Two configurations were used in our model: one with a neglected variation of the hydrostatic pressure (β = 0) and a liquid object location fixed at a velocity antinode (VAN), and one with β = 1 and a variable liquid object location where weight ( w) and radiation forces are balanced. As the droplet is deformed, the acoustic radiation force varies, which modifies the stable location. At each iteration of calculation, the new vertical position h is evaluated by using the balance equation h

= 1 2k sin -1 | w| F I AN rad
, where the radiation force at h is based on a general expression extracted from the full expansion series proposed by [START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF] and F I AN rad is the radiation force obtained by EFM or by GDM for a quasi-spheroidal object at IAN. Results are plotted against the Bond number for both EFM and GDM methods in Fig. 3.30. Experimental results of Anilkumar et al., 1993 (symbols •) and numerical data from BEM computations (symbols ) done by [START_REF] Lee | Static shape and instability of an acoustically levitated liquid drop[END_REF] are also reported in the figure . A good agreement is noted between our semi-analytic results and the numerical ones. No significant differences were found between considering or not the droplet weight and the hydrostatic pressure. So, when the spheroidal object is placed in the acoustic field, it goes almost immediately to a stable position in the vicinity of VAN. Our results as well as numerical computations [START_REF] Lee | Static shape and instability of an acoustically levitated liquid drop[END_REF] match the experimental data [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF] for Bo a < 1.8. A limit equatorial ratio 2b cr D 0 1.4 is found by GDM, satisfyingly approaching both experimental and numerical results obtained by [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF][START_REF] Lee | Static shape and instability of an acoustically levitated liquid drop[END_REF]. For Bo a > 1.8, a deviation is observed between numerical results and experimental data, which grows as Bo a increases. This feature is attributed to the experimental procedure, as was explained in [START_REF] Lee | Static shape and instability of an acoustically levitated liquid drop[END_REF]. Differences between our model and the numerical results obtained by [START_REF] Lee | Static shape and instability of an acoustically levitated liquid drop[END_REF] can come from their curvature approach using pseudo cylindrical coordinates, whereas the spherical approach, considered here, leads to the correct resolution. 

Inter-objects acoustic interaction

The proximity between objects subjected to an acoustic field can modify the object isolated acoustic radiation pressure due to the combination of the scattered field produced by every object. This phenomenon is called the inter-object acoustic interaction. Authors such as [START_REF] Embleton | Mutual interaction between two spheres in a plane sound field[END_REF][START_REF] Sepehrirahnama | Numerical study of interparticle radiation force acting on rigid spheres in a standing wave[END_REF] have dedicated their works to the determination of the force of acoustic radiation produced by the interaction of two rigid immobile spherical objects, one on the traveling wave and the other on a standing wave. Other authors have been interested in the interaction of compressible spheres [START_REF] Apfel | Acoustically induced square law forces and some speculations about gravitation[END_REF][START_REF] Silva | Acoustic interaction forces between small particles in an ideal fluid[END_REF], on pulsating immobile interacting bubles [START_REF] Crum | Bjerknes forces on bubbles in a stationary sound field[END_REF][START_REF] Doinikov | On the mutual interaction of two gas bubbles in a sound field[END_REF][START_REF] Doinikov | Radiation forces between two bubbles in a compressible liquid[END_REF] and on oscillating gas bubbles in a viscous compressible fluid [START_REF] Pelekasis | Secondary Bjerknes forces between two bubbles and the phenomenon of acoustic streamers[END_REF]. These authors were able to show that the force produced by the interobject interaction can lead to the redistribution of objects. For the application of a dense spray or an aerosol the object interaction induced radiation force could lead to a local modification of the spray or aerosol distribution. We are interested here in the semi-analytical development of the scattered field, the radiation pressure, and the radiation force model on rigid spherical objects acoustically interacting aligned on the acoustic axis and submitted to a plane progressive acoustic field.

Geometry of the acoustic inter-object system

We study the acoustic interaction between objects subjected to a progressive field. The geometrical parameters are defined below:

k FIGURE 3
.31: Acoustic interaction diagram of a progressive wave (PW) with two rigid immobile spheres.

r = r 2 + d 2 -2rd cos θ (3.19) θ = arcsin r r sin θ (3.20)
An schematic rerpresentation for two objects is given in Fig. 3.31 showing the geometrical parameters. The coordinates are (r , θ ) are associated to the first object receiving the wave fronts of the progressive field (referred as 1 in the Fig. 3.31). The coordinates of the studied object (r, θ) are associated to the second object (2). A relationship between this coordinates are given in Eqs. (3.20) and (3.19). Then, to study the acoustic field in 1, the coordinates (r, θ) origin is the center of 1 and (r , θ ) origin in the center of 2.

Semi-analytic scattered field approach

Incident plane field considered is expressed by using the quasi-standing potential velocity field description as done in Sec. 3.1.2:

φ i = φ 0 e ikx e -iωt
(3.21)

In polar coordinates, x = r cos θ and y = r sin θ. As considered objects are spherical, the scattered wave is decomposed on partial-wave series expansion (PWSE) as:

φ s (r, θ) = ∞ ∑ n=0 C n h n (kr)P n (cos θ) (3.22)
h n are the spherical Hankel functions and P n is the Legendre polynomial. Let considered the acoustic field in particle 2. The incident acoustic field φ q iT on the observed object is defined as the superposition of the global incident progressive field arriving to the object and the contribution of the scattered field produced for object 1 send to 2:

φ iT,2 = φ i,2 (r, θ) + φ s,1→2 r , θ (3.23)
The resulting field on 2 is:

φ T,2 = φ i,2 (r, θ) + φ s,2 (r, θ) + φ r,1→2 r , θ (3.24)
Note that the acoustic field related to the acoustic interaction is given by the Eq. (3.22).

φ s,1→2 r , θ = ∞ ∑ n=0 C n,1 h n (kr )P n cos θ (3.25)
The scattered field produced by the particle 2 subjected to the acoustic interaction is calculated considering the boundary condition of a completely reflecting object Eq. (2.27).

∇φ T,2 • n r 2 =a = ∂ ∂r (φ i,2 + φ s,2 ) + ∇φ s,1→2 • n r 2 =a = 0 (3.26) ∇φ s,1→2 • n = ∂φ s,1→2 ∂r e r • e r + 1 r ∂φ s,1→2 ∂θ e θ • e r (3.27) ∂φ s,2 ∂r r 2 =a = - ∂φ i,2 ∂r + ∇φ s,1→2 • n r 2 =a = Φ(θ) (3.28)
Then, the scattered coefficient is computed as:

2n + 1 2 ˆπ 0 P n (cos θ) P l (cos θ) sin θdθ = δ ln (3.29)

C n,2 = 2n + 1 2kh n (ka) ˆπ 0 Φ(θ)P n (cos θ) sin θdθ (3.30)
The difficulty of this computation is that the scattered acoustic fields produced by every object studied are intrinsically related, and the relationship is not apriori known. This problem is solved by considering an iterative method of iterations j, permuting between objects at each iteration. First, objects are considered isolated and the scattered field is the one calculated from the incident progressive field meeting the boundary condition of an object at rest (Eq. (2.27)). Then, at an iteration j, considering the studied object 2, the incident field φ iT,2 is the one given by Eq. (3.24) and φ s,1→2 is the one at the iteration j -1. So, the new scattered field at 2, φ s,2 is calculated via C n,2 calculated by utilizing Eq. (3.30) and is used to calculate φ s,1 in the iteration j + 1. Convergence is obtained when every single object, submitted to the external field and the scattered field of all particles, verify the boundary condition at a given precision, giving the actual scattered field of all objects. Note that in Eq. (3.26) we consider only the radial coordinate action. This is because the radial direction coincides with the normal on the surface of the object 2. The problem can become more complicated for objects presenting a cross-section dependence on the polar coordinate, for instance, the elliptic shape. In such cases, it should also be considered the tangential coordinate.

Once the convergence is reached giving the scattered acoustic field of each object φ s , the resulting field φ T is evaluated with the expression (3.24) and the radiation pressure and the radiation force are determined with classical formulas (Eqs. (2.22), (2.23), (2.24) and (2.21)).

Results

Calculation applications considered two spherical objects of the same diameter 2a with a Helmholtz number α = 0.055. Infinite serie Eq. (3.22) is truncated at the order 4. A PYTHON code has been developed to evaluate numerically all of the functions described above. The integral (3.30) was evaluated using Rombert's integration rule considering a number of points NP * allowing the integration convergence. Fig. 3.32 shows the iterative computation approach convergence as a function of the number of iterations for two interacting spheres with a central distance d = 2a. The blue curve shows the evaluation of the boundary condition that should be null and in the red curve relative error of the estimation of the force. It is observed that the boundary condition values go asymptotically to zero when we increase the number of iterations. The same behavior is observed for the relative error on the radiation force. The calculation is considered convergent when the evaluation of the boundary condition is the order of 10 -5 and the relative error of the force is less than 10 -8 . Note that increasing the number of objects increases the iterations in order to achieve the convergence.

Reduced radiation force

F * rad F * rad,is
, with F * rad,is = 11 18 π(ka) 4 , acting on object interacting each other is shown in Fig. 3.33 for 2 interacting objects as a function of the distance d. We can notice =that there is a substantial deviation of the radiation force compared to the isolated case. When the objects are pretty close ( d λ < 0.4) the interaction produced a strong repulsion force between the objects. As the objects move away from each other, the force goes asymptotically to the isolated object value. It can be observed that the behavior of the radiation force for the last object downstream on the acoustic axis remains the same, always acting in the acoustic axis direction regardless of the number of objects. For the inter-distance d in the range of 0.4 < d λ < 1.5 oscillations of the radiation force centered around F * rad,is are observed and they vanish as objects move away from each other. 

Concluding remarks

As observed by [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF][START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF][START_REF] Yarin | On the acoustic levitation of droplets[END_REF][START_REF] Yarin | Acoustically levitated drops: drop oscillation and break-up driven by ultrasound modulation[END_REF]Lee et al., 1994;[START_REF] Marston | Acoustic Radiation Force On Elliptical Cylinders And Spheroidal Objects In Low Frequency Standing Waves[END_REF], the liquid jet behavior in the presence of transverse acoustics is modified. The most remarkable phenomena are the deformation of the liquid interface, the deviation of liquid elements and a new atomization process occurring under acoustics. The present study was motivated by experimental observations of liquid jets, ligament or spherical droplets deformed by acoustics. Liquid deformation modeling by the acoustic radiation pressure was developed to explain how acoustics modifies liquid objects. A radiation pressure model developed to take into account the influence of the object cross-section shape. The model was based on the partial wave series expansion using cylindrical or spherical functions to describe the scattered acoustic field, the considered incident plane harmonic field being either a standing or progressive wave in the simulations. Objects under consideration were cylinders of elliptic cross-section or spheroids, with a constant cross-section area for cylinders or with a constant volume for spheroids. The elliptic semi-axes a and b were associated to a circular diameter D 0 and an aspect ratio = a b . The scattered field problem involved a linear system of equations deducted from the boundary condition on the object surface. The linear system resolution gave the scattered coefficients to calculate the scattered field at any point outside the object or at its surface. The superposition of the scattered field with the incident field produced the acoustic resulting field from which the radiation pressure distribution P rad and the resulting radiation force F rad was calculated employing theoretical formulation of non-linear effects of linear acoustics. The key parameters in this interaction were the Helmholtz number α = 1 2 kD 0 and the aspect ratio . Limitations of this method were related to the computation precision as mentioned by Mitri, 2015. In our case, an adaptive multiprecision PYTHON 3 code was developed to compute a large number of terms of the infinite series considered in the partial wave series expansion approach. Computations showed that the number of terms had to be increased exponentially as deviates from 1, and the number of points was chosen as two times the number of terms.

Results were presented using the dimensionless radiation pressure P * rad which is the ratio between P rad and the mean acoustic energy P. The surface averaged dimensionless radiation pressure P * rad s was evaluated to observe the evolution of the predominant effects of P * rad as a function of α. A critical value α cr for the Helmholtz number was found such that for α < α cr suction effects were predominant and for α > α cr the most important were the compression effects. The absolute difference between the zero pressure and minimum local radiation pressure (suction effect) or between the zero pressure and maximum local radiation pressure (compression effect) at the object surface gave the amplitude of the suction or of the compression effects, respectively. In the suction-dominated case (α < α cr ), α = 0.055 was chosen to first successfully validate our calculations with respect to the theoretical results established analytically for α << 1 in the case of circular objects by [START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF] In this case, whatever α and , the suction effect were globally more important than the compression one. As decreased, the compression region expanded to the detriment of the suction region. The suction effect increased when decreased and evolved with α similarly to P * rad s . For ≤ 1, whatever α the position of the suction effect remained close to the equator. The compression effect evolved similarly to a cubic-like function of α, slightly depending on and its position stayed close to the Pole. In the compression-dominated case (α > α cr ), the suction effect was small and slightly depending on and α converging towards a single value regardless of α. The compression effect evolved similarly to P * rad s with α slightly depending on . A number of relative minima and maxima was also observed, which strongly depends on , increasing with α indicating a phenomenon of scattered wave interference as soon as the object size is sufficiently large.

It was observed that the suction and compression effects could cooperate to produce a deformation leading to a shortening along the acoustic axis and a widening parallel to the plane wave. We defined the global acoustic potential deformation effect ∆ D to quantify this effect, which measures the combined pushing or pulling forces acting on the acoustic axis and in the wave plane. From the definition, ∆ D > 0 would induce a dominant flattening deformation leading to a flat shape parallel to the wave plane ( < 1) while the opposite ∆ D < 0 would induce a dominant lengthening along the acoustic axis ( > 1). For ∆ D = 0 no deformation would occur. Whatever α, the global effect of the acoustics corresponded to a flattening deformation (∆ D > 0) and this is maximum in the suction-dominated case.

A quasi-state model for the prediction of the static liquid object deformation under acoustic solicitation was presented. This model coupled the Young-Laplace equation with the radiation pressure model. The internal pressure inside the liquid object was considered constant and the external pressure was the radiation pressure. The lead parameter was found to be the acoustic Bond number Bo a , which is the ratio between the mean acoustic energy and the capillary pressure for a circular cylinder. Two approaches were considered for the liquid deformation. The first was a general deformation method based on the differential geometry coupled with a least square algorithm. The differential geometry equation resolution gave the object surface from the curvature distribution determined with the Laplace equation. A least-squares algorithm was used to find the model constant needed to meet the mass conservation. The second one was based on the elliptical deformation consideration. Objects considered for both approaches were placed in the velocity anti-node of a standing wave where the deformation was expected maximum. For a given α and whatever the method, calculations led to a critical Bond number Bo a,cr above which convergence towards a stable object shape was not possible. In the case of cylinders with α = 0.055 it was found Bo a,cr 1.1 which agreed with the experimental critical Bond number Bo a = 1.20 found by [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF][START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF] for which unstable deformation was observed. Another validation was obtained by sucessfully check our model with experimental results found by [START_REF] Marr-Lyon | Passive Stabilization of Capillary Bridges in Air with Acoustic Radiation Pressure[END_REF] where α = 0.87. In the case of spheroids, we observed a good agreement between our data and the numerical results obtained by [START_REF] Lee | Static shape and instability of an acoustically levitated liquid drop[END_REF] matching as well the experimental data obtained by [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF] For α = 0.58, it was found Bo a,cr = 2.5 accompanied with an equatorial ratio of 2b D 0 = 1.4 matching the experimental critical acoustic Bond number found by the authors aforementioned.

The proximity between objects submitted to an acoustic field can modify the object isolated behavior due to the combination of the scattered field produced by every object. This phenomenon is called the inter-object acoustic interaction. Authors such as [START_REF] Embleton | Mutual interaction between two spheres in a plane sound field[END_REF][START_REF] Sepehrirahnama | Numerical study of interparticle radiation force acting on rigid spheres in a standing wave[END_REF] have dedicated their works to the determination of the force of acoustic radiation produced by the interaction of two spherical objects, for a progressive wave or for a standing wave, respectively. This effect may be relevant in sprays and aerosols submitted to acoustics applications. We developed a model of the object interaction based on the scattered field partial-wave series expansion (PWSE). The spherical objects of diameter D 0 are allowed to interact between them via the scattered field. Plane progressive fields were considered as the incident field. Immobile, spherical objects equally spaced along the acoustic axis were considered. The determination of the scattered field involved an iterative method. The iterative method started by considering all objects as isolated. Then, over the studied object, the incident field is combined with the surrounding object scattered field, leading to a new scattered field determined through the boundary condition. The process is repeated over every object until convergence is reached, characterized by boundary condition verification and an asymptotic value is found for the force acting on each object. The key parameters in this interaction were the Helmholtz number α = 1 2 kD 0 and the wavelength reduced inter-object distance d/λ. In the case of two interacting objects, results showed a substantial deviation of the radiation force compared to the isolated case when the objects are quite close ( d λ < 0.4). In this region, the interaction produced a strong force on the object facing the wave front opposed to the wave direction. The radiation force direction of the last object downstream on the acoustic axis remained the same, always acting in the acoustic axis direction. As the objects move away from each other, a behavior corresponding to the isolated object is reached for d λ > 1.5. For the reduced inter-distance 0.4 < d λ < 1.5, oscillations of the radiation force around the limit value for an isolated object were found. Results indicated a substantial deviation of the radiation force compared to the isolated behavior. In a spray or aerosols submitted to plane progressive waves, the acoustic interaction force may modify the objects' dispersion, mainly by reducing the spatial density.

Chapter 4

Experimental bench and method

The present chapter presents the elements of the experimental bench designed to generate a transverse acoustic field acting on one or three coaxial jets, as well as the postprocessings developed to extract physical quantities describing the involved mechanisms and to characterize phenomena. The first section (Sec. 4.1) gives the main steps of the design of the acoustic cavity MARACA (Moderate Ambient pRessure Acoustic ChAmber). Sec. 4.2 presents the instrumentations implemented on the experimental bench, namely the main resonant chamber, the injection system, the generation and recording the acoustic signals and the imaging configurations used to visualize the atomizing liquid jet. Acoustic and image processings are described in Sec. 4.3 and Sec. 4.4.

Pressurized acoustic cavity

A pressurized acoustic cavity was developed with the following technical specifications: production of standing planar acoustic waves at a frequency around 1 kHz, ambient pressure adjustable up to 5 atm, optical accesses on two perpendicular axes, airassisted injection with up to 3 coaxial injectors. The design of the cavity was achieved by considering the mechanical constraints and reaching the best acoustical performances. The laboratory workshop did the mechanical design with CATIA software, and the acoustic design was done by myself with COMSOL Multiphysics software.

Specifications of the closed acoustic cavity

We consider a parallelepipedal cavity in order to produce transverse plane acoustic modes. The cavity must have access to connect loudspeakers to generate an acoustic forcing. Since the cavity is pressurized, the loudspeakers must be placed in boxes connected to the cavity to ensure an average pressurized environment relieving their mechanical work. Optical accesses near the injection point are also needed to make measurements by optical techniques. A container is also necessary to store the liquid after being injected into the cavity.

Initial cavity configuration

The initial geometry was given by the design of the semi-opened cavity developed by Ficuciello, 2017 as shown in Fig. 4.1 (see Tab. 4.1 for labels meaning). Two loudspeakers are placed on both sides of the cavity. They are connected to the walls by cylindrical tubes. It is verified in Sec. 4.1.4 that this geometry can hold the transverse acoustic 2T mode at a frequency in the desired range once the cavity is closed. This configuration gives the starting point of the optimization process.

The Cartesian coordinate system (O, x, y, z) is defined in Fig. 4.1:

• O the cavity inner ceiling center.

• x is the horizontal direction collinear to the acoustic direction.

• y is the horizontal direction perpendicular to x.

• z the vertical descending direction.

Elementary acoustic model

In order to find self-excited acoustic mode structures and frequencies f of the new cavity, the linear acoustic wave equation, namely the Helmholtz equation, is solved in the frequency domain : ∇ 2 P ac + k 2 P ac = 0, where ω = 2 • π • f is the angular frequency of the wave, k = ω c 0 = 2π λ the wave number and P ac the spatial acoustic pressure mode. Computation is carried out employing the COMSOL Multiphysics software. The boundary conditions are displayed in Fig. 4.2. The blue color represents the fully reflecting wall condition1 described by:

n • ∇P ac = 0 (4.1)
where n is the unit normal vector to a wall. The red color indicates the normal acceleration (a n ) condition used to simulate the acceleration produced by the movement of the membrane of the loudspeakers, which oscillates at a given frequency f :

n • ∇P ac = ρ 0 a n (4.2)
with ρ 0 the air density in the rest condition.

The starting value of a n is the same for all the calculations. Moreover, the equation highlights that results at an ambient pressure P ch = P a different from the atmospheric pressure P ch = P atm = 1 atm are multiplied by the ratio of the densities ρ a 0 /ρ atm 0 . So calculations are made at P atm , and results and analysis will be suitable for the cavity pressurized at any ambient pressure. The adaptive mesh option was chosen to discretize the computational domain. The size of the elements has been mainly fixed at c 0 /6 f . However, the mesh is refined (RCLS/10 4 ) in the vicinity of the connection tubes, as shown in Fig. 4.3. The elements of the chosen mesh are displayed in Tab. 4.2. Cubic polynomial interpolation is done between nodes. 

Verification of the presence of the 2T mode

Results of the spatial distribution of the 0-peak amplitude of the acoustic pressure P ac,0-p are shown in Fig. 4.4, for the mode @ f = 980.5 Hz. The profile in Fig. 4.5(a), extracted along the axis (O, x) shows pressure nodes well located at x ± W/4. The pressure maxima are located at the edges and in the center of the cavity. According to Fig. 4.5(b) one can observe a minimal acoustic pressure variation along the central vertical axis of the cavity (O, z), of the order of 1%. Therefore, this mode can be defined as a 2T mode of the cavity.

In the next section, we present the optimization of the resonant cavity dimensions compatible with the pressurization of the experimental cavity while preserving the 2T mode. 

Optimization of the resonant acoustic cavity

The optimization of the cavity was done using the optimization module of COMSOL Multiphysics. The optimization functions to be minimized are: 

Resonant acoustic cavity optimization results

Acoustic cavity

Optimization leads to diminish parameters W, H, and |ZLS| from their initial values by 8%, 15%, and 15%, respectively. The optimum vertical position, ZHP of the loudspeakers, is around 80% H. LCLS has been increased up to a value that ensures the tubes' resonance mode to be coupled with the cavity mode. Even though, the higher response is found at f = 1041.3 Hz, the frequency which presents the best cosine-like shape typical of the pure transverse 2T mode is equal to f = 1040Hz. 
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Acoustic cavity with the post-cavity liquid storage container

The previous optimization is a simplified version restricted to the only acoustic cavity, which does not consider the connection with the liquid storage tank. Indeed, the water needs to be collected in a container downstream of the cavity. The connector between the two vessels is designed to decouple them acoustically as much as possible, such that the acoustic field in the container can be considered insignificant. The acoustic pressure distribution has been first studied at the mode f = 1041.3 Hz characterized by the higher cavity response. The response of the optimized cavity, when linked to the container, is reported in Fig. 4.9. The shape of the 2T mode seems well maintained inside the cavity even if a reduction of 29% is noted compared to the optimized cavity without the container. However, the pressure level is still very much higher than the one of the initial non-optimized geometry. To confirm the quality of the 2T mode, we consider the calculations results along the axis (O, x) situated at the cavity roof and along the central axis (O, z). The pure cosine-like distribution is observed for the mode with f = 1040 Hz. Fig. 4.10(b) reports an insignificant variation with z ( @ f = 1040 Hz see Fig. 4.10(b)) while an abrupt decrease through the connector linking the cavity with the container. The latter result confirms that the decoupling between the liquid storage container and the resonant cavity is achieved.
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Acoustic cavity including machining constrains

Due to machining constraints, the vertical positions ZHP was fixed to 73% H. A hopper shape was also chosen for the cavity bottom to allow liquid to flow naturally into the liquid storage container. Acoustic simulation results for the finalized cavity geometry are shown in Figs. 4.11 and 4.12. Compared with the perfect parallelepiped shape, the acoustic transverse plane mode is slightly distorted by the hopper bottom shape. The principal distortion is observed along with (O, z) axis where a bell shape variation of P ac,0-p is found for the range of frequencies ([1030 -1040] Hz) considered here. The maximum noted in the vicinity of z = 0.5H can be viewed as a pseudofocusing point of the acoustics induced by the concave shape of the cavity bottom. The best plane acoustic mode compromise was observed at a frequency f = 1040 Hz. The mode presenting a quasi-cosine-like evolution along (O, x) and a small variation along (O, z).

To conclude, the acoustic resonant cavity has been optimized, leading to a significant increase in the acoustic pressure amplitude compared to the initial configuration. The resonance modes between the storage container and the acoustic cavity have been 

Experimental bench

This section presents the elements constituting the experimental bench (see Figs. 4.13 and 4.14). It is composed of 4 main parts: the acoustic resonant cavity (Sec. 4.2.1), the liquid-gas-injection system (Sec. 4.2.2), the acoustic acquisition system (Sec. 4.2.3) and the optical diagnostic system (Sec. 4.2.4). 

