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In order to analyze the effect of the pressure on pool boiling from a fundamental point of view, an experimental study of boiling from a single activated nucleation site during the isolated bubbles regime was carried out. From a practical point of view, this regime was set -in horizontal upward orientation -on a mirror-polished copper surface at the center of which a conical cavity was created. Once this artificial nucleation site activated, the imposed heat flux was decreased until only this site remained active. Experiments were first conducted with water at constant imposed heat flux and liquid level for a range of pressure starting from the atmospheric pressure (P v = 101.4 kPa (T v = 100 • C)) down to P v = 4.2 kPa (T v = 30 • C)). Four distinct bubble dynamics behaviors were identified through high-speed camera visualizations. The bubble shape is thus changing as the imposed pressure decreases: near-spherical close to the atmospheric pressure, then mushroom and column shaped, mushroom shaped and finally oblate spheroid shaped at the lowest investigated pressure levels. For some of these regimes, a home-made image processing tool (developed under MATLAB environment) applied on the recordings enabled the measurement of several bubble dynamics characteristics (growth time, departure frequency, instantaneous volume, etc.). The dependence of these parameters on the working pressure (evaluated at the level of the heated wall in order to take into consideration the effect of the static head induced by the liquid column) was then analyzed. In order to generalize the concept of pool boiling at "low pressure" and to get a better understanding of the related fundamental phenomena, new experiments were performed with a second fluid, namely cyclohexane, that was chosen from original thermodynamic similarity criteria with reference to water boiling at pressures lower than atmospheric pressure. The operating conditions used during the cyclohexane test campaign were determined according to both the thermodynamic similarity criteria previously mentioned and the limits of the experimental facility. Some behaviors already noticed with water were then also observed in cyclohexane. The comparative analysis of fluids' behaviors made afterwards possible the identification of some of parameters ix governing the specific phenomena that occur during boiling at low pressure.

Beyond these results, the experimental facility was improved to provide it new functionalities. In particular, two new test samples were used as heaters. The first one, provided with a multizone heat flux sensor employed as the heated surface, enables to perform -synchronously with the high-speed video recording -the measurement of the local heat flux transferred under any growing bubble. The triple line motion occurring during a bubble growth can therefore be monitored both visually and thermally. The second test sample enables the study of boiling on enhanced surfaces. Several geometries of enhanced surfaces such as narrow perforated tunnel structures were then studied. These are indeed supposed to be closer to real systems' heated walls than the mirror-polished surface provided with a unique artificial cavity that was previously tested. An analysis of the influence of those geometries on the low pressure boiling phenomenology was then performed. All these results display promising perspectives for a better understanding of the specific behaviors of boiling at low pressure and for a future exploitation of them in practical applications.

Résumé

L'ébullition est un mode de transfert de chaleur intervenant dans de nombreux systèmes thermiques ou énergétiques en raison de son efficacité. Dans certains systèmes -par exemple les évaporateurs des machines frigorifiques à sorption ou certains thermosiphons -l'ébullition se produit sous de faibles pressions. Dans ces conditions, la pression statique induite par la colonne de liquide au-dessus de la surface où les bulles de vapeur se forment n'est pas négligeable devant la pression de saturation prévalant au niveau de la surface libre, la pression locale dans le liquide étant alors la somme de la pression de saturation et de la pression statique. Dès lors, la pression et le sous-refroidissement induit par la pression ne peuvent plus être considérés comme homogènes autour des bulles, ce qui conduit à des inhomogénéités des propriétés thermophysiques dans le fluide. En conséquence, les influences relatives des différentes forces s'exerçant sur une bulle lors de sa croissance ne sont plus les mêmes que dans des conditions de pressions normales ou hautes, ce qui implique une dynamique de bulles différente : la taille, la forme ou encore la fréquence des bulles sont modifiées. Les transferts thermiques sont également affectés par ces conditions particulières.