Resonant acoustic chamber

The design and machining of the cavity were carried out at the workshop of the CO-RIA laboratory. The cavity is built in two mono-blocks to satisfy safety constraints under pressurized conditions. The upper mono-block containing the optical accesses is shown in Figs The acoustic resonant chamber is a closed stainless steel rectangular cavity presenting several accesses for implementing four loudspeakers, the injection system at its top, and four lateral optical quartz windows. Each loudspeaker Beyma CP-850ND is enclosed in a pressurized cylindrical cavity to maintain the static pressure balance on both sides of its membrane. A schematic view of the closed resonant cavity is shown in Fig. 4.14. The Cartesian coordinate system (O, x, y, z) is recalled in Fig. 4.17.

Liquid-gas-injection system

The injection system is composed of a liquid (water) line and a gas (air) line, feeding a coaxial liquid-gas injector with an inner liquid diameter D l and outer gas diameter D g at its exit extremity. Its sketch is reported in Fig. 

Acoustic acquisition

The elements used for the acoustic measurements (see Fig. 4.21) are listed below:

• PCB 106B : acoustic pressure sensor (x4).

• ICP signal conditioner : electrical source for PCB 106B.

• NI-9263 : loudspeaker signal generation and synchronization trigger module.

• NI-9215 : electric signal acquisition module (8 bit).

• NI-9234 : acoustic signal acquisition module (16 bit).

Digital sinusoidal signals with a given frequency and amplitude are generated by means of a LabView interface. The produced signal envelope comprises three main parts corresponding to a modulation of the signal amplitude: a linear increase, then a plateau, and finally a linear decrease. The National Instrument NI-9263 module (sample frequency = 70 kHz) transforms the digital signal to an analog one sent to the loudspeakers BEYMA CP850ND through an audio amplifier CREST CPX 1500. An example of the analog signal at the entry of the loudspeaker is shown in Fig. 4.22(a). Acoustic measurements at the top of the cavity are done by means of dynamic pressure piezoelectric transducers PCB106b, which transforms acoustic pressure signals into electric ones. An ICP sensor signal conditioner model 482C05 is used to power transducers and retransmit the electric signal to the acquisition NI-9234 module. The sampling frequency chosen for the acoustic acquisition is 52kHz, corresponding to the maximum available sample frequency for the NI-9234 module. An example of acoustic pressure measurements at point O inside the resonant cavity is shown in Figs. 4.22(b) and 4.22(c) for P ch = 1 atm and 5 atm respectively. At P ch = 1 atm, the acoustic measurements follow the three main parts of the electric signal envelop (linear increase, plateau, and linear decrease). In such a case, the acoustic amplitude can be calculated from the difference between the maximum and minimum values of the acoustic pressure. At P ch = 5 atm, the plateau is not totally maintained due to the decrease of the electric performance produced by the acoustic impedance increase of the denser 

Image acquisition

Several optical configurations were applied in order to obtain images of the air-assisted or free liquid-jet submitted to various experimental conditions. The technique used here for the optical diagnostic is Diffuse Backlight Imaging (DBI). It consists of a pulsed or continuous white light source, utilized as a background, a camera, and an objective.

A diffuser plate is placed between the light source and the object (here, the jet) to ensure a homogeneous gray level for the background. The characteristics of the cameras used are reported in Tab. 4.4. A scheme of the configuration is shown in Fig. 4.23. Two perpendicular visualizations axes are used to produce two kind of views named ViewA and ViewB. The optical axis for ViewA configuration is perpendicular to the acoustic axis (i.e., axis x), whereas the optical axis for ViewB configuration is parallel to the acoustic axis.

The synchronization between a camera and a light source is ensured by a delay generator (BNC 577 pulse generator) (see Fig. 4.21).

Extraction of statistical information

MatrixVision BlueCOUGAR CCD camera is used to produce sequences of uncorrelated jet and spray images from which statistical information can be extracted by employing some adequate post-processing.

Extraction of time-resolved information

Fast images acquisition was ensured by recording images in ViewA and ViewB configurations with a setup similar to the one reported in Fig. 4.23. The two cameras were synchronized in order to obtain simultaneous images in both views. The aim is to follow the liquid interface (jet or spray) in order to extract time-resolved quantities. An example of such images recorded in ViewA and ViewB is given in Fig. 4.24.

Acoustic signal processing

This section presents the method applied to process acoustic pressure signals from which the acoustic pressure peak-to-peak amplitude and relative phase are extracted. The analysis of the acoustic signals was performed from homemade Python scripts using the NumPy library.

Fourier analysis

The FFT F {•} of the acoustic pressure signals recorded with the setup presented in section 4.2.3 is first computed. Then the power spectral density (PSD), defined by PSD = |F {S(t)} | 2 , is computed to determine the frequency components of the signals. Tests were made on synthetic signals to validate the procedure applied to analyze experimental signals' frequency components and to verify that components properties (frequency and amplitude in particular) of a harmonic signal were correctly recovered. An example is given in Fig 4 .25 which shows a synthetic signal S(t) composed of two sinusoidal components and a random noise, and the resulting PSD that well identifies the two frequencies as well as the relative amplitudes of the two sinusoidal components.

Signal filtering

Once the characteristic frequencies of the temporal signal are identified by the PSD, a filtering method is used to extract the temporal information of the signal at a given frequency. Linear temporal filters, which attenuate the undesired frequencies as much as possible, are the most used in practice. They are based on the following principal characteristics:

• Frequency response: variation of the gain of the filter along with the frequency domain.

• Cutoff frequency: frequency beyond which the filter attenuates the signal by 3 dB.

• Roll-off: the rate at which attenuation increases beyond the cutoff frequency.

• Transition band: a band of frequencies between passband and stopband frequencies.

• Ripple: variation of the filter's insertion loss in the passband

• Filter order: degree of the approximating polynomial that controls the roll-off (the higher order, the sharper roll-off).

In the present study, an elliptic band-pass filter is chosen among the linear filters. The interest is to have a sharp roll-off for a specified order and ripple. The filter order was chosen to 8. The maximum ripple allowed is 0.1dB. A minimum attenuation of 40dB for the stopband was chosen. The frequencies of the band pass are in the range [ f des -150Hz, f des + 150Hz] with f des the desired signal frequency.

A synthetic signal S ramp similar to the acoustic pressure signals which are measured inside the cavity was made to test the elliptic filtering procedure. The synthetic signal comprises two sinusoidal signals modulated in amplitude F ramp (t) and g ramp (t) deduced from F(t) and g(t) reported in Fig. 4.25(a) ( f 0 = 1000 Hz) with an amplitude S ramp filtering at f = 1000Hz and 2000Hz result is presented in Fig. 4.25(a). The filtering of the signal S(t) at f introduces a short time delay τ relative to the part of the synthetic signal S(t) which is modulated at f . Thus, for f = f 0 = 1000 Hz, τ = 0.04 1 f and for f = 2 f 0 Hz τ = 0.02 1 f . The amplitude attenuation between the synthetic signal and the filtered one, both modulated at f , is small enough to consider that their amplitudes are the same.

Acoustic signal amplitude

One method to quantify the acoustic signal amplitude is to determine the maximum and minimum values of the signal envelop. This method gives correct amplitude values for typical signals which have a quasi-constant amplitude over time as the flat part of the signal reported in Fig. 4.26(a). However, in practice, the signal may evolve as the one F ramp reported in Fig. 4.27(a) where the amplitude is not constant in time, as expected, during the plateau interval (300ms < t < 600ms). The computation of maximum and minimum signal values then leads to overestimating the signal amplitude. Another method is based on the signal histogram from which a more relevant amplitude value for this kind of signal is determined. Th histogram of the part of the signal F ramp recorded during the time interval 300ms < t < 600ms is plotted in Fig. 4.27(b).

The bi-modal amplitude distribution is characteristic of sinusoidal waves: the distance between the two local maxima gives a statistically representative amplitude value. A helpful mean quantity is the root-mean-square value of a signal S(t):

RMS [S(t)] = 1 T ˆT 0 [S(t)] 2 dt (4.5)
The root-mean-square is computed here by means of numerical integration of experimental acoustic signal data. For the previous noisy signal, F ramp (t) (see Fig. 4.27(a)), RMS[F ramp (t)] is equal to 1.28 in the central part of the signal. Considering a pure sinusoidal wave with peak to peak amplitude A p-p , the RMS value is

A p-p 2 √ 2
. The RMS of the sinusoidal wave with a peak to peak amplitude as that obtained from the histogram shown in Fig. 4.27(b) is 1.20. The estimated variation percentage is 6%. So, it can be considered that both calculations lead to a similar value of the peak to peak value. The RMS value and pp value from histogram deviation regarding the peak to peak determined from the maximum and minimum are 27% and 26%, respectively. In the present study, the acoustic signal peak to peak amplitude is deduced from the RMS values.

Relative phase

The last quantity presented here to qualify the acoustic pressure field is the phase of a signal, ϕ rel . It is measured between the studied signal and a reference signal (see Fig. 4.28). The reference signal results from the filtering, at the desired frequency f 0 , of an acoustic pressure signal always recorded with the same sensor at some given locations. A procedure is applied to find the time t 0 at which the signal crosses the zero value with a positive slope. The same procedure is applied to the studied signal, leading to the determination of the time t 1 from which the relative phase is deduced:

ϕ rel = 2π f 0 (t 1 -t 0 ) (4.6) FIGURE 4
.28: Definition of the relative phase between a studied signal and the reference signal, both filtered at a frequency f 0 .

Image processing

Pre-processing

This section presents the method used to condition the two-phase-flow images in order to extract quantifiable information.

Normalisation

Image normalizations are required to have a better contrast of the liquid jet/spray from the background and a uniform background, which facilitates the threshold procedure presented in the next section. First, the camera noise level, I N is acquired by measuring the delivered signal when no light arrives at the camera sensor. Then, a series of background images I back is acquired in the absence of objects (see Fig. 

Threshold

To identify the region corresponding to the presence of liquid in the image, the image must be segmented. Here a global threshold, which is nothing more than fixing a given gray-level value, for which we apply the following condition, "if the gray level of the pixel is higher than or equal to this value, then replace its value by 1" and "if the gray level of the pixel is lower than this value, then replace its value by 0", where 0 and 1 are the two levels of the binary image obtained. The inverse threshold operation does the same, but the threshold maximum and minimum values are inverted, i.e. 0 → 1 and 1 → 0. However, doing this through an arbitrary threshold level can produce aberrations or false information for the image. The Otsu method [START_REF] Otsu | A Threshold Selection Method from Gray-Level Histograms[END_REF] is used here, it is an accurate gray level threshold method based on two classes identification on the basis of the gray level histogram. An inter-class variance is defined, which is maximized to find the position of an inter-class threshold. The inter-class variance is shown in blue in the same plot. The histogram shows two predominant classes, the one at a gray level around 18 (liquid phase) and a second one around 178 (gas phase). In this case, the maximum of the interclass variance is found about a gray level of 112, resulting in the binary image of Fig. 4.30(c). In this example, an inverse gray-level threshold is applied. It can be observed from Fig. 4.30(c) that the liquid jet presents some "holes" which are produced when the light passes through the liquid jet. This induces a gray level near the background, so a hole after the thresholding occurs. To overcome this problem, the PYTHON function binary_fill_holes from the scipy library is used to detect and fill these false holes inside the liquid.

Image labeling -definition of states

The image labeling or Connected-Component Labeling (CCL) is an algorithmic application of graph theory. Here, objects of an image are labeled when their boundary pixels can produce a connected closed contour. By definition, it is an operator whose input is a binary image, and the output is a symbolic image in which the label assigned to each pixel is a unique integer identifying the connected component to which the pixels belong.

Image labeling is used firstly to identify three states in the images, i.e., the air, the liquid jet, and the dispersed liquid phase. This is shown in Fig. 4.31 where black pixels in Fig. 4.31(a) correspond to the air state, white pixels in Fig. 4.31(b) correspond to the jet state and white pixels in Fig. 4.31(c) correspond to the dispersed phase state. Rather than keeping this state information in three images, a different gray level is assigned to each state in one image to be identified in the subsequent treatments. Here, air, jet, and dispersed phase states are specified by the labels corresponding to the specific grey levels equal to 0, 127, and 255, respectively, for 8-bit images.

Dispersion zone image

The dispersion zone is the region covered by all the liquid elements (jet and dispersed phase) over an image stack. It is determined by giving a pixel a 255 grey level (white) to the pixel, which is covered by the liquid phase at least on one image of the stack. This zone can be computed for the jet state, or for the dispersed phase state, or for both states. The main interest of these images is to compute the dispersion angle linked to a liquid state. An example of such an image is shown in Fig. 4.32 for the jet state. 

Image probability

The probability function of the whole fluid system is a valuable information when atomization occurs. A stack obtained with numerous images (> 1000) is considered to ensure probability function convergence. The probability cartography of the three states (i.e., the liquid jet, the dispersed phase, and the air, see §4.4.1) is determined by counting the occurrence of each state for every pixel. Then, the probability of the jet, p jet as well as that of the dispersed phase, p dispersed are calculated as the sum of the presence of one state in each pixel divided by the number of images in the stack. The probability of the air is calculated as p air = 1p jetp dispersed . Probability cartography for a coaxial air-water jet is exemplified in Fig. 4.33. 

Entropy map

The normalized entropy E(i, k) at a pixel (i, k) is computed using the information theory, i.e. the Shannon law which is expressed as:

E(i, k) = -∑ s=ε s=1 p s (i, k) ln p s (i, k) ln ε (4.8)
where p s is the probability of a given state s and ε is the number of states. Herein, three states (jet, dispersed phase, and air) are considered, so ε = 3. Probability computation is carried out by utilizing the procedure presented in the previous section. The relation (4.8) can be applied to every single pixel in order to determine the image entropy. An example of entropy map, corresponding to the case of Fig. 4.33, is shown in Fig. 4.34. Low entropy level regions correspond to a very stable state over the image series. On the opposite, high entropy levels correspond to highly variable states in the region. One region of particular interest is the one characterized by a normalized entropy E(i, k) ≥ 0.63, where the three states (the jet, the dispersed phase, and the air) can be found. This connected region delimited by the iso-contour E = 0.63 is called the primary atomization region, where jet fragmentation occurs. 

Image measurements

From the pre-processed images, the image measurements will focus on the following quantities. Summary of measurements made on images: Breakup length, Statistical profiles, Mean jet width, Mean atomization width, Dispersion cone, Spray asymmetry, Drop size distribution.

Breakup length

The breakup length L BU is defined as the vertical distance from the injection plane to the extremity of the liquid jet core, corresponding to a connected domain, as illustrated in Fig. 4.35. The mean breakup length is determined from the computation of the histogram of the jet length resulting from a sequence of uncorrelated images (see Fig. 4.35(b)). Representative breakup lengths are obtained utilizing a Gaussian fit by means of which the mean value, L BU and standard deviation σ L BU are calculated.

Statistical vertical profiles

The region R j where the liquid jet has a probability p jet (i, k) ≥ 10% is considered for each image stack (see an example in Fig. 4.36). The width w j (z) of this region, reduced by D l , the jet diameter at nozzle exit, is plotted in Fig. 4.36(b) as a function of the vertical downstream normalized location z/D l . From this profile, the mean liquid jet length L j is defined as the distance between the nozzle exit and the downstream location where w j (z = Z L j ) = 0. The same kind of vertical profiles are plotted for w a (z), the width of the primary atomization region (see Fig. 4.36(c)). We recall here that the primary atomization region R a is defined as the region where E(i, k) ≥ 0.63, i.e. the three states are encountered. R a is related to R j by construction as it is limited to the region where the jet is present (i.e., p jet > 0). It is also limited to the region where the dispersed phase is encountered (i.e., p dispersed > 0), thus leading to a region where the liquid jet disintegrates in liquid ligaments, i.e., the primary atomization region. The mean primary atomization region length L a is determined as the length of the profile for w a (z), i.e. where w a > 0. 

Mean jet width and mean atomization width

The mean reduced jet width is defined as W j = 1 L j D l ´Lj 0 w j (z)dz. The same procedure is applied for the mean primary atomization region width W a = 1 L a D l ´La 0 w a (z)dz.

Spray cone angle

The spray cone angle ϑ of the liquid jet is calculated by means of the region R j , i.e. where p jet ≥ 10%. Thus a binary image p jet,bin is first computed from p jet , the image of the probability of the jet. A ROI is selected as an horizontal strip of height ∆z which is shift vertically from z im = 0 to z im = L j /2 For each ROI location, a linear regression fitting is performed on the contour of the binary image p jet,bin for each side (left and right). The regression on each side is characterized by a slope m, an intercept c, a correlation coefficient r 2 corr and an angle ω = tan -1 (m) measured with respect to an horizontal axis. Therefore, a threshold based on the condition r 2 corr > 0.80 is chosen to select the best fitting. For left and right of the jet it gives several slopes m le f t (ω measured counterclockwise) and m right (ω measured clockwise), respectively. The final slope is determined as an average of all the slopes mentioned above. An example of such a result is given in Fig. 4.37. The fitting result gives two straight lines of slopes m 1 and m 2 , respectively. The angle between the straight lines is easily calculated by the geometrical relation:

ϑ = tan -1 m 2 -m 1 1 + m 1 m 2 (4.9)
The two straight lines obtained from the linear regression on both sides of the region intersect at z 0 . The intersection point, called the dispersion cone apex, is exploited in chapter 5 dedicated to the experimental results.

Liquid jet deviation at low Weber numbers

As observed by [START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF] a liquid jet is susceptible to be deviated in the acoustic direction of a plane transverse acoustic standing field (e.g. in Fig. 4.38(b)). At low Weber numbers, the resulting deviation with respect to the vertical direction z is quantified by an angle γ. To determine the angle, the following post-treatment is applied to ViewA images of the liquid jet (see Fig. 4.38(b)). The contour of the jet is obtained from the threshold images (see section 4.4.1). At a given coordinate z, the local center of the liquid jet x m (z) is defined as the middle of the local horizontal segment delimited by the jet contour. Then, data (x m , z) are fitted by a linear regression of 

Spatial distribution of liquid

The following post-processing of images is dedicated to the case when the spray presents a deviation in the x direction relative to the reference position (x inj , 0, 0) coinciding with the origin of the injection axis. A rectangular ROI over the dispersed probability cartography image of height ∆z centered at the position z im,h and of length equal to the image width (see Fig. 4.39(a)) is defined. In each ROI, the dispersed phase probabilities p dispersed (x im , z im ) are summed over the window height ∆z for each coordinate x im giving the function Q im,h (x im , z im,h ). The mean location µ h (z im,h ) of the spatial distribution is obtained from Gaussian fitting of Q im,h (x im,h , z im,h ). ∆z is fixed to 20 successive image lines to determine the local spray deviation deduced from the difference µ h (z im )x inj .

The first vertical location for z im is set to L j , the jet length, where the liquid distribution is expected unimodal. From this first location, the rectangular window of height ∆z is moved vertically by steps of ∆z/2. The global displacement µ h,g for the whole spray is computed by setting ∆z equal to the total image height, H im . An example of dispersed phase probability cartography and of Gaussian fitting of Q im,h for Re l = 3200 and We g = 129 is given in Fig. 4.39. The Gaussian fitting agrees reasonably with Q im,h . For this example the spray distribution central position in the image is located at x im,h = µ h,g = 1189pixel. 

Droplet size distribution

Droplet size distribution is determined by considering the model developed by [START_REF] Blaisot | Drop size and drop size distribution measurements by image analysis[END_REF][START_REF] Blaisot | Droplet size and morphology characterization for dense sprays by image processing: Application to the Diesel spray[END_REF][START_REF] Fdida | Drop size distribution measured by imaging: determination of the measurement volume by the calibration of the point spread function[END_REF]Blaisot, 2009. The principle of the model is to consider objects (droplets or ligaments) as nearly opaque or slightly transmitting media of transmission coefficient τ and to characterize the imaging system response by their point spread function (ps f ). The ps f is defined as the optical image produced by an infinitely small object point. The ps f for the non-coherent light source is commonly considered as Gaussian:

ps f (x, z) = s 0 exp -2 x 2 + z 2 χ(y) 2 (4.10)
χ is the ps f half-width and s 0 a normalization coefficient. χ(y) depends on the droplet position with respect to the focus plane. This parameter increases as the out-of-focus distance increases.

As droplets are considered as transmitting media, their normalized irradiance distribution in the object plane o g (x, z) is given by:

o g (x, z) = 1 -(1 -τ)Π √ x 2 + z 2 2a i (4.11)
a i = Υa is the object radius in the image plane; Υ is the magnification of the optical system; a is the actual object radius. Π is the rectangular function Π(ξ) = 1 for |ξ| < 1 2 and 0 otherwise. The illumination distribution i(x, z) in the image plane results from the convolution of the irradiance distribution of the object o g (x, z) and the point spread function ps f (x, z) optical system expressed at the object location. The convolution product i(x, z) = o g (x, y) ⊗ ps f (x, y) is expressed as:

ĩ(r) = 1 -2(1 -τ) exp(-r 2 ) ˆã 0 ρ exp(-ρ 2 )I 0 (2rρ)dρ (4.12) r = √ 2 r χ is the dimensionless radial coordinate with r 2 = (x 2 + y 2 ); ã = √ 2 a i
χ is the dimensionless object radius in the image plane; I 0 is the modified Bessel function of first kind. The crucial parameters for the description of the object image are τ and ã.

τ generates an offset of the intensity ĩ and χ a blur effect via ã. Depending on ã, the image ĩ presents a V-shape with r for small ã < 2 tending towards a U-shape as ã. A typical theoretical image profile is given in Fig. 4.40(a). As nearly opaque objects are considered, it is observed in the illustration that points near the object center have the smallest intensity and a maximum close to the object boundary. In practice, image parameters used to quantify the gray level profile are the contrast C and the image profile half-width radius rl .

The measurement level for r l is fixed relatively to the minimum level of the image profile, i.e. l = i l -i min i max -i min and 0 < l < 1 with ĩmin ≤ i l ≤ ĩmax (see Fig. 4.40(a)). By doing so, r l is no longer depending on τ. ĩmax and ĩmin are the maximum and minimum level of ĩ respectively. The image contrast is defined as C = ĩmax -ĩmin ĩmax + ĩmin . Theoretically, C is bounded between 0 and 1. The maximum contrast value C max is equal to 1 for completely opaque objects (τ = 0) and C max = 1-τ 1+τ for transmitting droplets. In practice, the contrast C is normalized to give the reduced parameter C 0 = C (1-τ)(1+C)-C . So, C 0,max = 1 is obtained even for non-perfectly opaque object. Under this description C and rl are function only of ã, and a function between C and rl can be obtained. Thus, the ratio ã/r l = a/r l is expressed as a function of C, giving the correction factor allowing to determine a from the measurement of r l . Examples extracted from Blaisot, 2012, giving a/r l as a function of C 0 for six relative levels l are shown in Fig. 4.41. For a given l level it exist only one value of C 0 associated to the condition a/r l = 1. So, a bijective function can be established between the relative level l and C 0 . This bijective function is used to determine the relative level l so that the measurement of r l gives directly the real object radius a.

The ps f half-width χ calibration is done for each imaging setup used for drop size measurements. χ is determined by placing a sharp object in the object plane of the imaging system and by analyzing the grey level gradient in the image profile as explained by [START_REF] Fdida | Drop size distribution measured by imaging: determination of the measurement volume by the calibration of the point spread function[END_REF]. The gray level profile of the sharp edge image results from the convolution of a Heaviside step function H(ξ) and the ps f : ĩH (ξ) = H(ξ) ⊗ ps f (ξ). Eqs. (4.13) and (4.14) giving the gray level ĩH (ξ) and its deriva-

tive d ĩH dξ ξ=0
at the edge are reported as a spatial function hereafter: [START_REF] Blaisot | Drop size and drop size distribution measurements by image analysis[END_REF].

ĩH (ξ) = 1 2 + 1 2 erf √ 2ξ χ edge (4.13) d ĩH dξ ξ=0 = √ 2 √ πχ edge (4.14)
erf is the error function; χ edge is the ps f half-width and ξ can be either x or z. So, if the gray level derivative at the edge, written p e here, is experimentally determined, the ps f half-width χ edge is deduced from Eq. (4.14):

χ edge = √ 2 √ π p e
. The sharp object is moved along the optical axis in order to determine the variation of χ with the out-offocus position. Expressions for the minimum measurable droplet diameter D min and maximum χ max based on the model found in [START_REF] Fdida | Drop size distribution measured by imaging: determination of the measurement volume by the calibration of the point spread function[END_REF] are:

D min = 0.806 4N pix,min Res 2 π (4.15) χ max = 0.5 √ 2D min 1+C 0,min 1-C 0,min (4.16)
N pix,min is the minimum number of pixels needed to represent a droplet; a recommended value is N pix,min = 6. Res is the imaging system resolution specified in pixel.mm -1 . C 0,min is the minimum contrast for which a droplet can be identified. A recommended value for this quantity is C 0,min = 0.1. An example of ps f calibration showing the variation of χ D l as a function of the position along the optical axis is reported in Fig. 4.42. For the imaging setup considered here, a minimum measurable dimensionless droplet diameter D drop,min D l of 0.005 is given by considering Eq. (4.15). The corresponding maximum value for the ps f width given by the model lead to χ max D l = 0.01. This results in a depth of the measurement volume (depth of field DOF) of the order of 0.6D l . Images for droplets distribution are first pre-processed by normalization, segmentation, and labelisation as explained in § 4.4.1. Droplet detection is based on a twostage segmentation process. First, a global threshold is used to detect the droplets with high contrast. Second, a Mexican hat wavelets transformation is used to detect low contrast droplets. This second stage identifies local variations in the gray level image associated with small or out-of-focus droplets and prevents from noise detection. The Mexican hat corresponds to the second derivative of a Gaussian function. The wavelet transform results in computing the second derivative of the image previously filtered by a Gaussian. Ad-hoc parameters for the width of the wavelet function and for the threshold applied to the resulting wavelet transformation image must be determined empirically for each test condition. An example of image segmentation is shown in Fig. 4.43(b). Phantom objects can be detected during this stage because segmentation parameters for the wavelet transform are fixed to detect the maximum number of droplets. However, the false objects are globally removed in the step of the local geometrical parameter determination. Such objects are identified by a non closed contour in most of the cases.

The droplet shape is characterized by several parameters measured from the subpixel contour: the sphericity parameter S p , the uniformity η, the ellipticity ε and the irregularity Φ.

• The sphericity S p measures the deviation of the droplet shape with respect to the spherical shape. This parameter is defined in 2D by considering the superposition of a disk over the studied object, both having the same area and barycenter.

The two latter quantities are obtained by a homemade image post-processing previously developed by [START_REF] Blaisot | Drop size and drop size distribution measurements by image analysis[END_REF]. S p is computed as the difference between the area produced by the union of the object and the spherical droplet, and the area of their intersection divided by the area of the object. A scheme is given in Fig. 4.40(b). The case S p = 0 corresponds to a spherical object and S p = 2 is the theoretical maximum that corresponds to an empty intersection.

• The ellipticity ε measures the droplet stretching. It is defined as the ratio of the minimum length over the maximum length of the rectangle that most closely encompasses the object contour.

• The uniformity η is defined as the difference between the maximum and minimum radial coordinates of the contour relative to the barycenter divided by the radius of the disk mentioned above for the determination of S p .

• The irregularity Φ is defined as the ratio of the object perimeter over that of the disk.

All these parameters are calculated for every liquid object detected in the image. Objects can be classified owing to their shape by applying given thresholds to the previous morphological parameters. So, a selection of objects can be made by considering a particular condition leading to a specified droplet size distribution. For our study, we will consider experimental droplets which remain close to spherical objects. Therefore, the key parameter here is the sphericity S p . The threshold, imposed in order to keep the droplets to be used for describing the droplet size distribution, is S p ≤ 0.2.

The imaging system configuration C (see Tab. 4.4) is chosen for drop sizing experiments on coaxial injections. The system is composed of a Phantom V2640 camera recording at a framerate of 4000 fps with a definition of 1952 x 2048 pixels.

Droplet size determination post-processing will focus on:

• f n , spray droplet number distribution for the droplet diameter.

• f v , spray droplet volume distribution for the droplet diameter.

• D 10 , the arithmetic mean diameter.

• D 32 , the Sauter mean diameter The acoustic effect on the droplet size distribution will be evaluate through the variation of these quantities. This effect may be observed mainly in the production of new droplets due to the liquid fragmentation produced through the Faraday instability or the droplets' relocation due to the radiation force acting on ligaments. Results will be presented in the next chapter. Chapter 5

Experimental results

The chapter presents experimental measurements related to the control of the acoustic production (Sec. 5.1), the characterization of a coaxial air assisted water jet without acoustic forcing (Sec. 5.2) and with acoustic excitation (Sec. 5.3). The acoustic characterization comprise the frequency analysis of MARACA, the electric-acoustic performance of the loudspeakers and the characterization of the acoustic pressure along the acoustic axis (O, x), (O, y) and (O, z). Coaxial jets are characterized by the diffused background illumination (DBI) diagnostic to determine the influence of the dense atmosphere on the global parameters as the breakup length, liquid and atomization spread area, and cone spread angle. The coaxial jets are then submitted to a transverse standing acoustic field to quantify the combined influence of acoustics and density.

Acoustic characterization

Several experiments were conducted to characterize the acoustic field forced inside the resonant cavity. Acoustic measurements in the cavity were mainly made along the acoustic axis (O, x) and the two axes (O, y) and (O, z) in the pressure anti-node (PAN) plane. Data presented in the following correspond to acoustic pressure fluctuations obtained when the signal delivered by the loudspeaker input is in the plateau region.

As explained in Sec. 4.3.2, the raw acoustic measurements are filtered by implementing an elliptic filter.

Resonance frequency f r of the acoustic chamber

The experimental resonance frequency of the cavity is determined by a method similar to the one used with simulations. The loudspeakers are forced at a frequency f 0 such that f 0 is successively fixed at a value ranging from 1000 Hz to 1100 Hz by a step of 1 Hz. The resulting acoustic pressure fluctuations are measured for each frequency at point O of the cavity, where the acoustic pressure amplitude is expected to be maximum. Measurements are done with a sampling frequency of 52 kHz in a time interval of 300ms (see Sec. 4.2.3). The acoustic pressure peak-to-peak amplitude (P ac,p-p ) is extracted from all the raw signals. The PSD of each raw pressure signal reveals the presence of harmonics: the most energy mode is the fundamental mode (or first harmonic) associated to f 0 and then the second harmonic to 2 f 0 . The resonant mode of frequency f r is determined as the maximum of the fundamental mode. f r is expected to be close to the maximum of the raw signal. An illustration is given in Fig. 5.1 for P ch = 1atm. The amplitude P ac,p-p of the raw signals is presented in Fig. 5.1(a). A PSD of the of the raw acoustic pressure signal at the forcing frequency f 0 = 1037Hz is given in Fig. 5.1(b). It well exemplified the presence of the cascade of harmonics, the maximum of which is at f 0 followed by 2 f 0 . Then, the raw signal is filtered at f 0 and at 2 f 0 respectively with an elliptical filter giving filtered signals from which the P ac,p-p amplitudes are extracted. Results are reported in Fig. 5.1(b). The resonance frequency is found to be f r = f 0 = 1042 Hz, a value similar to the resonant frequency f r = 1040 Hz found with the acoustic simulations. This acoustic mode is verified to be consistent with the target 2T mode (see section 5.1.3), highlighted by COMSOL simulations. This frequency analysis is systematically made when a new experiment is done to take into account the (small) sound speed variability due to ambient temperature and humidity variations. The same procedure is applied, whatever the ambient pressure. The analysis of the pp pressure amplitudes reveals that the acoustic frequency response of the cavity at P ch = 3atm and 5 atm is similar to the one at P ch = 1 atm, but the resonant peak associated with the first harmonic is hardly noticeable on the plot. Indeed, a quasi homogeneous frequency response is observed in the studied frequency range. (see Fig. 5.2 for P ch = 3 atm and 5 atm). Nevertheless, as for P ch = 1 atm (see section 5.1.3) the target mode is the 2T cavity mode. The considered resonant frequency for P ch > 1 atm as the one obtained around 1040 Hz which verifies the 2T acoustic pressure envelop. Power spectral density for P ch = 3 atm and 5 atm are reported in Fig. 5.3 for a forcing frequency of 1052 Hz and 1045 Hz. The harmonics cascade is still observed. The strongest acoustic pressure amplitude is obtained for the first harmonic as observed at an atmospheric pressure P ch = 1 atm. 

Acoustic and electric performances variation with ambient pressure

The pp pressure amplitudes of the first harmonic (fundamental mode), second and third harmonics are extracted from the raw resonant acoustic pressure signal measured at O. They are studied as functions of the RMS voltage applied to the electrical terminal of a loudspeaker. Data are reported in Fig. 5.4 for P ch = 1, 3 and 5 atm. Whatever . For an ideal gas, the density is ρ = P ch R C T and the sound speed is c 2 = γR C T, where γ is the heat capacity ratio, R C is the mass-specific gas constant and T is the temperature. So, ρc 2 = γP ch . Here γ = 1.4 since the temperature varies in the range [10 • C, 30 • C]. So, the mean acoustic volumetric energy is P =

P 2 ac,p-p 4ρ 0 c 2 0 = P 2 ac,p-p 4γP ch .
For a specific harmonic (frequency f mode ), P is specified by indicating P f mode while P raw concerns the non-filtered signal. For data are reported in Fig. 5.4(b), it is observed that the mean volumetric energy of all harmonics increases with the input voltage. P f mode for the second and third harmonics decreases with the augmentation of the ambient pressure. In particular, the second harmonic at P ch = 1atm present a greater P f mode compared to the same harmonic for P ch > 1atm. The strongest volumetric acoustic energy is observed for the first harmonic for P ch = 3atm highlighted for a RMS voltage superior to 800 mV. The first harmonic smallest P f mode is observed at P ch = 5atm. It is guessed that this is induced by an extreme electric consummation of the loudspeaker produced by the important augmentation of the gas density increasing the resistance of the displacement of the loudspeaker membranes. The extreme electric consummation leads to an augmentation of the temperature of the loudspeaker coil producing an increase of the electric resistance limiting the current consummation. The envelope of the electrical voltage at the electrical terminal of the loudspeaker in such conditions presents a decreasing amplitude during the plateau solicitation (see § 4.3.3), related to a loss of efficiency of the loudspeakers. As a whole, data reveal that the loudspeakers are less performing when the ambient pressure increase. FIGURE 5.5: Superior harmonics reduced mean acoustic volumetric energy P f mode ( f mode > f 0 ) with respect to the one of the fundamental frequency P f 0 . second harmonic; third harmonic. Fig. 5.5 reports the mean acoustic volumetric energy of the 2 superior harmonics reduced by the fundamental one P f 0 for 3 P ch as a function of V rms . It is observed that the superior harmonic contribution is not negligible, specially for the second harmonic. For P ch = 1atm, the second harmonic reaches half of the mean acoustic volumetric energy of the first harmonic at full loudspeaker power.

Acoustic characterization along the acoustic axis (O, x)

The characteristics of the 2T mode along the axis (O, x), specified by an acoustic pressure antinode (PAN) at O and two pressure nodes, i.e., velocity antinodes (VAN) at (x,y,z = ±W/4, 0, 0) are expected in order to agree with COMSOL simulations (see section 4.1.4).

Dynamic pressure sensors are placed at the nine positions evenly spaced on the cavity top. Acoustic pressure measurements at point O serve as signals of reference for signals recorded simultaneously at other positions. The pp amplitudes of the raw signal and of the signals filtered at f mode are reported in Fig. 5.6(a). As foreseen, P ac,p-p at the first harmonic follows a 2T mode shape: a PAN at O and two VAN close to points (x = ±W/4, y = 0, z = 0). If the raw signal follows the pp variation of the first harmonic, it presents an offset towards higher values due to the contribution of the highest harmonics which is added to that of the fundamental mode in particular to that of the second harmonic (2 f 0 ), the influence of which is maximum at VAN. It is introduced the phase difference ϕ rel calculated as the phase delay between a given signal and the signal measured at O (see Sec. 4.3.4). ϕ rel of the signals filtered at f mode are reported in 5.6(b). In the central part of the cavity (i.e. -0.2 < x/W < 0.2), ϕ rel 0. This region extends from the basin of influence of PAN to one of the intensity antinodes (IAN) (x/W = 1/8). In the basin of influence of VAN, the phase decreases from 0 to -π by passing by the value of -π/2 at the minimum of pressure (VAN) in agreement with results of Cáceres et al., 2017.

Acoustic characterization along the axis (O, y)

As previously, measurements were made at nine evenly spaced positions on the top of the cavity along (O, y), with O serving as the measurement position of reference. Data are reported in Fig. 5.7(a). The amplitude of the signals, non filtered or filtered at f 0 or 2 f 0 , shows a slight discrepancy relative to the value at y/L = 0. The variation of the amplitude is at most ±7.5%. The phase difference ϕ rel is quasi-constant, equal or close to zero, all along the axis (see Fig. 5.7(b)). All these results confirm that the acoustic field can be interpreted as a planar 2T mode. simulations are also plotted in the figure (continuous line in Fig. 5.8(a)). The experimental pp amplitudes as those obtained by simulation present the same bell shape along z of the pp confirming the actual influence of the bottom shape. This consolidates the fact that the experimental acoustic field corresponds to the one obtained numerically. The variation along z of the phase difference ϕ rel of the experimental signal filtered at the fundamental mode frequency or the second harmonic is shown in Fig. 5.8(b).

Acoustic characterization along axis (O, z) at PAN

ϕ rel of the fundamental mode is close to 0 provided that | z H | < 0.7. For the second harmonic, the phase difference has not any predetermined shape since the low level of the harmonic makes the phase difference not significant.

Ambient pressure influence on a coaxial jet

The two-phase flow regimes produced by a water/air coaxial injector (see Fig. 4.18) are studied experimentally to quantify the influence of the pressurized ambient environment on the atomization process. The atomization regimes covered by the experiment have been introduced in §4.2.2. They are recalled in Table 5.1. Example images obtained for the three ambient pressure conditions P ch = 1, 3 and 5 atm in the fiber atomization regime are shown in Fig. 5.9. It can be noticed that no difference is visible to the naked eye with the variation of the ambient pressure. The same qualitative observation is noted for all the other atomization regimes. But, it needs to be consolidated quantitatively. To do so, the breakup length L BU , the local and mean liquid jet width w j and W j , the local and mean primary atomization width w a and W a , and the dispersion cone are analyzed as a function of the ambient pressure. The methodology to determine these quantities was presented in Sec. 4.4. 

Breakup length

The probability density function of the breakup length L BU has been determined for each atomization regime, the pdf for a given regime has a similar distribution well fitted by a Gaussian curve whatever P ch . An illustration is shown in Fig. 5.10(a) for the case Re l = 3200 and We g = 224 for three ambient pressures. From the pdfs, the mean and standard deviation of the breakup length, L BU and σ L BU have been determined as explained in Sec. 4.4.2. Results giving the quantities reduced by the liquid diameter orifice

D l , L * BU = L BU D l and σ * L BU = σ L BU D l
are presented in Fig. 5.10(b). L * BU is reported as a function of the ambient pressure P ch , parametrized by the gaseous Weber number We g where error bars correspond to σ * L BU . For a given pressure, L * BU decreases from about 11 (shear breakup) to about 9 (fiber regime) due to the earlier liquid jet fragmentation with We g increase. No significant variation of L * BU is noted with the pressure considering the standard deviation magnitude. In conclusion, no remarkable variation of the breakup length is noted when the pressure is modified. 

Jet-probability and primary atomization widths

As introduced previously in Sec. 4.4.2 the vertical profiles of the jet probability width and those of the primary atomization width are good indicators of the variation of the atomization process along the vertical axis. The jet expansion is characterized from images giving the jet probability spatial distribution (p jet ) through the criterion p jet ≥ 10%. This delimits the region R j inside which the probability p jet to find the jet is higher than 10% over time. To characterize the primary atomization, a similar approach is made by defining the region R a , but by means of the entropy criterion E 0.63. From these descriptions, the local width w j (z) of R j and the local width w a (z) of R a are computed as functions of z.

The two-phase flow in the fiber regime, characterized by Re l = 3200 and We g = 224 serves as an example for the liquid jet and primary atomization characterization. Profiles obtained at three ambient pressures are reported in Fig. 5.11. The jet width at the nozzle exit, w j (z = 0), is obviously equal to D l ; then it increases up to 2-2.5D l before diminishing up to zero at a distance L j from the nozzle. L j is found to be quasiindependent of the ambient pressure. Its value of about 9D l well agrees with the mean breakup length, L BU , determined in the previous sub-section. The width w a (z) of R a is 0 at the near vicinity of the nozzle exit because no droplet is found in this region. It increases up to about 2D l in the zone z 5-7D l before becoming null at a distance L a from the nozzle, i.e., where the probability of finding the jet is null. This atomization length measured in the range 10 -11.5D l shows a very weak dependency on the ambient pressure level. 

P ch = 1atm P ch = 3atm P ch = 5atm (b) 
FIGURE 5.11: Coaxial jet vertical profiles under the fiber regime conditions Re l = 3200 and We g = 224 for three ambient pressures: (a) Liquid jet 10% probability width, w j (z), (b) primary atomization region width, w a (z). Mean jet length L j and primary atomization region length L a are also reported for P ch = 5atm.

The mean reduced widths W j and W a of regions R j and R a respectively, obtained by integration of w j (z) and w a (z) along z, are shown in Fig. 5.12. They are meaningful macroscopic quantities of the fluid system and characteristic features of the atomization regime. W j and W a increase monotonously with We g . The increase of W j is bounded for the highest Weber number, likely due to the peeling of the jet with the improvement of atomization at such a high gas Weber number. However, changing the ambient pressure P ch does nearly not influence the jet expansion or the primary atomization area, confirming that atomization is mainly controlled by the dimensionless numbers Re l and We g . To conclude, the two-phase flow regimes remain unchanged for the ambient pressure varying in the range 1-5 atm provided that Re l and We g are maintained. FIGURE 5.12: (a) liquid jet expansion width W j and (b) primary atomizing region width W a as functions of the ambient pressure for three characteristic two-phase flow regimes.

Spray cone angle

The spray cone angle ϑ is calculated from the jet contour of the region R j extracted from the jet probability images obtained with the probability criterion p jet > 10%.

The method, explained in Sec. 4.4.2, is based on the detection of two linear regression straight lines which intersect each other at the vertical coordinate z 0 , called the dispersion cone apex. Measurements of ϑ and z 0 are shown in Fig. 5.13 for the three typical flow regimes versus the ambient pressure level. At a given ambient pressure level, ϑ (see Fig. 5.13(a)) augments as the Weber number increases, typically here from about 15 • for We g = 60 to about 35 • for We g = 224. This is consistent with the theory of coaxial air-water jets, describing a liquid dispersion increase with We g increase. ϑ is observed to vary little with the pressure level, but this variation appears not significant compared to the standard deviation. The dispersion cone apex z 0 , data of which are reported in Fig. 5.13(b), keeps a value of about -1D l whatever the pressure level and the Weber number value. A minor variation with the pressure is observed, but this variation also appears insignificant compared to the standard deviation.

To conclude this section on the characterization of the behavior of the coaxial jet under variable ambient pressure conditions, we have seen that the different macroscopical atomization parameters little vary with the ambient pressure level tested here in the range 1-5 atm provided that Re l and We g are maintained constant. 

Ambient pressure influence on a coaxial jet submitted to acoustics

As presented in the introduction, studies done by [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF][START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF] on coaxial air-water jets delivered in an atmospheric environment highlighted how the liquid jet behavior was modified at a macroscopical scale by the non-linear effect of linear acoustics produced by a transverse acoustic standing wave. The mainly effect observed are the stationary jet flattening in the acoustic wave planes and/or the deviation from the injection axis along the acoustic axis direction x. Those authors showed that flattening was the most efficient at VAN locations without any deviation, while deviation was the most significant in the vicinity of IAN with a possible quantifiable flattening. Attention is focused in the present work on IAN location in order to analyze both stationary effects, flattening and deviation. They are described as functions of the mean volumetric acoustic energy,

P f 0 = P 2 ac,p-p ( f 0 ) 4ρ 0 c 2 0
, of the filtered signal at the first harmonic mode frequency (excitation frequency). As observed in Sec. 5.1, the acoustic measurements presents a remarkable harmonics influence. The harmonics effect contributes with the first harmonic effect to the modification of the liquid jet flattening and deviation. Here, a mean acoustic volumetric energy correction is done P corr in Sec. 5.3.2 by considering either the deformation contribution of each harmonic deduced from the acoustic model or the acoustic radiation force contribution.

Visualization of the flattening effect

Image series of the liquid jet perturbed by acoustics are obtained by using the optical configuration shown in Fig. 4.23. ViewB visualizes the jet in a plane containing IAN location and perpendicularly to the acoustic axis. ViewA visualizes the jet in the plane (O, x, z) containing the acoustic axis. The Rayleigh regime of atomization is first considered. Illustrations are given in Figs. 5.14 and 5.15 for the case Re l = 2500 and We g = 9 at P ch = 1 atm for several values of the mean volumetric acoustic energy P f 0 . From pictures 5.14(b) to 5.14(d) and pictures 5.15(b) to 5.15(d) some longitudinal lobe-like structures are observed indicating a liquid jet widening in the y direction and a narrowing in the x direction, all the more noticeable as P f 0 increases. Under a fixed acoustic level, deformation dynamics is observed as the jet goes downstream. A first deformation lobe is created by an unbalance between the radiation pressure and the capillary stress. But further downstream, the capillary stress becomes stronger due to a cross-section diminishing. The smaller the cross-section, the larger the curvature and the greater the capillary stress.

The liquid lobe reaches a maximum at a position where the capillary stress balances the acoustic radiation pressure and the flux of the mean transverse momentum of the liquid jet. Then, the section continues to decrease, increasing the capillary stress and accelerating the jet until a circular shape is reached, leading to the disappearance of the flux of the transverse momentum. A new lobe-like deformation process can be initiated, the radiation pressure being able to overcome the capillary stress deforming the object. From all the lobe-like structures, it is observed that the first lobe is the widest and other lobes are smaller and smaller downstream. This behavior is explained by the section reduction imposed by gravity, which induces higher capillary stresses more difficult to be countered by a given radiation pressure level. At a certain critical P f 0 threshold, the widening/narrowing process is transformed into a jet flattening phenomenon which leads to the creation of a liquid sheet, destabilized and atomized by a Faraday instability (see [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF][START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF]. When the ambient pressure is increased, the flattening/atomization threshold is still observed, but it is reached at a higher P f 0 accompanied by a stronger Faraday instability, as shown in Fig. 5.16. This shift in P f 0 can be explained by considering the acoustic harmonics produced by the forcing. Indeed, from data presented in Fig. 5.4(b), the n th harmonics (n > 1) have a greater volumetric energy, P f mode at P ch = 1 atm than at pressures P ch > 1 atm. So, for P ch = 1 atm, the contribution of the second harmonic to the flattening effect must be considered. Moreover, a IAN location for the fundamental mode corresponds to a VAN location for the 2 nd harmonic 2 f 0 (see Fig. 5.6). As VAN is the location where flattening is the most important, the second harmonic reinforces the flattening effect produced by the fundamental mode. Thus, considering only P f 0 to determine the threshold of which the occurrence of the flattening effect occurs, leads to an underestimated value (see section 5.3.2). For all the other typical two-phase flows regimes, the flattening/atomization threshold is also observed when the jet is placed under a pressurized ambient condition. An illustration is given in Fig. 5.17 for the shear regime (We g =60) and the membrane regime (We g =129). Faraday instability is observed to be attenuated when We g is increased, as was already highlighted by [START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF]. On the other hand, it appears to be reinforced as the ambient pressure level augments.

To summarize these qualitative results observed at IAN, one can note that flattening and Faraday-instability atomization of an air-assisted water jet are reached beyond a threshold that can be quantified by the mean volumetric acoustic energy P f 0 . When the ambient pressure increases, the threshold level P f 0 to be attained augments and the Faraday instability grows more and more. The Faraday instability growth gives a first indication of the influence of the ambient gas density on the impact of acoustics on the liquid jet.