Afin d'observer l'influence de la pression sur l'ébullition en vase d'un point de vue fondamental, ce travail s'est restreint à l'étude expérimentale de l'ébullition en site unique en régime de bulles isolées. D'un point de vue pratique, ce régime est atteint -en orientation horizontale vers le haut -sur une surface en cuivre polie miroir au centre de laquelle une cavité conique a été créée. Une fois ce site de nucléation artificiel activé, le flux imposé est ajusté de sorte à ce que seul ce site reste actif. L'eau a d'abord été testée à flux imposé et hauteur de liquide constants pour une gamme de pression s'étendant de la pression atmosphérique (P v = 101,4 kPa (T v = 100 • C)) jusqu'à P v = 4,2 kPa (T v = 30 • C). En termes de dynamique de bulles, quatre comportements ont pu être identifiés grâce à la visualisation par caméra rapide. Ainsi, selon la pression imposée, la forme des bulles change : quasi-sphériques à proximité de la pression atmosphérique, elles prennent la forme de champignon et/ou de colonne de vapeur puis uniquement de champignon et enfin de sphéroïde aplati au fur et à mesure que la pression décroît. Pour certains de ces régimes, l'emploi d'un outil de traitement d'images adapté -développé sous l'environnement MATLAB dans le cadre de cette thèse -a alors permis la quantification de plusieurs paramètres de la dynamique (temps de croissance, fréquence de détachement, volume instantané, etc.) à partir de l'exploitation des séquences vidéo enregistrées. Les évolutions de ces paramètres en fonction de la pression de travail (évaluée au niveau de la surface chauffée pour tenir compte de la pression induite par la colonne de liquide) ont donc pu être étudiées. Afin de généraliser le concept d'ébullition en vase à « basse pression » et de mieux en appréhender les phénomènes fondamentaux, de nouveaux essais ont été ensuite réalisés avec un second fluide, le cyclohexane, choisi en respectant des critères de similitude thermodynamique vis-à-vis de l'eau bouillant à des pressions inférieures à la pression atmosphérique. Les conditions opératoires des tests en cyclohexane ont été déterminées en considérant à la fois les critères de similitude thermodynamique mentionnés précédemment et les limites expérimentales du banc d'essais. Certains comportements déjà observés avec l'eau ont été retrouvés avec le cyclohexane. Par la suite, l'étude comparative des xi comportements des deux fluides a permis d'identifier un certain nombre de paramètres responsables des phénomènes spécifiques de l'ébullition à basse pression.

Au-delà de ces résultats, le dispositif expérimental a été amélioré afin de lui conférer de nouvelles fonctionnalités. En particulier, deux nouveaux échantillons ont été utilisés comme éléments chauffants. Le premier, muni d'un fluxmètre thermique multizone utilisé comme surface d'ébullition, permet la mesure -synchrone avec l'acquisition par caméra rapide -de la densité de flux transférée localement sous une bulle au cours de sa croissance. Le déplacement de la ligne triple lors de la croissance d'une bulle a alors pu être suivi tant visuellement que thermiquement. Le second échantillon permet quant à lui l'étude de surfaces structurées. Ainsi, plusieurs géométries de surface chauffée telles que des agencements de tunnels perforés ont été étudiées. Ces géométries sont en effet supposées plus proches de celles rencontrées dans les systèmes réels que la surface plane polie avec site artificiel précédemment testée. L'influence de ces structurations de surface sur la phénoménologie de l'ébullition à basse pression a alors pu être analysée. Les résultats obtenus ouvrent des perspectives encourageantes pour mieux analyser les comportements spécifiques de l'ébullition à basse pression afin de pouvoir les exploiter dans des applications pratiques.

Mots-clefs :

Ébullition en vase, basse pression, essais expérimentaux, visualisation, dynamique de bulles, comparaison de fluides, similitude thermodynamique.
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Introduction

Boiling is an efficient heat transfer mode involved in various practical applications. To cite a few examples, this phenomenon is used in steam turbine power plants, refrigeration units, heat pumps or microelectronics cooling systems. Whatever the scale, all the concerned applications require either high heat transfer rates, homogeneous temperature fields or a high compactness of thermal components. In all these technologies, a proper design should ensure the effectiveness, the reliability and the efficiency but also the safety of use of the systems. Boiling heat transfer must thus be sufficiently understood to become predictable. Boiling has therefore been extensively studied (experimentally, analytically and -more recently -numerically) in numerous configurations by thermal scientists for several decades. However, the complexity of the various and multiscaled fundamental phenomena taking part in boiling heat transfer makes its understanding still challenging. This is particularly true under unconventional conditions. In such a case, the boiling phenomenon may indeed be even more complex than under more usual conditions while relevant data tend to remain scarce in the literature.

In the 1960's and 1970's, the first few experimental studies interested in pool boiling at low imposed pressure -which constitutes such an unusual condition for boiling -reported some specific characteristics. It was thus demonstrated that pool boiling exhibits very different behaviors at low pressure than at normal or higher pressure levels. Yet, no further investigation was performed on this topic until recently. A renewal of interest for analyzing and understanding low pressure pool boiling has indeed arisen in the last ten years as a consequence of both the increased need of efficient low temperature systems for electronics cooling and the implementation of new environmental regulations for refrigeration units and air-conditioning applications. In this context, passive thermal management systems and environmentally friendly fluids have to be promoted, so that in some systems -such as evaporators for sorption chillers or some thermosyphons -boiling takes place under low pressure conditions. The design of such systems is however strongly limited by the poor knowledge and understanding of the fundamental phenomena involved in boiling under this particular condition. As a result, the optimization of the design of these systems requires new pieces of information about low pressure pool boiling that can be obtained only through new and various experimental studies.