Jet at a low Weber number

The liquid jet deformation at low gaseous Weber numbers We g is quantified the reduced maximum liquid jet equatorial deformation, max z≥0

( 2b D (z))
, where D is the local circular diameter of the liquid jet without acoustics at a position z. We can note that due to natural capillary instabilities, the jet diameter without acoustics oscillates about 5% of its RMS value. 2b(z) is the jet width under acoustics at the same position measured from ViewB. An example is reported in Fig. 5.18(a). Simultaneously, the jet width D without acoustics and 2a the one under acoustics is measured from ViewA images. The time scale of this perturbation can be estimated by the Rayleigh characteristic time of growth τ ≈ 3

ρ l D 3 l σ .
In our experiments this relationship leads to a capillary wave frequency f cap = 1 τ ≈ 7Hz. The capillary wave frequency was also determined experimentally by considering the fluctuation of the central jet position x m (z) near the nozzle exit, corresponding to the middle of the jet width 2b(z). The time averaged x m (z) and fluctuations x d = x m (z)x m are extracted. The PSD of x d for the jet placed at IAN in a transverse acoustic field forced at a frequency of 1040Hz is given in Figs. 5.18(b) and Fig. 5.18(d) for P ch = 1atm and 5atm, respectively. For P c h = 5 atm in Fig. 5.18(d) the PSD shows also a response of the jet to the forcing frequency. We can see short wavelength capillary wave on the jet surface near the nozzle exit on figure 5.18(e). As this frequency is out of the range of the capillary instability, they vanish rapidly downstream. The fact that such frequency is present in the liquid jet evolution explains the diameter fluctuations all over the jet length. At elevated pressure P ch > 1atm, it is highlighted a liquid jet response to the acoustic field at the acoustic frequency excitation. We believe that this is mainly produced by the vibration of the injector inner core where liquid flows (see Fig. 4.18). This should be verified by measuring the injector vibrations. The level of acoustics acting on the jet is evaluated by the Bound number Bo a = DP 2σ . It was shown in section 5.1 that several harmonics contributes to the experimental acoustic field. In order to take into account the contribution of these harmonics to the deformation of the jet, the acoustic Bond number Bo a is here modified to include the deformation effect of every harmonic. A mean volumetric acoustic energy P corr is defined as the sum of the mean volumetric acoustic energies of each harmonic (n ≥ 1) contributing to the acoustic deformation effect. Each harmonic contribution is weighted by a coefficient calculated from the theoretical estimation of the mono-frequency potential deformation specified by the quantity ∆ D introduced in Sec. 3.2, for the first harmonic mode of a plane standing wave at IAN location of the first harmonic mode. Note that this position does not correspond to IAN for any other harmonic. The weight coefficient of the fundamental mode is chosen equal to one. The ratio of ∆ D for the harmonic over ∆ D for the fundamental mode having the same mean acoustic volumetric energy. Note that ∆ D is dependent on the Helmholtz number α. In our notation, the Helmholtz number for all harmonics is calculated as nα, with n the harmonic number index and α the Helmholtz number of the first harmonic (n = 1) and The corrected global mean volumetric acoustic energy is expressed as P corr = P f 0 + a(α)P 2 f 0 + b(α)P 3 f 0 . Here, for α = 0.055, is obtained P corr = P f 0 + 2P 2 f 0 + P 3 f 0 . Then, the adequate global Bond number is Bo a = DP corr 2σ . The time variation of the reduced jet width 2b D is reported in in Fig. 5.19 for 3 Bond number Bo a values at the positions z/D = 2.02, 2.18 and 2.98 and three different values of the Bond number Bo a . Despite the presence of capillary waves, a very small time dependence of 2b D is observed. Thus, the jet width can be considered constant over time, highlighting the steady effect of the nonlinear effect of linear acoustics. ( 2a D (z)) are found to be roughly at the same downstream location z max that is shifted downstream with the augmentation of P corr . The position z max is dependent on the jet bulk injection velocity. Measurements of max z≥0 ( 2b D (z)) are shown in Fig. 5.21(a) as a function of Bo a , parametrized by the ambient pressure, P ch . Introducing P corr in the definition of Bo a leads to the merging of all the data on a single curve, whatever the ambient pressure. The evolution shows that max z≥0 ( 2b D (z)) increases non-linearly with Bo a . Data are well fitted by an exponential fitting curve, leading to max z≥0 ( 2b D (z)) = 1 at Bo a = 0. The exponential growth of the deformation implies an increase of the deformation proportional ∆ D to the deformation itself. This feature agrees with the results presented in Sec. 3.2.4 showing an increase of the effect of potential deformation when the deformation of the object increases (mainly produced by a substantial increase of the maximum suction effect acting at the equator). Finally, it is experimentally found a critical Bond number Bo a,cr around 1.5, at which max z≥0 ( 2b D (z)) is about 1.6, a value above which the flattening process leads to an unstable liquid sheet, partially atomized by Faraday instabilities developing on both sides of the sheet (see Fig. 5.16).

The widening/narrowing process can be also described by the mean liquid jet width W j introduced in §5.2.2 and used to quantify the two-phase flow regimes without acoustics. Fig. 5.21(b) presents W j as a function of P corr before the critical flattening/sheet atomization threshold is reached. All the data merge on a single curve, whatever the ambient pressures. Except in the vicinity of the critical condition, values are smaller than one, indicating the liquid jet is globally contracted compared to an ideal jet defined by a constant diameter D l . For P corr < 10 J/m 3 , W j does not show any significant change with acoustics, which is consistent with max z≥0 ( 2b D (z)) measurements at low Bo a . Then, as P corr increases W j increases slightly non-linearly, except near the critical threshold (P corr,cr about 1.1) at which flattening occurs accompanied by the sheet atomization.

Although the representation based on the mean corrected volumetric acoustic energy P corr makes it possible to synthesize the results according to the different conditions taken into account, a representation of 2b D versus P ac,0-p P ch is presented in Fig. 5.22 to highlight the influence of the ambient pressure. P ac,0-p is estimated from the energy sum of all harmonics at O (PAN). It is observed that its evolution is dependent on the cavity pressure P ch . For the same 

Liquid jet expansion at high Weber numbers

When the shear regime is attained, the widening/narrowing process depicted by the occurrence of the lobe-like structures is no longer observed, as shown in Fig . 5.23. The jet passes directly from a state quasi-undeformed by acoustics to the flattening/sheet atomization state. So for these higher Weber numbers, quantifying the liquid jet expansion region R j by the mean expansion width W j and the mean length L j is better adapted. An example of an expansion region R j determined from ViewB image series for Re l = 2900, We g = 60 is shown in Fig . 5.23(e). W j and L j are measured in ViewA and ViewB as functions of the deformation corrected mean volumetric acoustic energy, P corr defined in section 5.3.2. The responses of the jet to acoustics are analyzed for shear, membrane and fiber regimes for several ambient pressure P ch . The cases We g = 60, 129 and 224 serve to illustrate these regimes respectively in Fig. 5.24, 5.25 and 5.26. The expansion of the jet is particularly noticeable in ViewB, where the flattening effect is directly observed. Without acoustics, the increase of W j with We g is directly related to the increased aerodynamic effects as Weber number increases as observed in Sec. 5.2.2. With acoustics, a transition between two levels of expansion when P corr is increased. First, the jet is practically insensitive to acoustics and the jet responds with no noticeable deformation. Secondly, the acoustic effect is maximum and the jet responds with a flattening saturation behavior (a plateau for W j ). An hyperbolic tangent fitting W f it = a f tanh b f P corrc f + d f is added to the experimental points in Figs. 5.27,5.29 and 5.30). The fitting curve parameters are is used to estimate an adequate transition P corr,tr value from which a significant acoustic effect is observed. . The mean maximum width max Wj is also estimated from the fitting parameters as max Wj = a f + d f . P corr,tr and max Wj values are given as functions of We g in Tab. 5.2. Bo a = D l P corr,tr 2σ 2.14 3.07 3.97

This can be observed in ViewB, in the curves describing the evolution from the shear breakup regime (We g = 60) to a "high" fiber regime (We g = 224) (see Figs. 5.24(a), 5.25(a) and 5.26(a)). Values reported in Tab. 5.2, show that the level P corr,tr needed to observe the transition augments quasi linearly with We g , while the maximum max W j diminishes, in a significant way for the highest Weber regime (We g = 224). Thus, as the Weber number increases, aerodynamics becomes increasingly opposed to the action of acoustics. Consequently, the transition is described by a curve W j (P corr ) with a less-steep slope for higher We g . The expansion quantified in the plane perpendicular to the acoustic axis (ViewB) is prominent for We g 129 and is reduced for We g ≈ 224.

For visualizations ViewA, i.e. in the plane containing the acoustic axis, we should not be able to see the jet expansion but the jet contraction. However, a widening of the jet is also observed for this view for We g = 60. At this relatively low Weber number, the acoustics is able to flatten the jet. Faraday instabilities that develop on the so formed liquid sheet produce small droplets that are expelled perpendicularly to the liquid sheet, in the direction of the acoustic axis. These droplets are not always correctly identified by image segmentation and some of them remains connected to the main jet, resulting in an apparent jet widening. For We g = 129, there is roughly no variation of W j for this view, as expected. For We g = 224, there is a small decrease of W j with the acoustics. For such high Weber numbers, the flattening no longer occurs as the jet is rapidly stretched by aerodynamic effects. Thus, the Faraday instability can no longer take place and what is found in ViewA results from the elongation of the jet due to acoustics that acts as a cohesive force in this case, like the one that could be obtained by an augmentation of the liquid surface tension (see Fig. 5.30(j)).

(a) (b) (c) (d) (e) (f) (g) (h) (i) (j)
The liquid core length L j in ViewA is presented in Fig. 5.28 for the shear breakup regime (We g = 60) to a "high" fiber regime (We g = 224) as a function of P corr . It is observed for We g < 129 the liquid jet elongation as a function of P corr < P corr,d characterized by the L j augmentation with P corr,d the position of the L j maximum. The elongation is attributed to a stabilization of the liquid core produced by the deformation imposed by the acoustic effect as observed in Figs. 5.27(b) and 5.29(b). Then, the elongation decreases due to the liquid fragmentation produced by the Faraday instabilities. For We g = 224, a marked behavior between cases at different ambient pressure is observed. At P ch = 1atm, L j is not modified by acoustics. For P ch > 1atm, L j increase with P corr characterizing an elongation of the liquid core as observed in Figs. 5.30(i) and 5.30(j). The augmentation of the liquid core corresponds to a stabilization of the liquid jet core produced by the jet deformation. This behavior shows a counterbalancing effect of the acoustic effect limiting the jet spreading by aerodynamic effects. The liquid core elongation allows explaining the modification of the length average mean jet width W j in ViewA. As the jet becomes longer, the length average width tends to the a value near the one obtained at a position from injection near L j /2, which is considerably thinner than the jet diameter (Figs. 5.30(i) and 5.30(j)).

In conclusion, results show that an expansion of the jet is observed in the ViewB characterizing a flattening effect in agreement with the non linear effect of linear acoustics deformation. This effect is observed for pressures ranging in [1 -5]atm. The expansion characterized by the mean jet width presented a lower and upper limiting value and a transition level P corr,tr below or above which no significant modification of the effect of acoustics is observed. The transition level P corr,tr increases as the gaseous Weber number increases. The liquid jet maximum flattening was found to be limited by the liquid fragmentation produced through the Faraday instability. The flattening was observed to be attenuated as a function of the gaseous Weber number. The augmentation of the aerodynamic effect by the Weber number produces a reduction of the liquid core due to the fragmentation acceleration. As the liquid core decrease, the acoustic effect on the reduced surface of the liquid core decreases. So, it leads to a decrease of the flattening produced by acoustics.

(a) (b) (c) (d) (e) (f) (g) (h) (i) (j)

Atomization quantification at high Weber numbers

The modification of the atomization is quantified by the determination of the mean reduced primary atomization region width W a shown in Figs. 5.31,5.32,5.33 for shear breakup, membrane and fiber regimes respectively as a function of the corrected mean volumetric acoustic energy P corr (see Sec. 5.3.3). It is observed that W a presents the same type of evolution as observed for the mean reduced jet expansion width W j with P corr . Obviously, the liquid jet expansion and the primary atomization region are related due to the primary atomization is produced by the jet pealing. So, it is proportional to the jet surface. The same conclusions of W j are obtained for W a . For all the We g tested, Without acoustics, W a increases monotonously with We g as observed in Sec. 5.2.2 and the values also match roughly the data reported in Fig. 5.12(b). With acoustics, from ViewB, the atomization evolves as a hyperbolic tangent as P corr increases, the ratio between the maximum and minimum being reduced as We g increases. The hyperbolic evolution highlights the evolution between two states: first, the atomization is insensitive to acoustics; secondly, the acoustic effect is maximum. This behavior is quantified by the hyperbolic fitting as done in Sec. 5.3.3. Values of P corr,tr and max( W a ) are given in Fig. 5.3. It is observed that P corr increases with We g , which means that as the We g increases, it is more and more difficult to produce a substantial effect on the atomization.

Also, P corr,tr for W a is relatively close to the one obtained from W j . The value max( W a ) decreases with We g , strongly for We g = 224. This behavior was also observed for W j evolution with P corr confirming the strong relationship between the liquid jet core and the atomization. For ViewA, the primary atomization width evolves as a hyperbolic tangent as P corr increases for We g = 60. This expansion was also noted on the W j , which is produced by the atomization of the deformed liquid sheet by Faraday instabilities, ejecting droplets perpendicular to sheet surface on the acoustic axis direction producing a droplet cloud near the liquid core. For We g = 129, it remains almost constant, due to the absence of the jet expansion and the droplet ejection very close to the jet liquid core (see Figs. 5.30(h),5.30(i) and5.30(j)). For We g = 224, W a evolves differently at different ambient pressures. At P ch = 1atm, it is insensitive to acoustics as observed for the liquid core expansion. For P ch > 1atm, W a decreases as observed for W j . This decrease is linked to the liquid core stabilization by acoustics which reduces W j which directly impacts W a . 

Spray cone angle

The shear breakup, membrane and fiber regimes spray cone angle ϑ is shown in Figs. 5.34,5.35,5.36 respectively as a function of the mean corrected volumetric acoustic energy P corr for different ambient pressures. The methodology for the angle determination is given in Sec .4.4.2. It is verified for all regimes that the cone angle without acoustics constitutes the asymptotic value for P corr → 0. At condition shear breakup regime (We g = 60) a sharp transition around P corr ≈ 50J/m 3 is observed between two plateaus, as observed in ViewB for the mean jet expansion width W j and the mean primary atomization region width W a . This feature related to the occurrence of the flattening induced by Faraday instabilities developing on the flattened jet. The cone angle reaches a value of about 90 • marked by jet the atomization start. For higher We g associated to the membrane (We g = 129) and fiber regime (We g = 224), the cone angle increases with P corr more gradually and the maximum is reduced. From ViewA, it is observed that acoustics only slightly modifies the cone angle whatever We g . However, the most considerable modification is observed for the shear breakup regime, where an increase of around 10 • is observed with respect to the case without acoustics. This increase is related to atomization induced by Faraday instabilities producing small droplets ejected in the direction of the acoustic axis, i.e. perpendicular to the liquid sheet formed by the liquid jet flattening. For the other regimes, the dispersion cone angle has a value close to the unperturbed value. 

Jet stationary deviation

The stationary deviation of the liquid jet by acoustics is studied at IAN by analyzing image series recorded from the ViewA by means of the optical configuration presented in Fig. 4.23 from the Rayleigh regime to the membrane regime1 .

The Rayleigh regime is first considered. The case Re l = 2500 and We g = 9 at P ch = 1atm serves as an illustration. Representative visualizations are reported in Fig. 5.37 for several values of the mean volumetric acoustic energy P f 0 . For all the conditions, the deviation is towards the nearest velocity anti-node VAN. The greater the P f 0 the greater the deviation. It is also noted the jet thinning lobe structures. Visualizations for the same regime for P ch > 1atm reported in Figs.5.37(d) and 5.37(e). shows an apparent smaller thinning effect and a deviation bigger compared to the case at P ch = 1atm. Examples of visualizations for Re l = 3200 and We g = 130 at P ch = 1atm are reported in 5.38 for P f 0 augmented. For this case, it is hard to see the liquid jet deviation produced by acoustics due to the multiple wrinkles of the jet and the liquid fragmentation taking place. At the naked eye, it is observed that almost all the objects in the images are pulled towards the VAN. As the acoustics becomes is intensified, the liquid jet is more and more atomized and the deviation becomes almost indistinguishable. For this case, an analysis based on the spatial distribution of droplets is more efficient.

Quantification of the liquid jet stationary deviation at low Weber numbers

At low Weber numbers, the liquid jet deviation is determined by the method presented in Sec. 4.4.2. This method is based on the linear fitting of the time-average jet-skeleton. The jet-skeleton coordinates (z, x m (z)) are extracted from the threshold images as the middle position of the horizontal segment delimited by the jet contour points. The deviation relative to the vertical direction angle γ is deduced from the linear fitting slope applied to the jet skeleton points (z, x m (z)). The method uncertainty comes from some temporal variability of the angle, mainly due to capillarity waves. Results are compared to the deviation modeling results obtained from a simplified model proposed by [START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF] It expressed a balance between the weight of the liquid jet and the radiation force resulting from the radiation pressure distributed all around the jet (see Fig. 5.39(a)). This leads to the relation: tan γ = P 3π 2ρ l gW where W is the cavity width, equal to the wavelength of the fundamental mode ( f 0 ). However, it is needed to define an adequate P in the presence of several harmonics. We adopt a similar approach as for the analysis of the flattening in § 5.3.2 by expressing P as the sum of the mean volumetric acoustic energy extracted for each harmonic contribution.

Results reported in Fig. 5.39(c) are obtained for P. The liquid jet deviation is always in the same direction, towards VAN. For P ch = 1atm, the deviation does not grows monotonically with P. For P > 25J/m 3 the deviation attenuates reaching an asymptotic value around 1.5 • . For higher P ch , the deviation grows monotonically with P. Also, the deviation is more significant as the ambient pressure increase. It is observed that the simplified model globally overestimates the jet deviation. It produces an accurate result only for very small values P < 10J/m 3 . Deviation from circular object theoretical angle deviation formula results could be related to the numerous harmonic acoustic mode present in the acoustic field. The increase of the jet deviation with the ambient pressure is attributed to the decrease of the harmonic amplitudes with the ambient pressure. Indeed, the harmonics at IAN oppose the force of the fundamental one, thus, reducing the deviation when the level of harmonics is high, i.e. for P ch = 1 atm. As soon as P ch increases, the harmonics level diminishes as well as the radiation force acting for the deviation. 

Spray deviation at high Weber numbers

The determination of the deviation of a coaxial jet by acoustics at high Weber numbers (We g > 60) is a difficult task to determine as the liquid jet wrinkles make difficult to clearly and systematically define the liquid jet contour to characterize its deviation. Thus, the deviation of liquid elements is characterized by the spatial shift of the droplet distribution. We consider the fiber regime We g = 224 and Re l = 3200, a regime characterized by a high level of atomization in order to have as many droplets as possible and a short liquid core. The estimation of the mode of the distribution of the spray, based on the measurement of Q im,h (x im , z im,h ) (see Sec. 4.4.2), is used to quantify the vertical variation spatial shift of the spray distribution. The mode of the distribution without acoustics is noted µ h0 (z). Then, the spatial shift is characterize by 5.40 are for fiber regime at IAN. It is observed that the deviation increase with the ambient pressure increase and it is globally towards VAN. This, as for the case at low Weber number, is the manifestation of the harmonic influence over the spray deviation. High-order Harmonics produce a force at the IAN position of the fundamental mode opposing to the fundamental force direction. So, as the pressure decrease, the harmonic influence decrease, leading to a bigger deviation. The case at P ch = 1atm present a null deviation. This is explained by the force counterbalance of the harmonics. At this point, the acoustic energy of the second harmonic is half of the one of the first mode. The force theoretically increases proportionally to the frequency. So, when the second harmonic has a half of P of the first harmonic, the second harmonic produces a radiation force that balances the first mode one leading to a null spatial shift. Global dimensionless spatial shift μd,g (determined for the whole image) as a function of the total mean acoustic volumetric energy P and the ambient pressure P ch of a coaxial jet with Re l = 3200 and We g = 224 at IAN is reported in Fig. 5.41. Whatever P ch , μh shows to grow monotonically when P < 100J/m 3 , the deviation becoming bigger as the ambient pressure P ch increases. For P ch = 1atm and beyond P = 100J/m 3 , μd,g decreases to zero. A saturation is observed for P ch = 3atm under this condition. The case P ch = 5atm presents a monotone increase of μd,g with P. μd,g follows a similar behavior to the liquid jet deviation at low We g . The increase of μd,g with the ambient pressure P ch is attributed to the decrease of superior harmonics with P ch . The action of higher harmonics on the droplets, as for the case of the liquid jet at low We g , produces a radiation force opposing the action of the fundamental mode at IAN. This force is proportional to P and f (see Sec. 3.1.4). The nonlinear evolution of μd with P highlights that high order harmonics radiation force increases faster with P than the one for the fundamental mode. An interesting value μd,g = 0, also noted from μd measurements, is observed for P ch = 1atm and P ≈ 110J/m 3 . It means that this is not an local effect of the spray but a global effect. 

µ d = µ h -µ

Droplet size distribution

Spray droplet volume distribution f v (d) is studied for the fiber regime We g = 224 and Re l = 3200 and the T-LRE regime We g = 520 and Re l = 6600, for three chamber pressure P ch = 1, 3, 5 atm and under variable acoustic solicitations, i.e different P corr . The droplet size distribution is calculated from objects obtained with the depth of field selection based on χ max , presented in Sec. 4.4.2. As the imaging system is described by a psf (point spread function), objects considered for f v calculations are the ones respecting χ max D l = 0.01, where χ is the ps f half-width. The optical configuration used for these measurements was configuration C (see Tab. 4.4) . The field of view is centered at a position (x 0 , z 0 ) = (0.20H v , 0.77H v ) in the IAN-VAN region with the nozzle orifice at IAN (see Fig.5.42). A second measurement is also considered at a radial location x 1 in the IAN-PAN region, where x 1 is the mirror position of x 0 with respect to the injection vertical axis.

Distributions f v without (number of droplets roughly 70000) and with shape filtering (S p ≤ 0.2) (number of droplets roughly 30000) are reported Fig. 5.43 for the fiber regime without acoustics. Whatever P ch , with or without shape filtering, the mode of the distributions (i.e. the most populated diameter class) is around d mode = 0.2D l With no shape filtering, the distributions are similar for P ch = 3 and 5 atm and present a less numerous populations for P ch = 1atm in the small diameter range, i.e. d drop < d mode (see Fig. 5.43(a)). With shape filtering (S p ≤ 0.2), (see Fig. 5.43(b)), the most significant difference is mainly observed for big diameters, up to the order of the jet diameter, where it is observed a population diminishing. This is due to the strong irregular shape of the biggest liquid elements in the spray that are not spherical for most of them and are rejected by the shape criterion. These rejected objects are typically ligaments or deformed blobs of liquids. In the following, the analysis will consider only results with shape filtering in order to take into account only droplets and not ligaments. Results for f v,S p = f v (S p ≤ 0.2) are reported in Fig. 5.44 for measurements at x 0 and x 1 for fiber regime without acoustics and with and acoustics at differents P corr . At x 0 and P ch = 1 atm, the acoustic only modifies the drop size distribution for the highest acoustic level P corr = 170J/m 3 for which it is observed a slight increase of the population of small droplets in the range of diameters of 0.1D l ≤ d drop ≤ 0.3D l . It must be noted here that the global increase of the normalized distribution is related to the extinction of the population for d drop = D l . As the ambient pressure increases, the production of small droplets increases when the acoustic level increases. f v,S p even tends to a bimodal distribution when the acoustic level increases at elevated ambient pressure as particularly evident for P ch = 5atm (number of droplets roughly 110000) and P corr = 85.72J/m 3 . The two modes correspond to the small droplets mainly produced by acoustics and the most populated droplet class diameter (around d drop /D l = 0.3) produced by the shearing of the air co-flow. Based on these results, we conclude that a remarkable effect of acoustics in pressurized media is the tremendous increase of the population in the small diameter range as the ambient pressure increases. This is attributed to small droplets produced through the Faraday instabilities, which is the only liquid fragmentation mechanism added by acoustics.

Results for f v,S p at point x 1 for the case of fiber regime We g = 224 and Re l = 3200 is shown in Figs. 5.44(b) and Fig. 5.44(d) for P ch = 1 atm and 5atm, respectively. At ambient pressure (P ch = 1atm), f v,S p (number of droplets roughly 35000) is similar between x 1 and x 0 . The most populated diameter class d mode = 0.2D l is the same. For P ch = 5atm at point x 1 , f v,S p (number of droplets roughly 120000) is quite different between the case with and without acoustics. The most representative droplets diameter shifts to the smaller diameter while the contribution of these small droplets to f v,S p becomes very important.

Comparing results of f v,S p at x 0 and at x 1 shows that:

• for P ch = 1atm, there is no significant difference between x 0 and x 1 .

• for P ch = 5atm, a strong difference is observed. In x 0 at the highest acoustic level, a f v,S p bandwidth diameter expansion is observed in the range of diameter 0.02D l ≤ d drop ≤ 0.3D l while at x 1 a strong peak response at d drop ≈ 0.1D l is noted.

Two physical mechanisms were highlighted to cause this effect: the liquid sheet formation and its atomization by means of the Faraday instabilities and the jet deviation due to the effect of the radiation force. The Faraday instability acts on both sides of the liquid sheet, so results in x 0 and x 1 are expected to be similar if only that phenomenon is present. However, the differences are very remarkable for P ch = 5atm. We can notice also that behaviors at P ch = 1atm and P ch = 5atm are different and may have also a dependence on the droplet relocation from x 1 to x 0 by acoustics, as observed in Fig. 5.42(a). For P ch = 1atm at the highest acoustic level, the deviation of the spray is roughly nil as quantified in Fig. 5.41. So, the phenomenon observed is mainly the droplet production by the Faraday instabilities, explaining the similarity of f v,S p at x 0 and x 1 . For P ch = 5atm, a strong deviation is observed from IAN to VAN (see Fig. 5.41), where the spray displacement is the order of D l . So, for that condition as the measurements locations are fixed, x 0 is closer to the jet liquid core whereas x 1 is in the periphery of the spray. The population at x 1 can thus be induced by two effects: 1) the production of small droplets from Faraday instabilities and 2) the displacement of spray that places the measurement volume closer to the spray boundaries. Distributions f v,S p for T-LRE condition We g = 520 Re l = 6600 are reported in Fig. 5.45 for P ch = 1atm and P ch = 5atm and differents P corr . Without acoustics (P corr = 0J/m 3 ) f v,S p is bi-modal, the first mode being characterized by d drop D l = 0.03 and the second by

d drop D l = 0.2.
The first mode becomes more populated as the chamber pressure increases. Despite the fact that the Reynolds and Weber numbers are kept constant when P ch is varied, the result shows that more efficient atomization is obtained at high ambient pressure. This could be seen from the direct observation of spray images. However, to confirm this observation, additional measurements extended to the whole spray, or at least to the whole width of the spray at the same downstream location, should be performed. The distribution f v,S p is still bi-modal under acoustic conditions. For such a high Weber condition, as no flattening was possible for the acoustic level reached in the experiment, it is expected that the only noticeable effect is the deviation of the spray. For P ch = 1atm, the population of the first mode seems to be significantly elevated for the lowest level of acoustics considered. The increase of the acoustic level then tends to attenuate the first mode of the distribution. This effect could be related to the increased contribution of high-order harmonics at a high acoustic level. It was already shown that this could result in a counterbalanced effect between fundamental and harmonic contributions for the displacement of the spray. For P ch = 5atm, the first mode is already largely populated without acoustics and adding acoustics seems not to have a significant effect in this case. This should be confirmed by drop size characterizations extended over a larger spray region. 

Concluding remarks

An extensive acoustic analysis was applied to characterize the quality of the acoustic field. Frequency analysis of the cavity was done to determine the resonance frequency of the transverse mode 2T. For ambient pressures, P ch ranging in [1 -5]atm, the PSD analysis showed the presence of several high-order harmonics where the first harmonic presented the most significant energy. The frequency analysis of the acoustic pressure amplitude peak to peak presented a resonance peak at a frequency of 1042Hz corresponding to the 2T mode frequency determined in acoustic simulations. The acoustic pressure amplitude P ac,p-p along the acoustic axis on the cavity ceiling revealed the characteristic 2T mode envelop observed in the linear acoustic simulations. The second and third harmonics followed cosine modes conditioned by their frequency. The acoustic field was found to be quasi-uniform along the axis (O, y), with only small variations of acoustic amplitude P ac,p-p . P ac,p-p displayed a bell shape evolution in the principal vertical axis (O, z) which was also observed in simulations due to the curved shape of the inner bottom side of the cavity. The experimental data successfully validated the acoustic simulations confirming the 2T acoustic pressure distribution. Coaxial injections at different ambient pressures ([1 -5]atm) were characterized by Diffused Backlight Illumination (DBI). It was observed the mean breakup length L BU decrease with We g due to the jet fragmentation. No remarkable variation of L BU was found with the variation of the ambient pressure P ch . The jet expansion W j and the primary atomization region width W a were observed to increase monotonically with We g . W j evolution was observed to be bounded with We g due to the jet pealing enhanced with the augmentation of the airflow rate. It was observed that the jet or the atomization expansion did not show any substantial deviation regarding ambient pressure change. The cone spread angle measurements highlighted an augmentation with We g as expected from the jet expansion increase with the aerodynamics effect. A slight variation was observed with the ambient pressure, but it was insignificant compared to the standard deviation.

DBI technics utilizing two synchronized cameras were used to quantify the coaxial injections at the intensity antinode (IAN) of a transverse acoustic standing field. Two visualizations named ViewA and ViewB gave images containing the acoustic axis and injection axis or the plane wave, respectively. Coaxial injections presented a significant flattening and deviation observed in ViewA and ViewB, respectively, whatever the pressure. From jets at a low Weber number (We g = 9) images it was identified the static deformation with lobe-like structures all over the jet length, whatever the ambient pressure considered. The variation of the deformation at different ambient pressures versus acoustic levels was merged in a unique curve by expressing the acoustic level with the mean acoustic volumetric energy. The acoustic Bond number Bo a , a dimensionless number relating the mean acoustic volumetric energy and capillary, was considered to interpret the deformation. Results concerning the maximum width expansion, i.e., the lobe maximum, showed an exponential growth with the acoustic Bond number. The deformation growth was interpreted as a modification of the acoustic effect by the liquid shape. The deformation presented a critical value where the liquid jet becomes a liquid sheet that atomizes by Faraday instabilities. A critical Bond number about Bo a = 1.6 was characterized experimentally. At High Weber number, i.e. shear breakup (Re l = 2900 and We g = 60) to fiber regimes (Re l = 3200 and We g = 224), the jet expansion by acoustic was first quantified with the mean jet width W j of the corrected mean volumetric acoustic energy P corr . Results showed that an expansion of the jet was observed in the wave plane characterizing a flattening effect in agreement with the model of liquid deformation by acoustics. The expansion characterized by the mean jet width presented a lower and upper limiting value and a transition level P corr,tr beyond which no significant modification of the effect of acoustics is observed. The transition level P corr,tr increased as the gaseous Weber number increased. The liquid jet maximum flattening was found to be limited by the liquid fragmentation produced through the Faraday instability. The flattening was observed to be attenuated as a function of the gaseous Weber number. The augmentation of the aerodynamic effect when the Weber number was increased produced a reduction of the liquid core due to the fragmentation enhancement. As the liquid core decreased, the acoustic effect on the reduced surface of the liquid core decreased. So, it led to a decrease in the flattening produced by acoustics.

Primary atomization was quantified by the mean primary atomization region width W a for shear breakup, membrane and fiber regimes, respectively as a function of the corrected mean volumetric acoustic energy P corr . Results for W a revealed the direct relation with W j having both the same evolution with P corr . W j and W a were observed to be linked due to the primary atomization is produced by the jet pealing. So, it is proportional to the jet surface. With acoustics, from ViewB, W a presented lower and upper values through a transition P corr,tr from which the atomization is insensitive to acoustics. P corr,tr increased with We g , indicating the arduousness to produce a substantial effect on the atomization when the aerodynamic effects was increased.

Spray cone angle ϑ for the shear breakup, membrane and fiber regimes respectively was studied as a function of the mean corrected volumetric acoustic energy P corr . For shear breakup regime (We g = 60) a sharp transition around P corr ≈ 50J/m 3 was observed between two plateaus, as observed in ViewB for the mean jet expansion width W j and the mean primary atomization width W a . This feature was related to the occurrence of the flattening induced by Faraday instabilities developed on the flattened jet.

The cone angle reached a value of about 90 • marked by the start of jet atomization. For higher We g associated with the membrane (We g = 129) and fiber regimes (We g = 224), the cone angle increased with P corr more gradually and the maximum was reduced.

The deviation of the liquid jet at a low Weber number at IAN was characterized by ViewA acquisitions. It showed a single deviation direction towards VAN whatever P. For P ch = 1atm, the deviation evolved non-linearly while it was attenuated at a relatively high acoustic level. For higher P ch , the deviation grew monotonically with P and was more important as the ambient pressure was increased. The increase of the jet deviation with the ambient pressure increase was attributed to the decrease of the high-order harmonic amplitudes. Indeed, the second and third harmonics at IAN generated radiation forces which opposed the force generated by the fundamental one. The analysis of the spatial droplet distribution for fiber regime highlighted a deviation of the spray also towards VAN that increased when the ambient pressure increased. This feature could be explained by the same mechanism as observed for a low Weber number, mentioned above. So, in our experiments, as ambient pressure increased, the harmonic influence decreased, leading to a more significant deviation. While the liquid was injected at IAN, the droplet size distribution was measured either at a distance x 0 from IAN located in the IAN-VAN vicinity or at a distance x 1 in the IAN-PAN vicinity, both measurements made at the same vertical coordinate z. For fiber regime with acoustics the droplet size distribution showed a very small modification from measurements performed at x 0 and x 1 at atmospheric pressure and a strong modification at P ch = 5atm. This feature resulted from the deviation phenomenon previously mentioned since the spray was more deviated as P ch augmented. A supplementary element of modification came from the production of droplets through the Faraday instabilities acting on the flattened jet.

Chapter 6

Comparison between experimental results and modeling

This chapter focuses on a comparison between experimental results and the acoustic model presented in chapter 3. This comparison aims to give theoretical elements which allow us to explain and quantify the highlighted properties of the experimental phenomena. By considering liquid objects with more complex shapes and in possible mutual interaction, the models developed in this work allow to approach the experimental observations found in industrial applications in a more realistic manner. However, the present steps still need to compare flow configurations characterized by Weber numbers from low to intermediate values. Thus, the properties which have been compared between experiments and modelings are the following ones: the maximum deformed jet width, the critical acoustic Bond number Bo a,cr for the liquid sheet formation and the jet deviation angle γ.

The first section concerns the widening process from the cylindrical shape of the objects to the liquid sheet formation via the occurrence of lobes. This process is described by the experimental maximum deformed jet width defined in Sec. 5.3.2 max z≥0 ( 2b D (z)), and its equivalent theoretical quantity. In Sec. 6.1 for simplicity max The second section concerns the liquid sheet formation criterion of liquid jets or droplets at VAN, characterized by a critical Bond number Bo a,cr . The method considers the geometry given by the GDM approach presented in Sec. 3.3. The deformed object has an actual cross-section defined by a minimum length 2a between the two poles located along the acoustic axis where the curvature K L,P is minimum, and a maximum length 2b perpendicular to this axis limited by two points called here the equators where the curvature K L,E is maximum. This leads to an aspect ratio g = a b which tends to zero at the critical value. However, the calculations are very time consuming as g becomes small. An approximate solution is proposed, based on the fact that for an elliptical cross-section object it exists a relationship between the curvatures at the poles and equators of the ellipse and its two semi-axes: κ ellip = K ellip, P K ellip,E = 3 ellip . The actual threshold is searched here by calculating κ L = K L,P K L,E = 0. For small object size relative to the wavelength, the method result agrees with the experimental critical acoustic Bond number Bo a,cr of the sheet formation obtained by [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF] and the present experiments for liquid cylinder jets, and for experimental results by [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF] for droplets.

The third section presents the deviation process of cylindrical jets in a standing acoustic field. This effect is characterized experimentally by the liquid jet deviation angle γ as presented in Sec. 5.3.7. The deviation is modeled considering a three-step upgradeable model. The first step considers a simplified model introduced by Ficuciello et al., 2017 based on the force balance between a liquid column weight and the acoustic radiation force. Results indicate that the deviation is well piloted by the radiation force of the first harmonic, but the model overestimates the deviation. The second step is the jet particle trajectory description expressed by the equations of motion in the presence of the radiation force and the weight. A multifrequency approach applied to the circular geometry is used to determine the radiation force. Results are in a satisfactory agreement with the experimental data, highlighting the influence of harmonics on the deviation by acoustics, but some underestimation is observed for every experimental condition. The third step introduces the deformation effect on the deviation. The deformation acts on the deviation implicitly via the modification of the acoustic radiation force by the cross-section shape. Cylindrical objects are considered with an elliptical cross-section and an analytic expression of the radiation force is determined as a function of the cross-section shape and the expression of the radiation force established for circular objects. The deviation is then calculated similarly to step 2. Theoretical results well agree with the experimental results.

Widening process

Definition of the maximum theoretical width

The radiation pressure model for plane waves introduced in chapter 3 presented the importance of the radiation pressure distribution on the object deformation. Let now consider quantities defined in the model, which are helpful to interpret experimental results shown in 5.3.2. Among them, the deformation potential ∆ D , calculated from the dimensionless radiation pressure P * rad (see Eq. (3.9)), is an adequate quantity to highlight the strength of acoustics to deform objects. It is a function of the aspect ratio and α. In the case of an elliptic object, a relation was given in Tab. 3.1, between and the major axis b (b = 1 2 D 0 -1/2 ), where D 0 is the circular reference diameter without acoustics of the object keeping its cross-section area constant during deformation. Indeed, the measurable width in experimental ViewB configurations is max z≥0 ( 2b D (z)), a quantity quantifying the widening process of the object (see Sec. 5.3.2).

The dependency of ∆ D on 2b is characterized for the case α = 1 2 kD 0 = 0.055 at IAN position. The variation of 2∆ D PD 0 with 2b D 0 obtained from modeling, is shown in Fig. 6.1 for a deformation which remains elliptic. It is observed that ∆ D evolves linearly with a slope equal to 1.1. It indicates an augmentation of the acoustic deformation effect related to the cross-section shape. The actual liquid object deformation (not necessarily elliptic) induced by a plane standing transverse acoustic field is determined by jointly solving the radiation pressure model with the capillarity force balance, i.e., the Young-Laplace equation. Detailed information of the resolution by the general deformation model GDM is given in Sec. 3.3.1. The following numerical calculations are done for a water cylinder placed in a standing acoustic field at locations given by h = h c λ 8 with h c a co-factor equal to 1, 1.1, 1.5 or 2. h = λ 8 and λ 4 are associated to an intensity anti-node and velocity antinode respectively. Constant parameters for the simulations are : the surface tension σ = 72mN/m, the water density 1000kg/m 3 , the Helmholtz number α = 1 2 kD 0 = 0.055 and the air density ρ 0 = 1.22kg/m 3 . Simulation results for the widening ratio 2b D 0 expressed as a function of the ratio ∆ D σ are reported in Fig. 6.2(a) where each color line corresponds to a given location of the cylinder in the acoustic field. ∆ D is determined from the radiation pressure acting on the deformed surface by applying Eq. (3.9). 2b All these features highlight the interaction between the object geometry and the acoustic field: the modification of the liquid shape typified by 2b D 0 leads to a modification of the radiation pressure distribution, characterizing an increase of ∆ D able to induce a substantial variation of 2b D 0 (see Fig. 6.2(b)). By relying on the variation of 2b D 0 with ∆ D σ shown in Fig. 6.2(a), it is searched a linear behavior between a power n L f of 2b D 0 and ∆ D σ which is mainly the source of the deformation. To determine the best guess for n L f , a priori depending on h, we consider the linear fit in the data graph 

n L f = a L f ∆ D σ + 1,
obtained by optimizing n L f with the maximum linear correlation r 2 = 1. They are reported in Tab. 6.1. It is observed that n L f is negative and is strongly dependent on the position h while a L f is not. Negative values of n L f decrease as a function of h reaching a maximum absolute value at VAN 8h λ = 2 . The asymptotic limit 2b

D 0 n L f → 0 leads to a critical value ∆ D = ∆ D,cr = -1 a L f
(see Tab. 6.1). ∆ D,cr shows a substantial decrease as a function of h, with a minimum obtained at VAN positions. So, the widening is easier to occur at VAN, i.e. a smaller P is needed to deform objects with respect to other positions. Finally, the whole process describing the interaction between the scattered acoustic field and the deformed object is modeled by the following relationship between the dimensionless widening 2b D 0 and Bo a :

2b D 0 n L f = a L f Bo a a L f ,b 2b D 0 n L f ,b + b L f + 1 (6.1)
The solution of this equation gives the 2b D 0 evolution with Bo a . This expression can be helpful for experimental deformation understanding. The constants n L f , a L f ,b , n L f ,b and b L f can be deduced from the experimental curve 2b D 0 = f (Bo a ). One can write the problem inversely to determine the necessary Bond number in order to have a given deformation as:

Bo a = 2b D 0 n L f -1 a L f a L f ,b 2b D 0 n L f ,b + b L f (6.2)
The theoretical evolution given by Eq. (6.2) is reported in Fig. 6.5 under the label "Analytic formula". 

Comparison between the theoretical and experimental maximum widths

Theoretical deformation results found in the previous section are compared with experimental data in order to highlight the involved mechanisms. Comparison is made in the presence of a pressurized gaseous environment from 1 to 5 atm. We consider a cylindrical liquid jet submitted to a plane transverse acoustic standing field at IAN location. The flow rate condition for liquid jets is chosen in order to be in the laminar regime presenting a smooth jet surface, allowing the measurement of the widening quantity 2b (see Fig. 5.18(a)). The cross-section of such liquid jets decreases downstream due to liquid acceleration induced by gravity. Thus, the diameter D 0 of the liquid jet is a function of z, rewritten D(z). For low enough Reynolds numbers Re l , a strong reduction of the liquid jet cross-section with z is observed. A good compromise is obtained for Re l = 2500 with a very small diameter reduction with z and a surface sufficiently smooth. DBI is used to visualize and quantify the liquid jet surface from the nozzle exit by means of a camera Phantom V9 used in the configuration ViewB (optical axis co-linear with the acoustic axis, see Fig. 4.23). The forcing frequency is chosen at a value about 1040Hz for all the experiments. For further information about the acoustic forcing see Sec. 4.2.3 and Sec. 5.1. Instantaneous views of the static deformation of the liquid jet at IAN are presented in Fig. 6.4 for different ambient pressures. The jet clearly spreads perpendicularly to the injection axis under acoustics. It is highlighted that as the jet flows in the acoustic field, its surface shows lobe-like deformed structures along the injection axis. Let focus on the deformation maximum occurring at the first lobe where the deformation is considered as static provided that P is maintained constant. The fact the deformation is maximum there, is the most interesting position to validate the model, even though some underestimation of the deformation might exist between the model and experiments due to a supplementary deformation produced by the liquid transverse acceleration. Fig. 6.5 shows a comparison between the widening determined in experiments (•) and the one obtained by the liquid deformation acoustic model (continuous line) as a function of the Bond number. A large deviation of the model with the experimental results is observed for the injection position (IAN, h = λ 8 ). However, experiments and model follow a similar non linear evolution. The non linear behavior of the deformation is the manifestation of the acoustic effect modification with the cross-section shape change. Discrepancy between the experimental and theoretical results comes from the influence of the present harmonic modes on the jet deformation. This influence produces a deformation which is equivalent to the one acting on the jet if it was placed at the middle position h = 1.30 λ 8 between VAN and IAN positions. Widening results calculated by means of the analytical equation (Eq. (6.1)) are also reported in Fig. 6.5. Optimized parameters n L f , a L f , a L f ,b , n L f ,b and b L f are equal to -2.82,-0.22, 1.87,0.43 and 1.22 respectively. The analytical formula results follow the experimental data, revealing a critical point at Bo a,cr = 1.5 and 2b cr D ≈ 1.6. Above 2b D > 2b cr D , the analytical formula predicts a second behavior obtained by decreasing Bo a under < Bo a,cr , which would be the case of a strong deformation. It resembles the experimental results obtained by [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF] Let modify the model in order to consider the influence of harmonics on the object deformation. They are approached as cosine modes such that the incident field is written φ i as ∑ 3 n=1 A n cos(nkx)e -inωt . The radiation pressure is then determined from the decomposition: P rad = ∑ 3 n=1 P rad (n f 0 ) with f 0 the frequency of the first harmonic. The acoustic field position is imposed to be one of the IAN positions of the first harmonic mode. Results of the multifrequency approach describing the deformation through the relationship between 2b D and Bo a are shown in Fig. 6.6. They well agree with the experimental deformation results. However, there is still some underestimation of the model with respect to experimental data which might be produced by a deviation of the liquid jet in the acoustic axis direction, leading to an enhancement of the potential deformation.

The present analysis highlights the importance of harmonics onto the liquid jet deformation. In conclusion, even though the evolution of the deformation is quite similar to that determined in the mono-frequency approach, the deformation produced by superior harmonics is not negligible and should always be considered. FIGURE 6.6: Multifrequency approach deformations and experimental deformations of a coaxial jet placed at a IAN position of a plane transverse standing wave. Re l = 2500 and We g = 9.

The sheet formation criterion for liquid jets and droplets at VAN

An important parameter for predicting the behavior of liquid cylinders or spheroids submitted to acoustic-induced deformations is the maximum acoustic level these objects can withstand, corresponding to extreme deformation which transforms cylinders or droplets in liquid sheets. The method is based on the deformed geometry obtained from the GDM approach (see Sec. 3.3) where the cross-section is characterized by a minimum length 2a between the two poles located along the acoustic axis and a maximum length 2b perpendicular to this axis limited by two points called the equators. This leads to an aspect ratio g = a/b. We recall that the object deformation process is characterized by g → 0 as the acoustic level increases. The deformation limit is defined here by the maximum critical Bond number Bo a,cr for which g = 0. The first estimation of this critical Bond number was addressed in Sec. 3.3.2, corresponding to a maximum deformation, (i.e. a minimum aspect ratio g ,) for which GDM converges. Indeed, the analytic model cannot predict the critical Bond number without using advanced computational resources (see Sec. 3.1). A less computation-time-demanding approach is proposed below, which extends the results of GDM by considering the dependence to the Bond number of the characteristic functions describing the evolution of the object shape with Bo a .

Cylinders

Let first recall that for an ellipse is defined a cross-section characterized by the segments 2a and 2b limited by the poles in the acoustic axis and by two equators points perpendicular to this axis, respectively. The ratio of the curvatures at a pole and at an equator κ ellip = K ellip,P K ellip,E is related to the aspect ratio by the relationship 3 ellip = κ ellip . The subscript ellip is used here to identify the corresponding parameters as related to the ellipse.

The distribution of the curvature, K L of the deformed geometry obtained by GDM once the convergence is attained, can be expressed as a function of liquid outer pressure, P rad and inner pressure, P i from the Young-Laplace equation given by Eq. (3.11). As mentioned just above, a pole and an equivalent equator can be defined for this deformed object, non elliptic a priori. The ratio of curvature at the pole and equator κ L = K L,P K L,E is positive by construction for convex shapes. This ratio is written as a function of Bo a for the general shape: κ L = 1-Bo a /A(Bo a ,α)

1-Bo a /C(Bo a ,α) with A =

P * i P * rad,P , C = P * i P *
rad,E , P * rad = P rad P , P * i = P i σK 0 and K 0 the curvature of the reference circular object. A is necessarily positive since the pole is only submitted to compression effects whatever the position in the acoustic field while C is either positive or negative according to compression or suction effects respectively imposed at equator but C -1 is necessarily lower than A -1 (see Sec. 3.2.4). The numerical data show that the set of extended analytic functions A(Bo a , α) and C(Bo a , α) can be modeled by continuous piecewise polynomial functions of Bo a , where all the coefficients are functions of α. For the Helmholtz numbers α < 1, both functions A(Bo a ) and C(Bo a ) are found to vary linearly with Bo a . To determine a good estimation of the critical Bond number, coefficients for A and C are determined from GDM results calculated at the highest Bond number for which GDM was operating. Let define 3 L = κ L which is not an actual aspect ratio but a curvature-based parameter for convex-shape objects. For Bo a greater than the limit value where GDM converges, L is estimated from the functions A and C. L obtained from κ L is presented in Fig. 6.7 for three values of the Helmholtz number α. Curvaturebased parameter L is found to reasonably agree with aspect ratio values as far as α and Bo a are small enough. Indeed, when these two parameters are small, deformation predicted by GDM is maintained to a quasi-elliptical cross-section shape, leading to the relation between aspect ratio and curvature for an ellipse, i.e., leading to L = g . The critical acoustic Bond number values Bo a,cr are reported in Table 6.2 for three values of α. They are given by A(Bo a,cr , α) = Bo a,cr or C(Bo a,cr , α) = 0. Bo a,cr is an upper bound beyond which the convex object shape cannot meet the boundary conditions. This is the case for α = 0.87 at which L is nil while g is not. This feature indicates that there is a modification in the object pole curvature from a convex state to a local concave 

Quasi-spheroidal objects

The same approach as the one presented above for cylinders is applied for quasispheroidal objects. The relation between the ratio, κ ellip , of the curvatures at a pole and at an equator of an ellipsoid and its aspect ratio, ellip is first recalled: 3 ellipκ ellip ( 2 ellip + 1) = 0. So, for spheroids, the determination of the aspect ratio ellip for a given value of κ ellip involves an algebraic cubic root resolution. Note that it can be proven that this algebraic equation has a unique real root.

The curvature ratio κ L for a quasi-spheroidal object is obtained from GDM as for the cylinder case. From numerical results it was found that for quasi-spheroidal objects the extended analytic functions A and C varies with Bo a in such a way that κ L can finally be expressed as a linear function of the Bond number, i.e. κ L = C 0 -C 1 Bo a , where C 0 and C 1 are positive constants with C 0 1. These coefficients are used to estimate the value of κ L for Bond numbers for which GDM cannot converge for g = 0. Thus every single value for L is obtained by solving the related third-degree algebraic problem up to the critical Bond number. It must be recalled again that L is not an actual aspect ratio but a curvature-based parameter.