The present thesis is therefore aimed at bringing a new contribution to knowledge on the fundamentals of low pressure pool boiling. Experimental test campaigns were thus carried out to analyze the influence of the pressure on both the bubble dynamics and the heat transfer at the bubble scale. In that goal, the experiments focused on the growth of bubbles formed from a smooth copper heated surface provided with a unique artificial nucleation site during the isolated bubbles regime. In addition, as it appears from the comparative review of the existing literature that the definition of what is "low pressure" in boiling still remains to be extended properly to other working fluids than water (for which low pressure boiling commonly means boiling at a subatmospheric pressure), a new specification of this particular operating condition was attempted through the development of the concept of "mock-up fluids".

Introduction

This thesis is divided into five chapters (with several appendixes) as follows:

Chapter 1: This chapter constitutes an introduction to both the fundamental concepts of boiling from a general point of view and the main characteristics of low pressure pool boiling that are already reported in the literature. The limits of the existing literature dealing with low pressure pool boiling are also discussed.

Chapter 2: This chapter is aimed at describing the experimental facility used in this study.

The experimental procedures as well as the measurement and post-processing methods and the related uncertainties are also detailed.

Chapter 3: Results obtained during a test session performed with water boiling in a wide range of subatmospheric pressures are presented and discussed.

Chapter 4: A generalization of the "low pressure" boiling concept to other fluids than water was attempted according to a mocking up method. A mock-up fluid, namely the cyclohexane, was indeed selected for a new series of experiments whose results are presented in this chapter. Finally, the behaviors of the two fluids are compared to make possible the identification of some of parameters governing the specific phenomena that occur during boiling at low pressure.

Chapter 5: An original improvement of the experimental facility -aiming at getting a better understanding of the correlation that exists between the heat transfer and the bubble dynamics -was designed and implemented. This chapter demonstrates how the associated results display promising perspectives for further investigations.

Chapter 1

Literature review: boiling at low pressure Boiling has therefore been a major topic of research in thermal sciences for several decades. However, the complexity of the various fundamental phenomena involved in boiling heat transfer makes its understanding still challenging. This is especially the case under unusual conditions such as low imposed pressure, which is precisely the subject of this work. As a complete state-of-the-art of boiling heat transfer is not possible here while numerous books have already been written on the topic, this chapter only aims at giving the necessary background to understand the results presented in this manuscript and their relevance. Some fundamental concepts of boiling are first described in Section 1.1 before some of the already-reported characteristics of low pressure pool boiling are introduced in Section 1.2. Additional pieces of literature will be provided later on along the document, each time the specific subjects investigated will make it necessary.

Introduction to fundamental concepts of boiling

Fundamental concepts of boiling will be succinctly presented hereafter at once from a macroscopic point of view (Section 1.1.1), at the scale of the nucleation phenomenon (Section 1.1.2) and at the growing bubble scale (Section 1.1.3).

Pool boiling curve

Pool boiling corresponds to the boiling process taking place from a heated surface immersed in a large bulk of stagnant liquid. It is named "saturated pool boiling" when the bulk liquid is at the saturation temperature (T l, bulk = T sat ) or "subcooled pool boiling" if the liquid is cooler (T l, bulk < T sat ). From a macroscopic point of view, the heat transfer occurring during this phenomenon is usually described according to "boiling curves" plotting the instantaneous wall heat flux ϕ wall as a function of the instantaneous wall superheat T wall -T sat . Such a representation was first proposed by Nukiyama in 1934 [START_REF] Nukiyama | Maximum and minimum values of heat transmitted from metal to boiling water under atmospheric pressure[END_REF]86], who observed that -in steady state boiling -two boiling curves shapes can be obtained depending on whether the temperature or the heat flux is imposed at the heated surface. These curves are schematically sketched on Fig. 1.1. A short description of each of the specific boiling regime associated with every part of these curves is hereafter given. 

Natural convection (AB):

The heated surface is heating the surrounding liquid: a thermal boundary layer is thus formed above the wall. Heat is transferred by natural convection in the bulk liquid while vaporization occurs at the free surface.

Onset of boiling (BB ):

The wall superheat is then high enough to enable the generation of vapor bubbles. A part of the heat being dissipated by phase change, the heat transfer is enhanced. At imposed heat flux, this results in a wall superheat drop whereas at imposed temperature, this results is a sudden increase of the wall heat flux.