Results for L vs. Bo a obtained from GDM are reported in Fig. 6.8 for a quasispheroidal object located at h = λ 4 and for two values of α. It shows that L is quasiidentical to the actual aspect ratio g for low α and Bo a parameters. In this case, the shape of the quasi-spheroidal object obtained from GDM almost corresponds to a spheroid, i.e., the cross-section is very close to an ellipse. The extrapolation of results based on the curvature ratio up to the critical Bond number leads to a satisfactory critical Bond number as can be seen in Fig. 6.8. The deviation from the elliptic cross-section can be quantified by using EFM that force the cross-section to be elliptic (see Sec. 3.3.1). However, the ellipsoid volume can no longer be constant to meet the curvature at the pole and the equator. The relative error in volume conservation ∆V V for the EFM approach gives an indication of the deviation from the spheroid shape for the general shape given by GDM. ∆V V as a function of the geometrical aspect ratio g is shown in Fig. 6.9. Data show that the spheroids check the volume conservation to within 10% for g > 0.6 for which elliptic shapes represent the geometry of the actual deformed objects.

The critical value of the Bond number Bo a,cr is found by considering the extreme case L = 0, which yields to Bo a,cr = C 0 /C 1 . The estimation of Bo a,cr is obtained by determining C 0 and C 1 at large Bo a , i.e. near the limit Bond value above which GDM 0.5 0.6 0.7 0.8 0.9 1.0 g 0.015 0.000 0.010 0.050 0.100
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.9: Deviation volume between the spheroid keeping the curvature at the pole and equator and the real volume of the object as a function of the aspect ratio.

does not converge. The critical values Bo a,cr for a quasi-spheroidal object are reported in Tab. 6.2. They are found to well agree with the numerical and experimental value Bo a,cr = 2.5 for α = 0.58 observed in Lee et al., 1991 (see Sec. 3.3.2).

As noted for cylindrical objects, a complementary analysis will be to model the object with a concave shape at the poles. The adequate geometry approximation will be based on the peanut curve ( L < 0) or stadium curve ( L = 0). The stadium curve may help understand the deformation of by conserving a characteristic aspect ratio. The peanut may be used for concave . Water liquid jet deviation at low Weber numbers in a transverse plane standing acoustic field was studied experimentally in Sec. 5.3.7. This liquid jet was injected in a pressurized medium in order to highlight the density effect on the liquid jet deviation. There, the flow rate condition was characterized by We g = 9 and Re l = 2500. The liquid jet geometry is characterized by the nozzle exit diameter D l . The deviation was determined on DBI images in ViewA configuration with high speed Phantom camera V12. Images acquisition were acquired simultaneously with those used for the quantification of the flattening in Sec. 6.1.2. Some instantaneous pictures showing the jet deviation are shown in Fig. 6.10 for a liquid jet submitted to a plane acoustic field at an IAN for two ambient pressures (P ch = 1atm and 5atm). The relative jet width 2a(z) D(z) is extracted from ViewA and will be used afterwards in Sec. 6.3.3. Observations indicate a liquid jet deviation always towards the velocity anti-node, whatever the ambient pressure. The experimental quantification of the deviation has been presented in Sec. 5.3.6 by considering the liquid jet skeleton points (x, z) (see Fig. 5.39(a)) from which the deviation angle γ was determined by means of a linear fitting. Experimental results of the deviation angle, obtained for three ambient pressures P ch , are shown in Fig. 6.11 as a function of the global mean volumetric acoustic energy P. P is the sum of the energies of the first three harmonics, contained in the PSD of the acoustic pressure signal measured at PAN: P = ∑ 3 n=1 P f n-1 .

Liquid jet deviation at low Weber number

The data are compared to theoretical data coming from an upgradeable modeling, presented here in three steps, reported in Figs. 6.11 and 6.12(b).

First step: single harmonic model for a circular cylindrical jet

A simplified expression of the jet deviation is deduced from the force balance reported in Fig. 6.10(a) where w is the weight and F rad is the radiation force. There the liquid jet is considered a rigid element. The deviation angle is given by tan γ = F rad w . Under the small object condition (α = 1 2 kD 0 << 1) the radiation force F rad obtained from Tab. 3.3 is written as

F rad,1 (x) = 3π 2 P 8λ D 2 L sin 2kh(x) (6.3)
with 2kh = 2kx + π 2 and λ is the wavelength of the first harmonic. The jet weight is w = π 4 ρ l D 2 L. Thus, tan γ = 3πP 2ρ l gλ sin 4πh λ . Theoretical results giving γ are reported as a dotted line in the two figures mentioned above with P given by experiments at IAN (h = λ 8 or x = 0). The comparison between experiments and modeling shows that the deviation is well piloted by F rad since the effect produced by F rad is well directed towards VAN, as reported from the previously mentioned observations, and the whole tendency is well reproduced. But, the model overestimates experimental data.

A second step is proposed, based on the calculation of the radiation force taking into account its spatial variation along the deviated jet and the contribution of the three harmonics in its definition.

Second step: spatial multifrequency radiation force model for a circular cylindrical jet

To consider the influence of the radiation force on the deviated jet position, let consider the trajectory of a cylindrical particle of length dL under the actions of the radiation force and the weight. The force balance on the particle of mass m = π 4 ρ l D 2 dL is:

m d 2 x dt 2 = F rad,2 (x) (6.4) m d 2 z dt 2 = w (6.5)
The initial conditions attached to the independent differential Eqs. (6.4) and (6.5) are: x| t=0 = 0, dx dt | t=0 = 0, z| t=0 = 0 and dz dt | t=0 = u l where u l is the bulk injection velocity.

In a multifrequency approach the radiation force for a circular cylindrical object results from the sum of the radiation forces defined for each harmonic involved in the acoustic field. By considering only the first three harmonics the resulting force is given by:

F rad,2 (x) = 3π 2 8λ D 2 dL 3 ∑ n=1 nP f n-1 sin nπ 2 + 2nkx (6.6)
The differential system is solved numerically, giving the position (x i , z i ) at every instant t i . A linear fit is applied over the (x i , z i ) positions to determine a deviation angle γ.

Calculated angle deviation data in the vicinity of IAN are shown in Fig. 6.11 with the experimental ones as a function of the mean acoustic volumetric energy P. The angle model satisfactorily matches the experimental data. However, underestimations are found for every computation points. The third step proposes to take into account the jet deformation produced by the radiation pressure distribution to calculate a new expression of the resulting radiation force which will be used in the differential system. 

Third step: spatial multifrequency radiation force model for a deformed elliptical jet

It is also observed that objects in a acoustic standing field present a deformation which modifies the acoustic effect. The deformed shape produces a substantial modification of the radiation force as presented in chapter 3. An analytical expression of F rad has been obtained from our theoretical results giving the force in the case of elliptic cylinders in a standing wave (see Sec. 3.1.4): F rad,3 = F( )F rad,2 (x) where is the aspect ratio of an elliptical object. For a relatively small object, i.e. α << 1, the modifying function F takes the form: F( ) = 1 3 1 + 2 (see Fig. 6.12(a)), valid whatever the x coordinate. From Tab. 3.1, can be linked to the jet width 2a according to the relationship = 2a D 2 . This expression is all the more interesting as 2a D (z) is the relative width of the jet which can be directly measured from images recorded in ViewA, an illustration of which is given in Fig. 6.10. So, a function (z) is determined from each experimental result characterized by a specific P (see Fig. 5.20(b)). The new differential system defining the trajectory of the cylindrical particle is given by Eqs. (6.7) and (6.8) now coupled by their dependence on z. Initial conditions are the same to the second step (Sec. 6.3.2). Results of the deviation model are reported in Fig. 6.12(b). Now, the deviation angle model well agrees the experimental deviation whatever the ambient pressure. 

Concluding remarks

The model developed in chapter 3 has been used to explain and quantify the highlighted jet deformation properties of the main acoustic radiation effects, previously identified by [START_REF] Boisdron | Etude de l'atomisation d'un jet liquide assisté par air soumis à une onde acoustique stationnaire transverse haute fréquence[END_REF][START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF] jet width, acoustic level threshold leading to the liquid sheet formation and liquid jet deviation.

The widening deformation of liquid cylinders by acoustic quantities were experimentally and theoretically compared by considering the maximum object width, 2b D , observed in the plane wave and the corrected acoustic Bond number, Bo a = DP corr 2σ . P corr is the corrected mean volumetric acoustic energy calculated by means of the harmonic peak amplitudes extracted from the PSDs of the acoustic pressure signals. Theoretical results on the deformation of convex objects revealed a deformation loop described by the quantities 2b D , Bo a and ∆ * D , the dimensionless deformation potential calculated from the dimensionless radiation pressure. The comparison between experiments and modeling led to propose an evolving model: i) a mono-frequency approach where the corrected Bo a is attributed to the first harmonic. Both theoretical and experimental deformations, 2b D , evolved similarly with Bo a increase as an exponential growth which revealed the modification of the acoustic effect by the deformation. Hence, a deformation loop between the acoustic radiation effects and the deformed shape of the jet was shown, characterized by an analytical relationship linking 2b D , Bo a . It established a maximum stable deformation state given by 2b cr D , Bo a,cr from which any increment of Bo a , no matter how small, led to jet flattening in the form of a liquid sheet. The deformation observed at IAN coincided with the deformation calculated for an intermediate x position situated between a VAN and a IAN instead of that calculated at IAN. It showed the importance of taking into account the contribution of the first three harmonic modes to the phenomenon; ii) a multi-frequency approach was then proposed, based on a global radiation pressure defined by adding the radiation pressures of each harmonic modes. This time, the approach led to theoretical data to very well match the experimental data.

The sheet formation criterion was modeled from the curvature-based aspect ratio L obtained from the results of GDM and calculated at VAN. A critical Bond number Bo a,cr is based on the condition L = 0, which serves as an upper bound of the target deformation above which liquid cylindrical objects or spheroids were transformed into a liquid sheet. For cylinders, the critical value was in agreement with GDM results provided that the Helmholtz number α was small, corresponding to the case of nil radiation pressure at the poles. The method built for objects with a convex shape κ l could not give the critical value Bo a while objects size increases. This was due to a large compression effect of the radiation pressure at the poles which led to a concavity change from convex to concave there. For large spheroids, the method produced the right droplet flattening critical value, showing that spheroids were more resistant to the compression effect at the poles by preserving a concave shape. The calculated critical value verified the experimental results obtained by [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF] for a liquid jet with α = 0.055 and [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF] for droplets with α = 0.58.

The jet deviation at IAN was modeled by considering an upgradeable 3 steps model.

The first step considered a single harmonic model for a non-deformable circular cylindrical jet. It was based on a force balance between the weight of the liquid column and the first harmonic radiation force at IAN established for small Helmholtz number. If deviation was well piloted by the radiation force of the first harmonic mode, the model overestimated it. The second step concerned a multifrequency radiation force approach, still applied to a non-deformable circular cylindrical jet. The model was based on the trajectory of a cylindrical particle described by the motion equations involving the radiation force as a function of the x coordinate defined along the acoustic axis. Model results satisfactorily agreed with the experiments, showing the importance of the harmonic modes in the deformation phenomenon even though their energies remain smaller than the fundamental mode one. But, a small underestimation was noted. The third step involved the spatial multifrequency radiation force model, but for a deformed liquid jet. The previous radiation force was corrected by a function of the elliptical aspect ratio varying with the vertical coordinate z. A new algebraic system for the motion equations was spatially coupled by z. This time theoretical results coincided very well with experimental ones. This improvement highlighted a significant effect of the force modification by the object deformation.

Chapter 7

Conclusion and Perspectives

General conclusions

Thermoacoustic instabilities in liquid rocket engines have been observed to be very harmful during engine operation. This could lead to engine dysfunction or destruction in the most severe cases. Among these instabilities, the most complicated to solve are azimuthal and transverse ones. These instabilities come from the coupling between pressure oscillations and fluid mechanics involved in liquid injection and atomization. This research focused on the coupling between atomization and acoustics in the region of primary atomization, i.e. near the injection point. The purpose is to furnish experimental data on coaxial water/air jets at different ambient pressures perturbed by a transverse acoustic standing field. The experiment's observation served to develop a model based on the radiation pressure model. As observed by several authors (see [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF][START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF][START_REF] Yarin | On the acoustic levitation of droplets[END_REF][START_REF] Yarin | Acoustically levitated drops: drop oscillation and break-up driven by ultrasound modulation[END_REF]Lee et al., 1994;[START_REF] Marston | Acoustic Radiation Force On Elliptical Cylinders And Spheroidal Objects In Low Frequency Standing Waves[END_REF], a liquid element is modified in the presence of acoustics. The most remarkable phenomena are the deformation of the liquid interface, the deviation of liquid elements and a new atomization process occurring under acoustics. The present study was motivated by experimental observations of liquid jets, ligament or spherical droplets deformed by acoustics. A model to predict liquid deformation by the acoustic radiation pressure was developed to explain how acoustics modifies liquid objects. The radiation pressure model developed considered objects with noncircular cross-section shape. The model was based on the partial wave series expansion using cylindrical or spherical functions to describe the scattered acoustic field, the considered incident plane harmonic field being either a standing or progressive wave in the simulations. Objects under consideration were cylinders of elliptic cross-section or spheroids, with a constant cross-section area for cylinders or with a constant volume for spheroids. The elliptic semi-axes a and b were associated to a circular diameter D 0 and an aspect ratio = a b . The scattered field problem involved a linear system of equations deduced from the boundary condition on the object surface. The linear system resolution gave the coefficients to calculate the scattered field at any point outside the object or at its surface. The superposition of the scattered field with the incident field produced the acoustic resulting field from which the radiation pressure distribution P rad and the resulting radiation force F rad were calculated by employing theoretical relationships of non-linear effects of linear acoustics.

The key parameters in this interaction between the acoustics and the object were the Helmholtz number α = 1 2 kD 0 and the aspect ratio . Limitations of this method were related to the computation precision as mentioned by Mitri, 2015. In our case, an adaptive multi-precision PYTHON 3 code was developed to compute a large number of terms of the infinite series considered in the partial wave series expansion approach. Computations showed that the number of terms had to be increased exponentially as deviates from 1, and the number of points were chosen as two times the number of terms.

Results were presented using the dimensionless radiation pressure P * rad which is the ratio between P rad and the mean acoustic volumetric energy P. The surface averaged dimensionless radiation pressure P * rad s was evaluated to depict how the predominant effects of P * rad evolved with α. A critical value of the Helmholtz number, α cr , was found such that for α < α cr suction effects were predominant while for α > α cr the compression effects were the most important. Suction and compression effects were quantified by their amplitudes, P * rad (θ ms ) and P * rad (θ mc ), calculated at the surface of the object between the zero pressure amplitude and the minimum or maximum local radiation pressure respectively. For the suction-dominated case (α < α cr ), α = 0.055 was chosen to validate our calculations with respect to the theoretical results established analytically for α << 1 in the case of circular objects by [START_REF] Ficuciello | Analyse des effets acoustiques à haute fréquence/haute intensité sur l'injection coaxiale: application aux moteurs-fusées[END_REF]. Whatever α and , the suction effect was globally more important than the compression one. In particular, P * rad s was shown to be piloted by P * rad (θ ms ). As decreased, the region where the compression was present expanded to the detriment of the suction region. But, at the same time P * rad (θ ms ) strongly increased, while P * rad (θ mc ) remained quasiconstant. For the compression-dominated case (α > α cr ), P * rad (θ ms ) was small and slightly depended on and α, converging towards a single asymptotic value. Now, P * rad s was shown to be piloted by P * rad (θ mc ), namely by the compression effect. It was observed that the suction and compression effects could cooperate to produce a deformation of the object if was not rigid, leading to a shortening along the acoustic axis and a widening parallel to the wave plane. We defined the global acoustic potential deformation ∆ D to quantify this cooperating feature. ∆ D measured the combined pushing or pulling radiation forces acting both along the acoustic axis and in the wave plane. According to the definition, ∆ D > 0 would induce a dominant flattening deformation leading to a flat shape parallel to the wave plane ( < 1) while the opposite ∆ D < 0 would induce a dominant lengthening along the acoustic axis ( > 1). For ∆ D = 0, no deformation would occur. Whatever α, the global effect of the acoustics corresponded to a flattening deformation (∆ D > 0) and this is maximum for the suction-dominated case.

A quasi-state model for the prediction of the static liquid object deformation under acoustic solicitation was presented. This model coupled the Young-Laplace equation with the radiation pressure model. The external pressure was the radiation pressure P rad and the internal pressure P i inside the liquid object was considered constant for a given P rad . The lead parameter was found to be the acoustic Bond number Bo a , which was the ratio between the mean acoustic volumetric energy and the capillary for a circular cylinder. Two approaches were considered for the liquid deformation. The first one was a general deformation model (GDM) based on the differential geometry coupled with a least square algorithm. The resolution of the differential geometry equation gave the object surface from the curvature distribution determined with the Laplace equation. A least-squares algorithm was used to find the right P i needed to meet the mass conservation. The second approach was based on the elliptical fitting model (EFM). Objects studied by both approaches were placed at a velocity antinode of a standing wave where the deformation was expected maximum. For a given α and whatever the method, calculations led to a critical Bond number Bo a,cr above which convergence towards a stable object shape was not possible. In the case of cylinders with α = 0.055 it was found Bo a,cr 1.1 which agreed with the experimental critical Bond number Bo a = 1.20 found by [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF][START_REF] Ficuciello | Investigation of air-assisted sprays submitted to high frequency transverse acoustic fields: Droplet clustering[END_REF] for which unstable deformation was observed. Another validation was obtained by sucessfully check our model with experimental results found by [START_REF] Marr-Lyon | Passive Stabilization of Capillary Bridges in Air with Acoustic Radiation Pressure[END_REF] where α = 0.87. In the case of spheroids, we observed a good agreement between our data and the numerical results obtained by [START_REF] Lee | Static shape and instability of an acoustically levitated liquid drop[END_REF] matching as well the experimental data obtained by [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF] For α = 0.58, it was found Bo a,cr = 2.5 accompanied with an equatorial ratio of 2b D 0 = 1.4 matching the experimental critical acoustic Bond number found by the authors aforementioned.

In parallel with this theoretical study, a specific experimental bench, comprising a pressurized cavity with an acoustic forcing system and optical accesses, was developed. An extensive acoustic analysis was applied to characterize the quality of the acoustic field characterized by a high peak to peak pressure amplitudes (> 12kPa) and high frequencies (≈ 1kHz). Frequency analysis of the cavity was done to determine the resonance frequency of the transverse mode 2T. For ambient pressures, P ch ranging in [1 -5]atm, the PSD analysis showed the presence of several high-order harmonics for which the first harmonic presented the most significant energy. The frequency analysis of the acoustic pressure peak to peak amplitude P ac,p-p showed a resonance peak at a frequency of 1042Hz, corresponding to the 2T mode frequency determined in frequency domain simulations. Moreover, the characteristics of the experimental acoustic field filtered at the forcing frequency were also well identified by the 2T mode simulations: the pressure amplitude P ac,p-p along the acoustic axis on the cavity ceiling showed the characteristic 2T mode envelop as well as the quasi-uniformity of P ac,p-p along the axis (O, y). P ac,p-p showed a bell shape evolution in the principal vertical axis (O, z) which was explained by simulations as being produced by the curved shape of the inner bottom side of the cavity. This confirmed that the experimental mainly behaved as a 2T mode acoustic field. However, even though the second and third harmonics had a small energy compared to the first harmonic, the study showed they could not be neglected. They could also be represented as standing waves.

Coaxial injections at different ambient pressures ([1 -5]atm) were characterized by Diffused Backlight Illumination (DBI). Results without acoustics showed that the mean breakup length L BU decreased with We g due to the jet fragmentation. No remarkable variation of L BU was found with the variation of the ambient pressure P ch as long as Reynolds and Weber numbers were kept constant. The jet expansion width W j and the primary atomization region width W a were observed to increase monotonically with We g . W j evolution was observed to be bounded with We g due to the jet pealing enhanced with the augmentation of the airflow rate. It was observed that the jet or the atomization expansion did not show any substantial deviation regarding ambient pressure change. The cone spread angle measurements showed an augmentation with We g as expected from the jet expansion increase with the aerodynamics effect. A slight variation was observed with the ambient pressure, but the variation showed to be insignificant compared to the standard deviation.

DBI technics utilizing two synchronized cameras were used to quantify the coaxial injections at the intensity antinode (IAN) of a transverse acoustic standing field. Two visualizations, named ViewA and ViewB, gave images containing the acoustic and injection axes, or the wave plane respectively. Coaxial injections presented a significant flattening in ViewB and deviation in ViewA, whatever the pressure. For jets at a low Weber number (We g = 9), images showed the static deformation with lobe-like structures all over the jet length, whatever the ambient pressure. The widening deformation of the jet evolved as a unique curve with the acoustic level provided that the acoustic level was depicted by the corrected mean acoustic volumetric energy P corr , expressed under a dimensionless form by the acoustic Bond number Bo a . The correction was introduced to take into account the harmonic influence on the deformation. Results giving the maximum width, i.e. the lobe maximum, showed an exponential growth with the acoustic Bond number. This feature was interpreted as a retroaction of the liquid shape modification on the acoustic effect which in turn was modified. The deformation process presented a critical point from which the liquid jet became a liquid sheet that atomized by Faraday instabilities. A critical Bond number about 1.6 was characterized experimentally. At high Weber numbers, i.e. from shear breakup (Re l = 2900 and We g = 60) to fiber regimes (Re l = 3200 and We g = 224), the jet expansion by acoustics was first quantified with the mean jet width W j as a function of P corr . Results showed that an expansion of the jet was observed in the wave plane, characterizing a flattening effect in agreement with the model of liquid deformation by acoustics. The expansion, characterized by the mean jet width, presented an hyperbolic-tangent evolution. The transition between the lower and upper limiting value occurred at a level P corr,tr which increased with the Weber number increase. The liquid jet maximum flattening was found to be limited by the liquid fragmentation produced through the Faraday instabilities. The flattening was observed to be attenuated as a function of the gaseous Weber number. The augmentation of the aerodynamic impact resulting from the Weber number increased produced a reduction of the liquid core due to the fragmentation enhancement. As the liquid core decreased, the acoustic effect on the reduced surface of the liquid core decreased. So, it led to a diminishing in the flattening produced by acoustics.

Primary atomization was quantified by the mean primary atomization region width W a for shear breakup, membrane and fiber regimes, as a function of the corrected mean volumetric acoustic energy P corr . Results for W a presented the same evolution with P corr as that obtained for W j . W j and W a were observed to be linked altogether, due to the primary atomization produced by the jet pealing. So, W a was proportional to the jet surface. With acoustics, W a , measured from ViewB configuration, presented also a hyperbolic-tangent with P corr . Similarly over P corr,tr increased with We g , indicating the arduousness to produce a substantial effect on the atomization when the aerodynamic effects raised.

Spray cone angle ϑ for the shear breakup, membrane and fiber regimes respectively was studied as a function of the mean corrected volumetric acoustic energy P corr . For shear breakup regime (We g = 60) a sharp transition around P corr ≈ 50J/m 3 was observed between two plateaus, as observed in ViewB for the mean jet expansion width W j and the mean primary atomization width W a . This feature was related to the occurrence of the flattening induced by Faraday instabilities developed on the flattened jet. The cone angle reached a value of about 90 • marked by the start of jet atomization. For higher We g associated with membrane (We g = 129) and fiber regimes (We g = 224), the cone angle increased with P corr more gradually and the maximum was reduced.

The deviation of the liquid jet at a low Weber number at IAN was characterized by ViewA acquisitions. It showed a single deviation direction towards VAN whatever P. For P ch = 1atm, the deviation evolved non-linearly while it was attenuated at a relatively high acoustic level. For higher P ch , the deviation grew monotonically with P and was more important as the ambient pressure was increased. The increase of the jet deviation with the ambient pressure increase was attributed to the decrease of the high-order harmonic amplitudes. Indeed, the second and third harmonics at IAN generated radiation forces which opposed the force generated by the fundamental one. The analysis of the spatial droplet distribution for fiber regime highlighted a deviation of the spray also towards VAN that increased when the ambient pressure increased. This feature could be explained by the same mechanism as observed for a low Weber number, mentioned above. So, in our experiments, as ambient pressure increased, the harmonic influence decreased, leading to a more significant deviation. While the liquid was injected at IAN, the droplet size distribution was measured either at a distance x 0 from IAN located in the IAN-VAN vicinity or at a distance x 1 in the IAN-PAN vicinity, both measurements made at the same vertical coordinate z. For fiber regime with acoustics the droplet size distribution showed a very small modification from measurements performed at x 0 and x 1 at atmospheric pressure and a strong modification at P ch = 5atm. This feature resulted from the deviation phenomenon previously mentioned since the spray was more deviated as P ch augmented. A supplementary element of modification came from the production of droplets through the Faraday instabilities acting on the flattened jet.