Isolated bubble regime (B C):

Bubbles are nucleating from isolated sites of the heated surface. The wall temperature increases slowly with the heat flux, which results in a very efficient heat transfer. More and more nucleation sites become active on the heated surface so that the dissipation of heat raises both by phase change (increasing number of bubbles) and by convection (enhanced through the liquid agitation induced by the growth and departure of bubbles).

Fully developed nucleate boiling regime (CD):

Active nucleation sites are numerous and sufficiently close to each other to make possible the coalescence of bubbles growing from neighboring cavities ("lateral coalescence"). The heat flux being increased, the bubble frequency becomes higher as well. As a consequence, successive bubbles from the same site can also merge ("vertical coalescence"). There may come a situation at which the large masses of vapor limit the liquid motion close to the wall yielding a slight decrease of the heat transfer coefficient.

Critical heat flux (DD ):

At this point, the heat flux reaches a critical value because of the vapor masses which prevent a sufficient re-wetting of the surface by the liquid. A film of vapor of high thermal resistance is then formed on the wall leading to a sudden rise of the wall temperature that can damage the system ("burn out" phenomenon).

Film boiling regime (EF ):

The vapor film created on the surface becomes stable. The heat is transferred from the surface to the vapor layer by conduction and convection while phase change takes place at the liquid-vapor interface. The vapor detaches periodically from the wall with regularly spaced bubble columns shape. The temperature increasing with the heat flux, radiative heat transfer through the vapor film can become a predominant process.

Once the stable film boiling regime established, it remains observable even if the heat flux (and consequently the temperature) is decreased below the critical heat flux value (and temperature). In this regime, the burn out phenomenon can still be a strong limitation which can damage the heated surface if an excessive surface temperature is reached.

Leidenfrost point (EE ):

The heat flux is then low enough to make the vapor film broken.

Liquid is again able to re-wet the heated wall: heat transfer is enhanced (a sudden temperature drop occurs) and the isolated bubble regime is back. This point corresponds thus to the minimum heat flux reachable in the film boiling regime.

The analysis of such pool boiling curves clearly demonstrates which regimes are interesting for thermal management systems. Isolated bubble and fully developed boiling regimes (gathered together under the name of "nucleate boiling regime") are indeed of major interest through their ability to release high heat fluxes to the fluid with relatively low wall superheats. This representation of the boiling phenomenon is yet not sufficient to understand its lower scale phenomenology. The fundamental phenomena involved in boiling are indeed numerous and are related to many parameters such as the fluid nature, the working pressure and temperature or the geometry of the heated surface and its roughness. The different mechanisms governing the boiling process have therefore to be studied at the microscopic scale as well.

Bubble nucleation

Thermodynamic considerations

From Along the isotherm curve T = T 0 , the fluid is in a stable liquid state (subcooled liquid) from A to B and in a stable vapor state (superheated vapor) between C and D. Along the segment BC, liquid and vapor phases coexist in a stable thermodynamic equilibrium at a uniform pressure with a flat interface.

Liquid and vapor phases can also exist in other states, namely the "metastable states", in which they are not in a stable thermodynamic equilibrium. For instance, while keeping the same temperature T 0 , the saturated liquid phase can have its volume increased from B to B (inducing a pressure reduction) without the occurrence of any phase change. The same phenomenon appears for the vapor phase1 between C and C . These metastable states are bordered by the spinodal curve (blue line on Fig. 1.2). Spinodal points correspond actually the local minimum and maximum of each isotherm. They represent the ultimate limits where single liquid phase and single vapor phase (at the left hand side and at the right hand side respectively) can exist at a given temperature. ∂P ∂v > 0 (with v representing here the volume of the system) between B and C which is indeed not representative of any physical reality. At a constant bulk pressure P = P sat (T 0 ), liquid can be heated up to the saturation temperature T 0 and above in the superheated liquid domain. At a moment, a vapor nucleus will appear 1.1 Introduction to fundamental concepts of boiling Chapter 1. Literature review: boiling at low pressure and the two phases will then coexist at a same temperature T 1 > T 0 . They will yet be at different pressures since the liquid will be at P sat (T 0 ) while the vapor will be at the saturation pressure corresponding to its temperature that is P sat (T 1 ). This pressure difference between the two phases will induce mechanical forces acting on the liquid-vapor interface whose balance will make this interface curved towards the nucleus.

Let a spherical bubble of radius R at a given temperature T v, bubble and pressure P v, bubble being immersed in an extended liquid bulk uniformly superheated whose temperature T l, bulk and pressure P l, bulk are imposed by external means. Such a bubble can be in equilibrium with its environment only if the variation of the Helmholtz free energy of formation of the bubble is equal to zero. This requires thus the system to be, at once:

• In a chemical equilibrium (equality of the vapor and liquid chemical potentials);

• In a thermal equilibrium (equality of the temperatures of liquid T l, bulk and of the vapor T v, bubble );

• In a mechanical equilibrium.

For a system of constant temperature and volume, the expression of the variation of the Helmholtz free energy simplifies to the Laplace equation which holds for the mechanical equilibrium1 :

P v, bubble -P l, bulk = 2σ R (1.1)
The Helmholtz free energy can thus be expressed as a function of the bubble radius R. It is then shown [START_REF] Papon | Thermodynamique des états de la matière[END_REF] that this quantity reaches its maximal value for a given bubble radius value called "critical radius" R crit corresponding to an unstable equilibrium. Contrary to any bubble embryo smaller than this critical size which will spontaneously collapse, every vapor nucleus larger than R crit will grow. The critical radius value could be predicted through the Young-Laplace equation:

R crit = 2σ P sat (T l, bulk ) -P l, bulk (1.2)

Nucleation theory

Thermal fluctuations can make a spontaneous apparition of a vapor embryo in a superheated (metastable) liquid possible through the gathering of several vapor-like molecules. This phenomenon -which can lead to a bubble growth if the nucleus is larger than the equilibrium radius R crit -is referred as "homogeneous nucleation". The temperature required to onset homogeneous nucleation can be analytically estimated [START_REF] Carey | Liquid-vapor phase-change phenomena[END_REF][START_REF] Rohsenow | Handbook of heat transfer[END_REF]. However, forming a vapor embryo able to grow with this process is generally related to a very low probability [START_REF] Collier | Convective boiling and condensation[END_REF][START_REF] Simpson | A study of nucleation phenomena in transient pool boiling[END_REF] and requires much higher wall superheats than experienced in real systems2 . In such systems, the boiling process is actually initiated by "heterogeneous nucleation", i.e. through the apparition of vapor nucleus in contact with foreign bodies that can be impurities in the liquid, entrapped incondensable gases or a solid surface such as a heated wall. Due to the presence of a triple interface between the liquid, the vapor and the solid or particles acting as a foreign body, the bubble energy of formation -calculated analytically as in homogeneous nucleation -is reduced by a factor ζ(θ) depending on the triple line contact angle1 θ. In the case -depicted on Fig. 1.3 -of a bubble nucleating on an idealized (i.e. flat and smooth) solid surface, this function can be written as [START_REF] Bankoff | Ebullition from solid surfaces in the absence of a pre-existing gaseous phase[END_REF]:

ζ(θ) = 2 + 3 cos(θ) -cos 3 (θ) 4 (1.3)
so that:

• If the liquid totally wets the surface (i.e. θ = 0 • ), ζ(θ) = 1 and the energy of formation of a bubble nucleus is not reduced compared to the homogeneous nucleation case.

• If the liquid does not wet at all the surface, i.e. if θ = 180 • (which is possible only in theory2 ), ζ(θ) = 0 and no superheat is required to initiate the apparition of a vapor embryo.

Actually, the boiling process on real surfaces is initiated with even lower superheats because of the presence of cavities which tends to reduce even further the superheat necessary to the nucleation since:

• The apparent contact angle is increased when the triple line is located inside a cavity (Fig. 1.4).

Figure 1.4 -Apparent contact angle θ in conical cavities of decreasing cavity angle β (extracted from [START_REF] Collier | Convective boiling and condensation[END_REF]).

• The presence of cavities on raw surfaces promotes a gas or vapor entrapment during the filling of the boiling system [START_REF] Bankoff | Entrapment of gas in the spreading of a liquid over a rough surface[END_REF]: depending on the fluid surface tension σ and of the geometry of a the considered cavity (see Fig. 1.5), the liquid is indeed able to fill it entirely or not. This mechanism tends thus to "pre-activate" some nucleation sites. The first bubbles detaching from these locations progressively evacuate the entrapped gases so that, after a while, these sites contain only vapor and remain active.

Figure 1.5 -Formation of an active nucleation site by gas or vapor entrapment in real cavities (extracted from [START_REF] Collier | Convective boiling and condensation[END_REF]).

In addition to its geometrical shape, experimental and theoretical works demonstrated that the ability of a cavity to be activated is significantly affected by its size. For instance, only cavities of a given range of radius (i.e. such as r cav ∈ [r cav, min , r cav, max ]) can become active [START_REF] Han | The mechanism of heat transfer in nucleate pool boiling -Part I: Bubble initiation, growth and departure[END_REF][START_REF] Hsu | On the size range of active nucleation cavities on a heating surface[END_REF] on a raw surface with conical sites. The minimal r cav, min and maximal r cav, max sizes that enable the activation of such a cavity can be estimated analytically as a function of the thermal boundary layer thickness, of the wall superheat and of some thermophysical properties of the working fluid.