The experimentally deformation and deviation of liquid jets by acoustics were compared to the present acoustic radiation pressure model developed for convex objects by considering jet width 2b D , acoustic level threshold leading to the liquid sheet formation, and liquid jet deviation angle.

For widening deformation phenomenon, theoretical results revealed a deformation loop describing the action of the acoustic field on the deformable object and the retroaction of the deformed object on the acoustic field by means of the following quantities 2b D , Bo a and ∆ * D , the dimensionless deformation potential calculated from the dimensionless radiation pressure. The comparison between experiments and modeling led to propose an evolving model. First a mono-frequency approach based on the first harmonic established the existence of that loop characterized by an analytical relationship linking 2b D , Bo a . A maximum stable deformation state given by a critical point 2b cr D , Bo a,cr was established from which any increment of Bo a , no matter how small, led to jet flattening in the form of a liquid sheet. But, the theoretical deformation was not predicted at the right experimental position. This was solved by taking into account multi harmonics nature of the acoustic field by proposing a multifrequency approach based on a global radiation pressure defined by adding the radiation pressures of each harmonic mode. This time, theoretical data matched the experimental data very well.

The sheet formation criterion was modeled from the curvature-based aspect ratio L obtained from the results of GDM and calculated at VAN. A critical Bond number Bo a,cr was based on the condition L = 0, which served as an upper bound of the target deformation above which liquid cylindrical objects or spheroids were transformed into a liquid sheet. For cylinders, the critical value was in agreement with GDM results provided that the Helmholtz number α was below ≈ 0.87, corresponding to the case of nil radiation pressure at the poles. Indeed, the method built for initial convex objects gave a rough value of Bo a,cr when α exceeded this limit due to a large compression effect of the radiation pressure at the poles which led to a curvature change from convex to concave there. For large spheroids, the method produced the right droplet flattening critical value, showing that spheroids were more resistant to the compression effect at the poles by preserving a concave shape. The calculated critical value verified the experimental results obtained by [START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF] for a liquid jet with α = 0.055 and [START_REF] Anilkumar | Stability of an acoustically levitated and flattened drop: An experimental study[END_REF] for droplets with α = 0.58.

The jet deviation at IAN was modeled by considering an upgradeable three steps model. The first step considered a single harmonic model for a non-deformable circular cylindrical jet. It was based on a force balance between the weight of the liquid column and the first harmonic radiation force at IAN established for a small Helmholtz number. If deviation was well piloted by the radiation force of the first harmonic mode, the model overestimated it. The second step concerned a multifrequency radiation force approach, still applied to a non-deformable circular cylindrical jet. The model was based on the trajectory of a cylindrical particle described by the motion equations involving the radiation force as a function of the x coordinate defined along the acoustic axis. Model results satisfactorily agreed with the experiments, showing the importance of the harmonic modes in the deformation phenomenon even though their energies remain smaller than the fundamental mode one. However, a small underestimation was noted. The third step involved the spatial multifrequency radiation force model for a deformed liquid jet. The previous radiation force was corrected by a function of the elliptical aspect ratio varying with the vertical coordinate z. A new algebraic system for the motion equations were spatially coupled by z. The theoretical results coincided very well with experimental ones. This improvement highlighted the significant effect of the force modification by the object deformation. To conclude, it was observed that the ambient pressure P ch played a crucial role in the behavior of the incident acoustic field of a high acoustic level P ac,p-p P ch ∼ 5% since a production of active high-order harmonics was enhanced as soon as the ratio P ac,p-p P ch was augmented. Due to the ideal gas nature of the air, the impact of P ch could directly inform about the impact of the air density on the whole acoustics/object response.

Therefore, the mean volumetric acoustic energy P defined by P 2 ac,p-p 4γP ch was able to reveal the similarity behavior of the main quantities describing the physical phenomena, jet flattening, and jet and spray deviation, induced by the acoustic radiation pressure distribution and the resulting acoustic radiation force the intensities of which were conditioned by P. The global characteristics of the liquid widening deformation process and the liquid sheet formation were perfectly described and controlled by the geometrical aspect ratios g and L which were functions of the Bond number Bo a built with P, a dimensionless number introduced in the radiation pressure model and in GDM.

An open-loop showing the radiation pressure modification due to a noncircular crosssection of a rigid object compared to a circular one, was extended by introducing an interaction closed-loop, identified from GDM results coupling the object deformation and the acoustic radiation typified by ∆ D , a deformation potential. The closed-loop highlighted how the object could modify the acoustic field by scattering phenomenon and how the resulting field, leading to a new ∆ D , could act on the deformable object whose shape was, in turn, modified. The fine reproduction of the experimental deformation measurements by the GDM model predictions were ensured as soon as the high-order harmonics were considered in the radiation pressure model. If high-order harmonics were present, their contribution should always be considered in a multifrequency treatment of the radiation pressure. This feature was not only essential to describe the deformation phenomenon, but also the jet or spray deviation.

Perspectives

The results obtained during this Ph.D. lead us to consider developments for both numerical and experimental aspects.

At IAN for the first harmonic, an important deviation attenuation was highlighted due to the harmonics counterbalancing force at this position. An interesting model prediction is that for positions ranging between PAN and the middle location between PAN and IAN, the forces of all harmonics are aligned in the same direction. So, a strong deviation is expected at those positions. This needs to be proven experimentally.

For numerical aspect, the acoustic radiation pressure model developed in the present thesis may be extended by considering other reference shapes for the object crosssections, as the stadium shape or the peanut shape, in order to take into account liquid objects presenting a curvature change from convex to concave at poles. Therefore, the model will allow to study the impact of the change of the shape, under acoustics, on the formation of a plane liquid sheet.

Another direction to be considered concerns the implementation of a non-reflecting object property on the acoustic radiation model. A particularly interesting point is the case where object and medium are two fluids with close acoustic impedances. This could be the case of injections in transcritical conditions, characteristic of the standard operation regime in liquid rocket engines. Also, the radiation force calculated from the acoustic radiation pressure in such a condition could give relevant information about the deviation of objects produced by the acoustic field. Instead of the Laplace law, a new relationship may also be implemented for the modeling of the interface between the object and the medium to study the object deformation.

The modeling of spherical objects in mutual acoustic interaction when placed in a standing acoustic field, is necessary to determine the evolution of the spatial distribution of droplets of a spray in the presence of acoustics. The main acoustic quantity in this interaction is the acoustic radiation force. The presence of different radiation forces involving the mutual interaction between droplets could lead to local inhomogeneities that would provoke a dispersion or agglomeration of droplets. The model could be used to estimate the minimum distance between spherical objects from which a significant interaction could be observed. Calculations of the present work proved that for droplets in a progressive acoustic field, the interaction between objects strongly modifies the radiation force with respect to the isolated droplet behavior. So, similar behavior would be expected in the case of standing waves.

Finally, a new approach could implement a module taking into account a liquid flow inside the jet. For the standing wave case, F rad increases until a maximum is reached characterized by (kb) max ( ) and F rad,max ( ). Further, F rad diminishes until zero. F rad for progressive wave presents a monotone augmentation as kb increases until F rad reaches an asymptotic value characterized by (kb) max ( ) and F rad,max ( ). [0.4, 1.5]. For α = 0.055, the most noticeable result is the suction effect (P * rad < 0) that is more prominent when decreases. The compression (P * rad > 0) maximum value is not modified by the spheroid geometry. However, the compression area expands to the detriment of the suction area. For α = 4, several maxima and minima appear, highlighting an interference phenomenon. The strongest variation of P * rad with is observed at the object poles θ = 0 • and 180 • where compression strongly depends on . rad at VAN follows the behavior observed at IAN. Nevertheless, no compression effect is observed. For the case of progressive waves, the shape of the distribution is similar to the one observed at VAN, but radiation pressure values are shifted, leading to a maximum about 0.25 and consequently to the presence of compression effects. 
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 11 FIGURE 1.1: Oxygen phase diagram pressure-temperature with the operating condition of Ariane liquid rocket engines (Rutard, 2019).

  FIGURE 1.2: Injectors commonly used for Liquid Rocket Engines : Fig. (b) F-1 (c) LMDE and (a) Ariane liquid engines[START_REF] Anderson | Liquid Rocket Engine Combustion Instability[END_REF].

  FIGURE 1.4: Baseline injector face before and after combustion instability (illustrations taken from Oefelein and Yang, 1993).
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 15 FIGURE 1.5: Thermoacoustic instabilities mechanism influence loop (Ficuciello, 2017).

  FIGURE 2.1: Dimensionless radiation force for elliptic cylinders place in (a) progressive waves or (b) standing waves obtained by Mitri, 2016-03; Mitri, 2015.

  FIGURE 2.2: Dimensionless radiation force for interacting spheres (a) and schematic representation of the radiation force on two spheres with α = 0.2 (b) obtained by Embleton, 1962.
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 23 FIGURE 2.3: Two phase flows breakup regime cartography of a coaxial water air jet Lasheras and Hopfinger, 2000.

  FIGURE 2.4: Examples of liquid jet atomisation regimes obtained with the coaxial injector used in the present experiments: (a) Rayleigh Axisymmetric (Re l = 2500, We g = 9); (b) Rayleigh Non-symmetric (Re l = 3000, We g = 40); (c) Shear break-up (Re l = 2900, We g = 60); (d) Membrane Break-up (Re l = 3200, We g = 129); (e) Fiber Break-up (Re l = 3200, We g = 224).

FIGURE 2 . 5 :

 25 FIGURE 2.5: Jet stability curve indicating change of breakup length with jet velocity (Lefebvre and McDonell, 2017).

  FIGURE 2.6: Co-lineal jets under transverse, radial and azimuthal acoustic exitation[START_REF] Miesse | The Effect of Ambient Pressure Oscillations on the Disintegration and Dispersion of a Liquid Jet[END_REF].

FIGURE 2 . 7 :

 27 FIGURE 2.7: Atomization of a liquid jet by plane acoustic transverse fields : Fig. (a) water; Fig. (b) Water-acetone (Carpentier et al., 2009).
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 2 Fig. 2.10(b)), they observed that the most visible perturbation was the core oscillation produced by the acoustic action.

  FIGURE 3.1: Geometric configuration for an elliptic cross-section of an object interacting with acoustic plane waves.

  FIGURE 3.2: Convergence of the scattered field computation for an elliptic cylinder object placed in a standing wave at IAN (h = λ 8 , = 0.5 and α = 0.055) as a function of the number of terms.

  is defined in Tab. 3.3. The variation of the minimum and maximum values of P * rad m over θ, and the variation of

  . 3.2. Red symbols (•) and ( ) stand for the maximum and minimum values of P * rad m , and symbols( * ) for F rad F Circular m . Our model was validated by successfully comparing the variation of the dimensionless radiation force, F * rad as a function of elliptic-acoustic size parameter kb = α 1/2
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 33 FIGURE 3.3: Dimensionless radiation force for an elliptic cylinder object placed in a standing wave at IAN (h = λ 8 ) as a function of the dimensionless number kb for some values of . Continuous lines represent results from Mitri, 2015.
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 3 FIGURE 3.4: Surface averaged radiation pressure over an elliptic cylinder placed at IAN as a function of the relative object size α for some respective aspect ratio .
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 3 FIGURE 3.5: Surface averaged radiation pressure over an elliptic cylinder placed at VAN as a function of the relative object size α for some respective aspect ratio .
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 3 FIGURE 3.6: Surface averaged radiation pressure over an elliptic cylinder placed at PAN as a function of the relative object size α for some respective aspect ratio .

  FIGURE 3.7: Surface averaged radiation pressure over an elliptic cylinder placed in a progressive wave as a function of the relative object size α for some respective aspect ratio .

  FIGURE 3.8: Dimensionless radiation pressure for an elliptic cylinder placed in a standing wave at IAN (h = λ 8 ) as a function of the polar coordinate θ. (a) α = 0.055; (b) α = 4.

  FIGURE 3.10: Minima radiation pressure and its position for an elliptic cylinder placed in a standing wave at IAN (h = λ 8 )as a function of the relative object size α.

  FIGURE 3.11: Dimensionless radiation pressure at the poles for an elliptic cylinder object placed in a standing wave at IAN (h = λ 8 ) as a function of α.

  FIGURE 3.12: Dimensionless radiation pressure for an elliptic cylinder placed in a standing wave at VAN (h = λ 8 ) as a function of the polar coordinate θ. (a) α = 0.055; (b) α = 4.

  FIGURE 3.13: Dimensionless maximum compression radiation pressure and its position for an elliptic cylinder object placed in a standing wave at VAN (h = 2λ 8 ) as a function of α.

  FIGURE 3.14: Dimensionless maximum suction radiation pressure and its position for an elliptic cylinder object placed in a standing wave at VAN (h = 2λ 8 ) as a function of α.

  FIGURE 3.16: Dimensionless radiation pressure for an elliptic cylinder placed in a progressive wave (h = λ 8 ) as a function of the polar coordinate θ. (a) α = 0.055; (b) α = 4.

  FIGURE 3.17: Dimensionless maximum suction radiation pressure and its position for an elliptic cylinder object placed in a progressive wave as a function of α.

  FIGURE 3.18: Dimensionless maximum compression radiation pressure and its position for an elliptic cylinder object placed in a progressive wave as a function of α.

FIGURE 3 .

 3 FIGURE 3.20: Schematic of ∆ F for three critical values : ∆ D > 0, ∆ D < 0 and ∆ D = 0. ∆ D = 0 corresponds to F x and F y both directed inwards (red arrows) or outwards (blue arrows).

-FIGURE 3

 3 FIGURE 3.21: Relative weight ∆ D over an elliptic cylinder placed at IAN as a function of the relative object size α for some respective aspect ratio .

  8) with F 1y = ˆπ 0 -P rad n • e y dS and F 2y = ˆ2π π -P rad n • e y dS ∆F y > 0 or ∆F y < 0 means a global flattening or shortening in the plane (O, y, z)

FIGURE 3

 3 FIGURE 3.22: Relative weight ∆ D over an elliptic cylinder placed at VAN as a function of the relative object size α for some respective aspect ratio .

FIGURE 3 FIGURE 3

 33 FIGURE 3.23: Relative weight ∆ D over an elliptic cylinder placed at PAN as a function of the relative object size α for some respective aspect ratio .

  FIGURE 3.25: Dimensionless radiation force F * y : In Fig. (a) as a function of h and α with = 1; In Fig. (b) as a function of and h with α = 0.055.

  FIGURE 3.27: Aspect ratio g predicted by GDM as function of Bo a and α for cylinders placed at VAN.

  FIGURE 3.28: Comparison of GDM (-) and EFM ( * ) results for a deformable cylinder at h = λ 4 and α = 0.055. (a) : Tangent angle ϕ vs θ for Bo a = 0.8 (left side) and Bo a = 1.08 (right side). The initial condition Bo a = 0 is shown by the continuous light blue curve; (b) : aspect ratio g vs Bo a .

FIGURE 3

 3 FIGURE 3.29: Least square residual of the Laplace equation when an deformation is considered elliptic as a function of the Bond number Bo a for cylinders at h = λ 4 .

FIGURE 3 .

 3 FIGURE 3.30: Equatorial ratio for general deformation approach a droplet in acoustic levitation with α = 0.58.

FIGURE 3

 3 FIGURE 3.32: Convergence of the acoustic scattered field computation for 2 interacting spheres placed at a distance d = 2a (ka = 0.055) from each other. Results quantities on one of the spheres.

  FIGURE 4.1: Schematic acoustic cavity (see labels in Tab. 4.1).

  TABLE 4.1: Nomenclature of geometrical parameters of the cavity and loudspeaker (LS) environment of Fig. 4.1 used in acoustic simulations. in the cavity DLS Distance in the direction -→ y between two co-planar LS LCLS Length of the tube connecting LS to the cavity RCLS Radius of the tubeThe working gas is the air characterized in the rest conditions, for which the temperature T 0 = 293.15 K and the speed of sound is c 0 = 343.2m/s.

FIGURE 4 . 2 :

 42 FIGURE 4.2: Boundary conditions of the linear acoustic model of the resonant cavity.

FIGURE 4

 4 FIGURE 4.3: Resonant acoustic cavity; in red the central axis of the cavity.

FIGURE 4 . 4 :

 44 FIGURE 4.4: Acoustic pressure 0-peak amplitude distribution inside the cavity for a given a n acceleration.

  FIGURE 4.6: 0-peak amplitude of the acoustic pressure inside the optimized cavity: (a) at point O vs. the frequency f ; (b) spatial distribution @ f = 1041.3 Hz.

  FIGURE 4.7: Distribution of the 0-peak amplitude of the acoustic pressure in central planes of the optimized resonant acoustic cavity @ f = 1041.3 Hz: (a) plane (O, x, z); (b) plane (O, y, z) (dilated color scale).

FIGURE 4

 4 FIGURE 4.8: 0-peak amplitude of the acoustic pressure : (a) along axis (O, x); (b) along axis (O, z).

FIGURE 4 . 9 :

 49 FIGURE 4.9: Spatial distribution of the acoustic pressure 0-peak amplitude inside the optimized cavity with container @ f = 1041.3 Hz.

  FIGURE 4.10: 0-peak amplitude of the acoustic pressure inside the optimized cavity with container: (a) along the axis (O, x) at the cavity roof; (b) along the central axis (O, z).

  FIGURE 4.11: Spatial distribution of the acoustic pressure 0-peak amplitude inside the optimized cavity with container @ f = 1040 Hz.

FIGURE 4 .

 4 FIGURE 4.13: Experimental bench.

  FIGURE 4.14: Schematic view of the closed resonant cavity.

FIGURE 4

 4 FIGURE 4.15: Pressurized resonant cavity in the process of machining: (a) Upper mono-block; (b) lower mono-block.

  4.18. Two electro-valves Burkert 6213 are used to open or close the hydraulic circuit and pneumatic circuit, respectively. Three control valves BÜRKERT 2835 are used for the

  FIGURE 4.17: Two principal central planes of the cavity.

FIGURE 4 .

 4 FIGURE 4.18: Schematic view of a coaxial injector with a close-up view of the injector exit. From Ficuciello, 2017

  FIGURE 4.20: (a) cavity top with three injectors and 4 acoustic sensors and (b) acoustic adaptation device for pressure sensors in the absence of the injection system.

  FIGURE 4.21: Schematic of the acoustic characterization and signal generation system.

FIGURE 4 .

 4 FIGURE 4.22: Generated and recorded signal examples: (a) signal at the loudspeaker input generated by the LabView interface; (b) and(c) acoustic signal measured at position O at the cavity top at P ch = 1 atm and 5 atm respectively.

FIGURE 4 .

 4 FIGURE 4.23: Schematic of a setup to record jet/spray images in ViewA and ViewB configurations.

  FIGURE 4.24: Examples of images recorded simultaneously in ViewA and ViewB for an air assisted jet at Re l = 2900 and We g = 60. (a) View A, (b) View B.

  FIGURE 4.25: Synthetic temporal signal S(t): (a) sum of three basic time signals; (b) PSD of S(t).

FIGURE 4 .

 4 FIGURE 4.26: (a) Syntetic signals and synthetic signal S ramp (t) filtering at frequency f 0 = 1000Hz or 2 f 0 ; (b) frequency response of the elliptic filter, blue represent the elliptic filter designed for a bandpass around f 0 = 1000Hz and the orange for a bandpass around 2 f 0 .

  FIGURE 4.27: Synthetic signal conditioned by trapezoidal envelop : (a) direct peak-to-peak amplitude measurement from maximum and minimum values of the signal over time in the central pseudo-plateau interval, F ramp,p-p = 4.57au; (b) measurement of the peak-to-peak amplitude of the signal during the central interval of the ramp from its histogram, F ramp,p-p = 3.41au.

  FIGURE 4.29: Image acquisition samples for an assisted water-jet at Re l = 3200 and We g = 129: (a) background image; (b) raw jet image; (c) normalized jet image.

  FIGURE 4.30: Example of Otsu threshold method : (a) raw image; (b) histogram and variance inter-class; (c) invert threshold image; (d) invert threshold image with holes filled.

Fig. 4 .

 4 Fig. 4.30 shows an example of the Otsu method threshold application. An histogram of the whole normalized image (Fig. 4.30(a)) is shown in red in Fig. 4.30(b).The inter-class variance is shown in blue in the same plot. The histogram shows two predominant classes, the one at a gray level around 18 (liquid phase) and a second one around 178 (gas phase). In this case, the maximum of the interclass variance is found about a gray level of 112, resulting in the binary image of Fig.4.30(c). In this example, an inverse gray-level threshold is applied. It can be observed from Fig.4.30(c) that the liquid jet presents some "holes" which are produced when the light passes through the liquid jet. This induces a gray level near the background, so a hole after the thresholding occurs. To overcome this problem, the PYTHON function binary_fill_holes from the scipy library is used to detect and fill these false holes inside the liquid.

  FIGURE 4.31: Example of a jet and dispersed phase labeling for a coaxial air-water jet for Re l = 3200 and We g = 224: (a) inverse threshold filled image; (b) liquid jet; (c) dispersed phase.

  FIGURE 4.32: Example of a dispersion zone image for the liquid jet phase.Re l = 3200 and We g = 129.

  FIGURE 4.33: Probability cartography represented on a gray level scale for a coaxial jet with Re l = 3200 and We g = 129 considering the presence of: (a) the jet; (b) the dispersed phase; (c) the air. Each color curve corresponds to a probability level iso-contour. Probability values grow from black to white color.

  FIGURE 4.34: Entropy map E(i, k) represented on a gray level scale for Re l = 3200 and We g = 129. Each color curve corresponds to an entropy level iso-contour. Entropy values grow from black to white color.

  FIGURE 4.35: Example of breakup length calculations for a coaxial jet with Re l = 3200 and We g = 129 : (a) direct breakup length determination; (b) histogram of breakup length with L BU = 1488pixel and σ L BU = 200.

  FIGURE 4.36: Examples of vertical profiles for Re l = 3200 and We g = 224 : (a) region R j ; (b) jet with from probability > 10%; (c) primary atomization region width from entropy > 0.63.

FIGURE 4 .

 4 FIGURE 4.37: Example of dispersion cone angle calculations: (a) white color region R j with a jet probability p jet ≥ 10% ∀i, k; (b) linear regressions at left and right sides of the region contour.

  FIGURE 4.38: Deviation of a liquid jet in ViewA: (a) Elements for the measurement of the deviation angle; (b) Instantaneous image acquisition of the deviated liquid jet. The red dot-dash and black dotted lines represent the vertical trace of the liquid jet under and in the absence of acoustics, respectively.

  FIGURE 4.39: (a) Droplet probability cartography represented on a gray level scale for a coaxial jet with Re l = 3200 and We g = 129. Each color curve corresponds to a probability level iso-contour. Probability values grow from black to white color. (b) Accumulated probability function Q(x im ) over the total image height. µ h,g = 1189pixel.

  FIGURE 4.40: (a) Schematic image profile with the definition of the relative level l and half-width rl Blaisot, 2012; (b) sphericity definition.

FIGURE 4 .

 4 FIGURE 4.41: Object to image width ratio a/r l as a function of the normalized contrast C 0 at numerous relative levels l (Blaisot, 2012).

  FIGURE 4.42: ps f half-width χ as a function of the position along the optical axis y.

FIGURE 4 .

 4 FIGURE 4.43: Example of a spray image segmentation: (a) normalized instantaneous image. (b) Segmented image of normalized image.

  FIGURE 5.1: Frequency response of the cavity at P ch = 1atm : (a) characterization by the amplitude peak-to-peak of the acoustic pressure fluctuations measured at point O; (b) Power spectral density of the raw acoustic pressure signal for the forcing frequency f 0 = 1037 Hz.

  FIGURE 5.2: Acoustic pressure amplitude peak to peak frequency response of the cavity : (a) P ch = 3 atm; (b) P ch = 5 atm.

  the harmonics, the associated pp pressure amplitude increases with the voltage. The pp amplitudes of the second and third harmonics have almost the same values. They show a quasi-linear growth with the RMS voltage regardless of the ambient pressure. The pp amplitude of the first harmonic firstly grows linearly with the voltage, then bends with a smaller slope. Contrary to other harmonics, it augments non-linearly as the ambient pressure increases (seeFig. 5.4(a)). The efficiency of the acoustic generation is qualified by measuring the mean acoustic volumetric energy de-

  FIGURE 5.4: Filtered signals from the raw acoustic pressure signal as functions of the rms voltage applied to the electrical terminal V rms : (a) peak to peak amplitude; (b) associated mean volumetric acoustic energy P f mode . • fundamental mode; second harmonic; third harmonic. The forcing frequency f r = 1050Hz.

  FIGURE 5.6: Acoustic characterization along the acoustic axis at P N.F. ac,p-p = 8000Pa and P ch = 1 atm : (a) Acoustic pressure envelop and (b) relative phase envelop.

  Acoustic pressure measurements done along the vertical axis passing through the center of the cavity top O are shown in figure 5.8. Data giving P ac,p-p are reduced by the pp amplitude of the raw signal measurements at O, P N.F. ac,p-p | O = 8000 Pa. Numerical

FIGURE 5 . 7 :

 57 FIGURE 5.7: Acoustic characterization along (O, y) axis at P N.F. ac,p-p = 8000Pa and P ch = 1 atm : (a) acoustic pressure envelop and (b) relative phase envelop.