Bubble dynamics

Bubble growth cycle

Once a large enough vapor embryo created on a surface (when all the required conditions for it -in terms of wall imposed heat flux and temperature, fluid thermodynamic state and surface condition -are reached), the bubble will grow, depart and rise in the liquid bulk. A typical bubble cycle is described in five successive steps on Fig. 1.6:

1. At t = 0 (Fig. 1.6a), the thermal boundary layer is broken because a previous bubble has just departed from the heated surface. As a consequence, cold liquid from the far bulk (at T l, bulk ) re-wets the wall and is heated by transient conduction from the surface so that the thermal boundary layer starts to grow again.

2. The thermal boundary layer keeps growing during a period of time called "waiting period" τ wait during which no bubble growth takes place (Fig. 1.6b).

3. Then, the bubble begins to expand with a rather hemispherical shape (Fig. 1.6c). As the bubble grows radially, a thin liquid film -the "microlayer" -remains between it and the wall and contributes to the bubble expansion. Heat is indeed transferred from the wall to the interface across the microlayer, which results in some liquid vaporization at the bubble base. Consequently to the contact with the superheated liquid, vaporization occurs also along the rest of the liquid-vapor interface (i.e. in the so-called "macroregion" area). During this initial stage of bubble growth, the liquid close to the bubble edges is highly superheated so that the heat transfer across the interface is not limiting, contrary to the inertia of the liquid which tends to slow the expansion of the vapor volume: the growth is thus said "inertia-controlled".

4. After this first stage of rapid growth, the bubble expansion continues slower since the vaporization has reduced the superheat of the surrounding liquid. The bubble growth becomes therefore "heat-transfer-controlled" (or "diffusion-controlled") and the surface tension tends to give the bubble a more spherical shape (Fig. 1.6d).

5. Later (at t = t departure , Fig. 1.6e), the bubble finally detaches from the heated wall, carrying with it a part of the thermal boundary layer. The cycle can then restart.

This classical description of a bubble growth may be discussed since -for instance -the case a bubble becoming large enough to emerge from the thermal boundary layer before its departure is not considered. Moreover, depending on the conditions under which boiling is taking place, only one of the two introduced mechanisms of growth (inertia-controlled and heat-transfer-controlled) may be observed. Carey [START_REF] Carey | Liquid-vapor phase-change phenomena[END_REF] listed some parameters which are likely to promote one or the other bubble growth regime; they are reported in Table 1.1. Carey [START_REF] Carey | Liquid-vapor phase-change phenomena[END_REF] highlighted that the combination of a high wall superheat, a low latent heat of vaporization and of a low pressure system to promote inertia-controlled bubble growth implies that this regime is more likely to occur for large Jacob number values. The Jacob number Ja is indeed a dimensionless number commonly used in phase change heat transfer to characterize the ratio of the sensible heat to the latent heat which is defined as:

Ja = ρ l c p l ∆T wall ρ v ∆h lv (1.4)
It is then not surprising that the Jacob number appears in the I R number developed by Robinson and Judd [START_REF] Robinson | The dynamics of spherical bubble growth[END_REF] to determine if a bubble growth is mostly governed by inertia or by heat transfer diffusion. Based on a ratio of the squares of the characteristic velocities related to inertia and heat transfer, this criterion is defined according to Eq. 1.5:

I R = 4 27 σ ρ l α 2 l R crit Ja 2 (1.5)
According to the authors, inertia controls the bubble growth if

I R 1 whereas diffusion is predominant if I R 1.
Starting from the work of Lord Rayleigh [START_REF] Rayleigh | On the pressure developed in a liquid during the collapse of a spherical cavity[END_REF] who modeled the growth and collapse of an inertiacontrolled spherical bubble in 1917, numerous analytical models for bubble growth were developed in the last century. Inertia-controlled bubble growth is then usually described through the Rayleigh equation [START_REF] Rayleigh | On the pressure developed in a liquid during the collapse of a spherical cavity[END_REF] or its extended version [START_REF] Forster | Dynamics of vapor bubbles and boiling heat transfer[END_REF][START_REF] Plesset | The growth of vapor bubbles in superheated liquids[END_REF][START_REF] Scriven | On the dynamics of phase growth[END_REF]. In this case, the bubble radius is generally considered as a linear function of the time [START_REF] Mikic | On bubble growth rates[END_REF][START_REF] Robinson | The dynamics of spherical bubble growth[END_REF][START_REF] Theofanous | Universal relations for bubble growth[END_REF]:

R ∼ t (1.6)
The case of a bubble whose growth is governed by thermal diffusion was first modeled by a thermal balance at the bubble interface according to the work of Bošnjaković [START_REF] Bošnjaković | Verdampfung und Flüssigkeitsüberhitzung[END_REF] in 1930. This approach was afterwards extended for example by Zuber [START_REF] Zuber | The dynamics of vapor bubbles in nonuniform temperature fields[END_REF] or Van Stralen [START_REF] Van Stralen | The growth rate of vapour bubbles in superheated pure liquids and binary mixtures: Part I: Theory[END_REF]. These models generally lead to an evolution of the bubble radius proportional to the square root of the time [START_REF] Cooper | A general expression for the rate of evaporation of a layer of liquid on a solid body[END_REF][START_REF] Fyodorov | Vapour bubble growth in boiling under quasi-stationary heat transfer conditions on a heating wall[END_REF][START_REF] Mikic | On bubble growth rates[END_REF][START_REF] Plesset | The growth of vapor bubbles in superheated liquids[END_REF][START_REF] Robinson | The dynamics of spherical bubble growth[END_REF][START_REF] Theofanous | Universal relations for bubble growth[END_REF][START_REF] Zuber | The dynamics of vapor bubbles in nonuniform temperature fields[END_REF]: R ∼ t 0.5 (1.7)

Predicting the bubble growth is actually much more complex since many parameters and processes are involved at different scales: • The bubble is rarely spherical 1 .

• The temperature field of the surrounding liquid is not homogeneous.

• The thermal exchanges between a bubble growing on a heated wall and its environment are of diverse nature:

-Evaporation both in the microlayer and in the macroregion;

-Convection between the liquid and the liquid-vapor interface in the macroregion;

-Conduction between the heated wall and the dry area under the bubble.

• Additional effects related to convective motion occurring in the liquid may have also to be taken into account:

-The natural convection between the activated nucleation sites;

-The "micro-convection" induced by the expansion and rise of a bubble; -The "Marangoni effect" which corresponds to a liquid motion along the liquid-vapor interface induced by a surface tension gradient 2 .

Numerous analytical models considering some of the cited parameters and phenomena were therefore developed. For instance, in Zuber's model [START_REF] Zuber | The dynamics of vapor bubbles in nonuniform temperature fields[END_REF], only the evaporation in the macroregion is considered (the microlayer evaporation is thus neglected) but the temperature field is assumed non-uniform. On the contrary, the model developed by Cooper [START_REF] Cooper | The microlayer and bubble growth in nucleate pool boiling[END_REF] -based on the microlayer formation theory proposed by Cooper and Lloyd [START_REF] Cooper | The microlayer in nucleate pool boiling[END_REF] -stands that hemispherical bubbles grow under the influence of the microlayer evaporation only3 . On their side, Buyevich and Webbon [START_REF] Buyevich | Dynamics of vapour bubbles in nucleate boiling[END_REF] took into account the heat and mass transfer occurring both from the microlayer and the macroregion in the simplified case of a truncated spherical shaped bubble separated from the heated wall by a thin microlayer.

More recently, Dhir [START_REF] Dhir | Mechanistic prediction of nucleate boiling heat transfer -achievable or a hopeless task[END_REF] highlighted that -because of the complex interaction between the multiple subprocesses involved in boiling at different scales -a prediction of nucleate boiling based on the analytical study of all the involved mechanisms might be not possible. The author then reviewed some results obtained in the literature with an alternative approach consisting in the complete numerical simulation of boiling. This approach appears as promising but faces specific issues. 3D-simulation remains indeed costly, while, for example:

• A proper meshing of the geometry is made difficult by the multi-scale phenomena to simulate.

• The bubble nucleation as well as the bubble interaction with the surface at the triple line, that is a physical discontinuity, needs to be well understood before it can be modeled correctly.

• Some experimental results are often required in order to validate the simulation outputs. 1 The common use of the bubble radius R as the relevant parameter to describe the bubble growth is thus not always justified or fully satisfying. The notion of "equivalent radius" Req corresponding to the radius of a sphere of identical volume is therefore often introduced.

2 There exist three types of Marangoni effect depending on the cause of the surface tension gradient along the interface [START_REF] Barthès | Ébullition sur site isolé : étude experimentale de la dynamique de croissance d'une bulle et des transferts associés[END_REF]. When a temperature gradient is responsible for the surface tension gradient, one deals with the "thermal Marangoni effect" or "thermocapillary effect". In the case of mixtures or when using surfactants, a concentration difference can engender a surface tension gradient inducing a "solutal Marangoni effect". Finally, a gradient of electrical potential can lead to an "electrocapillary effect"; this might occur in a boiling process enhanced by electrohydrodynamics.