  FIGURE 5.8: (a) acoustic pressure amplitude reduced by P N.F. ac,p-p | O = 8000 along the vertical axis O, z and (b) phase difference envelop.

  FIGURE 5.9: Normalized images for Re l = 3200 and We g = 224 at different ambient pressures: (a) P ch = 1 atm; (b) P ch = 3 atm; (c) P ch = 5 atm

  FIGURE 5.10: Coaxial-jet breakup-length: (a) L BU pdf for Re l = 3200 and We g = 224 and for three injection pressures. G.F.: Gaussian fitting; (b) L * BU versus the ambient pressure for three characteristic atomization regimes. The errorbars represents the reduced standard deviation σ * L BU by the liquid diameter.

  We g = 60 Re l = 3200; We g = 129 Re l = 3200; We g = 224 (b)

  FIGURE 5.13: Coaxial jet spreading quantities vs. the injection pressure level for three typical flow regimes, based on the 10% probability jet contour: (a) spray cone angle ϑ, (b) reduced dispersion cone apex z 0 /D l .

  FIGURE 5.14: ViewB for injection at IAN location, Re l = 2500, We g = 9, for different mean acoustic volumetric energy P f 0 : (a) 0J/m 3 ; (b) 21J/m 3 ; (c) 26J/m 3 ; (d) 30J/m 3 ; (e) 33J/m 3 .

  FIGURE 5.16: Faraday instability developing on a flattened jet at IAN for Re l = 2500, We g = 9 for different ambient pressures : (a) P ch = 1 atm and P f 0 = 33J/m 3 ; (b) P ch = 3 atm and P f 0 = 45J/m 3 ; (c) P ch = 5 atm and P f 0 = 54J/m 3 .

  FIGURE 5.17: Faraday instability developing on a flattened jet at IAN Figs. (a), (b) and (c) for Re l = 2900 and We g = 60 and Figs. (d), (e) and (f))for Re l = 3200 and We g = 130 : (a) wo Acoustics; (b) P f 0 = 45J/m 3 and P ch = 1atm; (c) P f 0 = 60J/m 3 and P ch = 5atm; (d) wo Acoustics; (e) P f 0 = 60J/m 3 and P ch = 1atm; (f) P f 0 = 60J/m 3 and P ch = 5atm.

  FIGURE 5.18: (a) Schematic representation of geometrical parameters. Liquid jet Re l = 2500, We g = 9 displacement PSD near the nozzle exit submitted to plane transverse standing wave at IAN with α = 0.055 and f = 1040Hz. : (b) displacement PSD at P ch = 1atm; (d) displacement PSD at P ch = 5atm.

FIGURE 5 .

 5 FIGURE 5.19: Time variation of the reduced jet width 2b/D for Re l = 2500, We g = 9 at IAN of a plane transverse standing acoustic wave with α = 0.055 and P ch = 1atm for 3 couples of Bond number and downstream position.

  FIGURE 5.20: Reduced jet width 2b D and 2a D at IAN for Re l = 2500, We g = 9 and α = 0.055 as a function of the vertical position z and the acoustic level at P ch = 1atm.

  FIGURE 5.21: Time average deformation and flattening at IAN for Re l = 2500, We g = 9 and α f 0 = 0.055 : (a) deformation maximum as a function of Bo a , --Exponential fitting R 2 exp = 0.98; (b) mean liquid jet width W j as a function of P corr .

FIGURE 5

 5 FIGURE 5.22: Time average coaxial jet with Re l = 2500, We g = 9 flattening at IAN of a plane transverse standing acoustic wave with α = 0.055 as a function of the pressure ratio P ac,0-p P ch .

  P ac,0-p P ch the liquid jet does not responds identically. As the pressure increases, it is needed a less acoustic level P ac,0-p P chto have the same macroscopical jet deformation. Moreover, the deformation evolves non linearly with P ac,0-p P ch . In conclusion, the acoustic effects are amplified with increase of the ambient pressure.

  FIGURE 5.23: ViewB images for Re l = 2900, We g = 60 and P amb = 1atm at IAN with P = 40J/m 3 : (a) coaxial jet without acoustics; (b), (c) and (d) instantaneous views; (e). Binary image corresponding to the jet expansion region R j defined by p jet ≥ 10%.

  FIGURE 5.24: Mean reduced jet expansion width W j for the shear regime Re l = 2900 and We g = 60 at IAN: (a) ViewB; (a) ViewA.

P

  corr,tr is obtained at the inflection point of the function, defined by d 2 Wf it dP 2 corr = 0 at P corr = P corr,tr , leading to, P corr,tr = c f b f

  FIGURE 5.26: Mean reduced jet expansion width W j for the fiber regime Re l = 3200 and We g = 224 at IAN: (a) ViewB; (b) ViewA. H v = 14D l .

FIGURE 5 .

 5 FIGURE 5.27: ViewB and ViewA images of the two-phase flow under the conditions Re l = 2900, We g = 60 and P ch = 1atm at IAN : (a) and (f) coaxial jet without acoustics; (b) and (g) instantaneous view of coaxial jet with acoustics at P corr = 35J/m 3 ; Instantaneous view of coaxial jet with acoustics : (c) and (h) at P corr = 150J/m 3 at P ch = 1atm; (d) and (i) at P corr = 150J/m 3 at P ch = 3atm; (e) and (j) at P corr = 100J/m 3 at P ch = 5atm. H v = 14D l .

  FIGURE 5.28: Reduced jet length L j H v for different two-phase flows regimes obtained from ViewA acquisitions: (a) shear breakup Re l = 2900 and We g = 60; (b) membrane Re l = 3200 and We g = 129; (c) fiber Re l = 3200 and We g = 224. H v = 14D l .

FIGURE 5 .

 5 FIGURE 5.29: ViewB and ViewA images of the two-phase flow under the conditions Re l = 3200, We g = 129 and P ch = 1atm at IAN : (a) and (f) coaxial jet without acoustics; (b) and (g) instantaneous view of coaxial jet with acoustics at P corr = 35J/m 3 ; (c) and (h) instantaneous view of coaxial jet with acoustics at P corr = 150J/m 3 .

  FIGURE 5.30: ViewB and ViewA images of the two-phase flow under the conditions Re l = 3200, We g = 224 and P ch = 1atm at IAN : (a) and (f) coaxial jet without acoustics; (b) and (g) instantaneous view of coaxial jet with acoustics at P corr = 35J/m 3 ; (c) and (h) instantaneous view of coaxial jet with acoustics at P corr = 150J/m 3 . H v = 14D l .

  FIGURE 5.32: Mean primary atomization width vs mean volumetric acoustic energy for membrane regime (Re l = 3200, We g = 129) at IAN : (a) ViewB; (b) ViewA.

  FIGURE 5.33: Mean primary atomization width vs mean volumetric acoustic energy for fiber regime (Re l = 3200, We g = 224) at IAN : (a) ViewB; (b) ViewA.

FIGURE 5 .

 5 FIGURE 5.35: Spray cone angle vs mean volumetric acoustic energy for membrane regime (Re l = 3200 and We g = 129) at IAN : (a) ViewB; (b)ViewA.

  FIGURE 5.36: Dispersion cone angle vs mean volumetric acoustic energy for fiber regime (Re l = 3200 and We g = 224) at IAN : (a) ViewB; (b) ViewA.

  FIGURE 5.37: ViewA for Re l = 2500, We g = 9 at IAN : (a) without acoustics; (b) P f 0 = 30J/m 3 and P ch = 1atm (deviation with a strong deformation); (c) P f 0 = 33J/m 3 and P ch = 1atm (deviation with atomization); (d) P f 0 = 40J/m 3 and P ch = 3atm; (e) P f 0 = 40J/m 3 and P ch = 5atm.

  FIGURE 5.38: View A of a Coaxial jet with Re l = 3200, We g = 129 submitted to the IAN of a plane transverse stationary acoustic waves at different radiation pressures: (a) P f 0 = 0J/m 3 ; (b) P f 0 = 28J/m 3 ; (c) P f 0 = 56J/m 3 ; (d) P f 0 = 66J/m 3 ); (e) P f 0 = 73J/m 3 .

  FIGURE 5.39: Deviation of a liquid jet: (a) Elements for the modeling of the deviation angle; (b) Elements for the measurement of the deviation angle; (c) Reduced tangent of the deviation angle for Re l = 2500 and We g = 9 as a function of the corrected mean acoustic energy for different ambient pressures. •• theoretical deviation.

  h0 . The dimensionless spatial shift μd = µ d D l is presented in Fig. 5.40 as a function of z = z D l at the highest acoustic level expressed by the sum of the harmonic mean acoustic volumetric energies P of the acoustic signal measured at O (PAN). Positive values of µ d indicate a deviation towards VAN and negatives towards PAN. Results reported in Fig.

  FIGURE 5.40: μd as a function of z = z D l at a the maximum mean volumetric acoustic energy for fiber regime (Re l = 3200 and We g = 224) at IAN for P ch = 1, 3, 5atm.

FIGURE 5 .

 5 FIGURE 5.41: Mean global shift of the droplet spatial distribution for a coaxial jet with Re l = 3200, We g = 224 placed at IAN as a function of P for three ambient pressures P ch . P is the sum of the energy of all harmonics.

  FIGURE 5.42: (a) chosen window for spray quantification in configuration C (see Tab. 4.4). (b) normalized instantaneous image acquisition in configuration C field of view.

  FIGURE 5.43: Coaxial jet with Re l = 3200, We g = 224 spray droplet volume distribution for the droplet diameter as a function of the ambient pressures P ch : (a) without shape filtering ( f v ) and (b) with shape filtering ( f v,S p = f v (S p ≤ 0.2)).

  FIGURE 5.44: Spray droplet volume distribution f v,S p for fiber regime (Re l = 3200 and We g = 224) and injection placed at IAN: (a) and (c) measurements at x 0 for P ch = 1atm and P ch = 5atm, respectively; (b) and (d) measurements at x 1 for P ch = 1atm and P ch = 5atm, respectively. Different colors represent different acoustic levels.

  FIGURE 5.45: Spray droplet volume distribution f v,S p for T-LRE fiber regime (Re l = 6600 and We g = 520) and injection placed at IAN. Measurement location x 0 placed between IAN and VAN: (a) P ch = 1atm; (b) P ch = 5atm. Different colors represent different acoustic level.

  theoretical width 2b D is modeled by means of an interaction loop, coupling the acoustic effect described by the potential deformation ∆ D and the shape of the object characterized by 2b D . Experimental and theoretical quantities are represented as functions of the acoustic Bond number Bo a .

  FIGURE 6.1: Dimensionless theoretical deformation potential as a function of the widening deformation 2b D 0 for α = 0.055 at IAN for an ellipse.

D

  FIGURE 6.2: Widening width 2b/D 0 for different positions h in the acoustic field and α = 1 2 kD 0 = 0.055 as a function of: (a) the theoretical deformation potential ∆ D ; (b) the Bond number Bo a .

  coupled with least-squares algorithm. The best linear fitting coefficients a L f leads to the relationship 2b D 0

  FIGURE 6.3: Linear relations describing the object deformation for α = 1 2 kD 0 = 0.055 at different positions h between: (a) ( 2b D 0 ) n L f and ∆ D σ ; (b) ∆ * D = 2∆ D PD 0 and ( 2b D 0 ) n L f . n L f (h) and n L f ,b (h) are given in Tab. 6.1.

  FIGURE 6.4: Instantaneous ViewB images of a coaxial jet at Re l = 2500 and We g = 9: (a) without acoustics; (b) to (d) jet widening at a IAN position of a plane transverse standing wave for the same mean acoustic volumetric energy P = 45J/m 3 : (b) P ch = 1 atm; (c) P ch = 3 atm; (d) P ch = 5 atm.

  FIGURE 6.8: Geometrical aspect ratio g (-) and curvature-based aspect ratio L (••).

  FIGURE 6.10: (a) sketch of the simplified model force diagram. (b) to (d) visualizations in ViewA of a coaxial jet at IAN of a standing acoustic field for Re l = 2500, We g = 9: (b) without acoustics (no deviation); (c) deviated jet at P = 30J/m 3 and P ch = 1atm; (d) deviated jet at P = 40J/m 3 and P ch = 5atm.

FIGURE 6 .

 6 FIGURE 6.11: Deviation angle of a coaxial jet with Re l = 2500 and We g = 9 placed at a IAN of a plane transverse standing wave as a function of the total mean acoustic volumetric energy P. Dotted line: simplified deviation model done by Ficuciello et al., 2017.

  FIGURE 6.12: Deviation of a coaxial jet with Re l = 2500, We g = 9 by taking into account deformation: (a) radiation force modification with the object cross-section; (b) deviation angle at a IAN position of a plane transverse standing wave vs. the total mean acoustic volumetric energy P. Dotted line: simplified deviation model done by Ficuciello et al., 2017.

  FIGURE C.1: Convergence of the scattered field computation for a spheroid with = 0.5 and α = 0.055 as a function of the number of terms m placed in a: (a) standing wave at IAN; (b) progressive wave.

  FIGURE C.2: Radiation force on a spheroid as a function of kb and placed in a: (a) standing wave at IAN; (b) progressive wave.

  FIGURE C.3: Radiation pressure on a spheroid placed in a standing wave at IAN as a function of θ for different aspect ratios : (a) α = 0.055; (b) α = 4.

  FIGURE C.4: Radiation pressure on a spheroid as a function of θ for different aspect ratios and α = 0.055: (a) placed in a standing wave atVAN; (b) placed in a progressive wave.

  

  

TABLE 2 .

 2 1: Dimensionless radiation force F * rad formulas found in the literature for cylindrical or spherical objects for different boundary condition and acoustic configuration. F * rad = F rad

TABLE 3

 3 

.1: Semi-axes for elliptic cylinders and spheroids

TABLE 3 .

 3 2: Multipole functions for cylindrical or spherical waves. H 1 m is the Hankel function of the first kind of order m. h 1 m (kr) is the first kind spherical Hankel function of order m and P m (cos θ) is the Legendre polynomial.

TABLE 3 .

 3 

3: Analytical radiation force expressions for a cylindrical cylinder or sphere in a standing or progressive waves with α << 1 calculated by

Ficuciello, 2017. P 

  • for = 2.0 and α ≈ 0.4. The maximum absolute radiation pressure |P * rad (θ ms )| associated to the maximum suction effect increases with decrease and evolves with α similarly to | P * rad s |. To conclude this analysis of the suction-dominated case at IAN, whatever α and , the suction effect is globally more important than the compression one. When |P *

rad (θ ms )| |P * rad (θ mc )|, suction effect mostly occupies the object surface. When the compression expands over the object surface to the detriment of the suction effect, then |P * rad (θ ms )| >> |P * rad (θ mc )|.

TABLE 4 .

 4 2: Resonant acoustic cavity mesh.

	Elements type Numbers
	Tetrahedral	110146
	Triangular	10014
	Edge	724
	Corner	40

TABLE 4

 4 

	.3: Injection conditions and atomization regimes
			P ch = 1, 3 and 5 atm
	Re l We g	J	atomization regime
	2500	9	0.63	Reynolds axisymetric
	3000 40 1.93 Reynolds non axisymetric
	2900 60 3.10	shear breakup
	3200 129 5.52	membrane
	3200 224 9.51	fiber

TABLE 4 .

 4 4: Optical system used for coaxial jet water air characterization. H v = 14D l . Such operating conditions need a statistical determination of the most representative acoustic amplitude. A method to calculate the amplitude will be explored in the following.

	Config. View	Camera	Definition fps(Hz) sensor size(mm 2 )
	A	ViewA BlueCOUGAR	2448x2050	10	8.44 x 7.1
	B	ViewA Phantom V12	800 x 1280	5000	16 x 25.6
	B	ViewB	Phantom V9	1200 x 1632	1000	-
	C	ViewA Phantom V2640 1952 x 2048	4000	27.6 x 26.2
	medium.					

TABLE 4 .

 4 5: Optical system used for coaxial jet water air characterization continuation. H v = 14D l .

	Config. View	Field size	Lens focal(mm)
	A	ViewA	1.20Hv x Hv	105
	B	ViewA 0.78Hv x 1.25Hv	105
	B	ViewB 0.45Hv x 0.62Hv	180
	C	ViewA 0.40Hv x 0.41Hv	200

•

  D v,i , the characteristic mean diameters based on the cumulative function F v (D) of the droplet volume distribution f v (see Sec. 2.2.3) such that D v,10 corresponds to F v (D v,10 ) ≤ 0.10, D v,50 to F v (D v,50 ) ≤ 0.50 and D v,90 to F v (D v,50 ) ≤ 0.90.

TABLE 5 .

 5 1: Injection conditions and atomization regimes

TABLE 5 .

 5 2: Transition mean volumetric acoustic energy P corr,tr and max Wj values as a function of We g calculated from ViewB results.

	Re l	2900 3200 3200
	We g	60	129 224
	P corr,tr (J/m 3 ) 55.1	79	102
	max W j	3.5	3.3	2.6

TABLE 5 .

 5 3: Transition mean volumetric acoustic energy P corr,tr and max Wa values as a function of We g calculated from ViewB results.

	Re l	2900 3200 3200
	We g	60	129 224
	P corr,tr (J/m 3 ) 66.85 104 111
	max W a	2.24 2.11 1.68
	Bo a = D l P corr,tr 2σ	2.6	4.04 4.35

TABLE 6 .

 6 1: Linear fitting parameters and ∆ D,cr as a function of the position h, the x coordinate of the liquid object center with respect to a PAN of the acoustic mono-frequency field (λ: acoustic wavelength) for α = 1 2 kD 0 = 0.055.

	8h λ n L f	1 -1.69 -2.10 -2.82 -3.00 -3.16 -3.65 1.1 1.3 1.4 1.5 2
	a L f	-0.16 -0.18 -0.22 -0.23 -0.23 -0.24
	∆ D,cr 6.40 5.44 4.43 4.41 4.33 4.15
	n L f ,b 1.20 1.44 1.87 2.16 2.35 2.69
	a L f ,b 0.84 0.64 0.43 0.33 0.30 0.23
	b L f	0.16 0.57 1.22 1.53 1.76 2.30

  concerning a drop sustaining equilibrium in a levitator under the transition from a concave disk (first deformed state) to dog bone cross section (second deformed state), corresponding to a hysteresis mechanism. Experiments correspond to a coaxial jet issuing from a nozzle exit at an IAN of a plane transverse standing wave. Re l = 2500 and We g = 9. Analytic formula data are calculated by utilizing Eq. (6.2).

	1.8					Analytic formula
	1.6					GDM(h = 1.30 λ 8 ) GDM(h = 1.0 λ 8 )
	1.4 D 2b					Exp. P ch = 1atm Exp. P ch = 3atm
	0.0 1.0 1.1 1.2	0.5	1.0 Bo a = DP corr 1.5 2σ	2.0	2.5	Exp. P ch = 5atm
	FIGURE 6.5:	Deformation comparison experiments-theory using
	monofrequency theory.			

TABLE 6 .

 6 2: Maximum Bond number limits for extreme object deformation Bo a,cr is an indication to use a model with an adequate description which will consider a concave shape at the poles.To conclude, the use of the present extending analytic functions is a fast and low CPU time cost solution to determine Bo a,cr while giving meaningful values. It is important to note that Bo a,cr also agrees with the experimental Bo a,cr = 1.20 reported in[START_REF] Baillot | Behaviour of an airassisted jet submitted to a transverse high-frequency acoustic field[END_REF] for α = 0.055.

			α	
	Geometry	0.055 0.58 0.87
			Bo a,cr	
	Cylinder	1.14	1	1.3
	Spheroid	3.44 2.5 2.1
	state.			

L (α = 0.06) g (α = 0.58) L (α = 0.58) g (α = 0.87) L (α = 0.87)

Baillot et al. 2009 FIGURE 6.7

: Geometrical aspect ratio g (--) predicted by GDM and curvature-based aspect ratio L (••) for cylinders at VAN h = λ 4 .

(Here, constant cross-section along (O, z))

This condition is also applied to the two lateral plates (y = ± 1

L) which close the cavity, contrary to Ficuciello's work for which opened conditions were used.

(a) (b)

(a) Acoustic pressure envelop (b) Acoustic phase envelop

In the fiber regime, the deviation was studied through a stationary displacement of the spray. This is not considered here.

meters. A similar sensor was also placed at the top part of the post-cavity liquid storage container to prevent the fulfillment, which would damage the pressure regulation valve, working only under moistened gas flow conditions.

Fluid operating conditions

Operating conditions are given in Tab. 4.3. Three values of the ambient pressure were considered to pressurize the acoustic cavity, i.e. P ch = 1 atm, 3 atm and 5 atm. Liquid and gas flow rates were adjusted to maintain the liquid Reynolds number Re l = ρ l u l D l µ l , the gaseous Weber number We g = ρ g u 2 g σ/D l and the momentum flux ratio J = ρ g u 2 g ρ l u 2 l at a set of given values listed in Tab. 4.3. The operating condition We g = 520 and Re l = 6600 is the object of a special interest since it is a typical operating flow regime condition representative of liquid rocket engines (LRE). This configuration is experimentally investigated in order to give precious information for simulations validations.

Appendix A

Dispersion cone apex

The dispersion cone apex z 0 (see Sec. 4.4.2) is shown in Fig. A.1 and A.2 for membrane and fiber regimes respectively submitted to acoustics at IAN for different ambient pressures. D l is the injector's inner liquid diameter P corr is the corrected mean acoustic volumetric energy. Without acoustics, the value of z 0 remains about -2D l for the membrane regime and -D l for the fiber regime. For ViewB, z 0 remains almost equal to -D l when P corr is increased for the fiber regime, but it increases from -2D l to -D l for the membrane regime. For ViewA and for the membrane regime, z 0 progressively increases with P corr for P ch = 1atm as observed for ViewB. However, for P ch = 3 or 5atm, a kind of bimodal behavior is observed, z 0 having either a value similar to the one for P ch = 1atm or a value around -3D l . This is likely linked to the measuring method for this parameter. For the fiber regime, z 0 progressively decreases down to -2D l for P ch = 1atm, and to -3D l for P ch = 3 atm. For P ch = 5atm, z 0 immediately reaches -3D l as soon as the jet is submitted to acoustics, whatever the acoustic level. Appendix B

Probability and entropy maps

Liquid jet probability p jet maps, dispersed phase probability p dispersed maps (see Sec. B.12, B.17 and B.18) regimes for 3 different mean acoustic volumetric energy levels P f 0 and two different ambient pressures P ch (1atm and 5atm) determined from images of ViewA (plane containing the acoustic axis) and ViewB (wave plane). The probability or entropy maps are represented in a grey level scale and some iso-contours are indicated in colors. Be careful, in the following, the image height from ViewA configuration is 18D l (1280 pixels) and from ViewB is 9D l (1620 pixels), with D l the injector inner liquid diameter.

B.0.1 Jet probability map

Liquid jet probabilities (Figs. B.1,B.2,B.3,B.4,B.5 and B.6) were used in this thesis to determine the liquid jet expansion and the cone spray angle by considering p jet ≥ 10%. The most prominent acoustic effect is observed from ViewB where the jet expansion, typical of the flattening by acoustics, is particularly noticeable. From ViewA, the most remarkable effect is the jet deviation along the acoustic axis. The deviation is observed to be accentuated with the increase of the ambient pressure. The expansion and deviation effects decrease when the aerodynamic effect increases indicated by the increase of We g .

B.0.2 Dispersed liquid phase probability map

Dispersed liquid phase probabilities (Figs. B.7,B.8,B.9,B.10,B.11 and B.12) were used in this thesis to determine the shift of the droplet spatial distribution. The measurement was only done for the fiber regime, where the spray is well established with a low-length liquid core. Nevertheless, the raw dispersed liquid phase maps highlight a strong modification with acoustics. The dispersed phase probability area increases with P f 0 indicating an increment of the number of droplets. Indeed, this highlights the effect of the atomization enhancement by acoustics. This effect is attenuated when We g is increased.

B.0.3 Entropy map

The liquid jet, the dispersed, and the gas phase probabilities were combined via the Shannon law to obtain the Entropy map E. Entropy maps (Figs. B.7,B.8,B.9,B.10,B.11 and B.12) were used in this thesis to determine the modification of the primary atomization zone by acoustics. The primary atomization zone is characterized by the entropy region where E ≥ 0.63. This entropy limit bounds an area where the liquid jet, the dispersed phase and the gas phase are present, corresponding to the region where liquid fragmentation occurs. The entropy area is modified similarly to the liquid jet probability when the acoustic level increases. The most prominent results are observed from ViewB, where the primary atomization area increases with the increase of the acoustic level. . The radiation force converges for m > 20 as observed for standing or progressive wave cases. The convergence is much slower for (P * rad ) min .