Forces acting on a growing bubble

During its growth, the shape of a bubble varies with the balance of the forces acting on it. These forces are also responsible for the departure of the bubble from the heated surface: while the resultant of the forces is oriented towards the wall, the bubble remains attached and continues to grow but, as soon as the forces tending to detach the bubble become predominant, the bubble departs. The forces acting on a growing bubble are usually sorted into two groups: the so-called "static forces" which are related to the stresses applied on the motionless bubble and the "dynamic forces" which are the consequence of the bubble motion (expansion and rise). Hereafter, the most commonly invoked forces of each kind are listed and shortly described.

Four distinct static forces are generally cited:

Buoyancy force: This force corresponds to the resultant of the hydrostatic pressure forces applied on the bubble surface. It results from the vertical pressure gradient caused by gravity.

Contact pressure force: This contact pressure force is the consequence of two combined phenomena:

• As the bubble is attached to the wall and not totally immersed in the liquid, its buoyancy is actually increased1 due to the contact area with the surface.

• The pressure applied on the contact area by the vapor bubble is higher than the pressure of the liquid so that the wall reaction on the bubble has to be considered.

One should note that this force is sometimes included as an additional term in the buoyancy force.

Surface tension force: Also known under the names of "triple line surface tension" or "triple line adhesion forces", this force represents the effect of the molecular interactions occurring between the different phases. Governed by both the liquid-vapor surface tension and the wettability of the liquid/surface pair, this force generally tends to maintain the bubble attached to the wall. It has however been shown [START_REF] Buyevich | Dynamics of vapour bubbles in nucleate boiling[END_REF][START_REF] Cooper | Shape and departure of single bubbles growing at a wall[END_REF] that, in some cases (in particular when the bubble is vertically elongated), this force can act on the bubble shape in such a way that it can promote the bubble departure from the wall.

Marangoni force: This is the force induced by a surface tension gradient which makes the liquid moving along the liquid-vapor interface. In the case of a vapor bubble growing from a heated surface facing upwards in a pure and degassed fluid without any electrical field, such a surface tension gradient can be caused only by a temperature difference2 , so that it is rather named as "thermocapillary force". The liquid flows from the base of the bubble towards its top which is cooler. This motion results in the creation of a shear viscous stress at the interface which is commonly assumed to be mostly applied on the liquid side of the interface since the liquid viscosity is generally much larger than that of the vapor.

Three dynamic forces are also usually listed:

Inertia and added mass forces: The inertia and added mass forces correspond to the reaction of the liquid to its acceleration caused by the motion of the liquid-vapor interface as the bubble expands and pushes the surrounding liquid away.

Drag force:

The drag force corresponds to the viscous stress that acts opposite to the direction of the bubble rise.

Lift force: This force characterizes the influence of the wake of a preceding bubble on the next growing one: if two successive bubbles are sufficiently close to each other (i.e. if the waiting period τ wait is small enough), the liquid flow caused by the first one acts as a rising force on the next one.

Several analytical expressions related to all these forces can be found in the literature [START_REF] Chen | Study of forces acting on a growing bubble from smooth and enhanced tubes[END_REF][START_REF] Cochran | Effects of subcooling and gravity level on boiling in the discrete bubble region[END_REF][START_REF] Cochran | Experimental investigation of nucleate boiling bubble dynamics in normal and zero gravities[END_REF][START_REF] Ginet | Analyse des mécanismes contrôlant la croissance et l'ascension d'une bulle isolée en ébullition nucléée[END_REF][START_REF] Keshock | Forces acting on bubbles in nucleate boiling under normal and reduced gravity conditions[END_REF][START_REF] Klausner | Vapor bubble departure in forced convection boiling[END_REF][START_REF] Siedel | Bubble dynamics and boiling heat transfer: a study in the absence and in the presence of electric fields[END_REF][START_REF] Siedel | Experimental determination of the forces acting on a bubble during boiling on a single nucleation site[END_REF][START_REF] Siedel | Integral momentum balance on a growing bubble[END_REF][START_REF] Zeng | A unified model for the prediction of bubble detachment diameters in boiling systems -l. Pool boiling[END_REF]. Using bubble growth models in the momentum balance, Buyevich and Webbon [START_REF] Buyevich | Dynamics of vapour bubbles in nucleate boiling[END_REF] also obtained an enhanced determination of the dynamic forces. Yet, as highlighted by Siedel et al. [START_REF] Siedel | Integral momentum balance on a growing bubble[END_REF], those expressions are most of the time limited by a strong assumption made on the bubble shape: bubble geometry is indeed generally idealized to a (truncated) sphere both for the analytical determination of the forces and in the growth models included in the momentum balance performed by Buyevich and Webbon [START_REF] Buyevich | Dynamics of vapour bubbles in nucleate boiling[END_REF].

Despite this limitation, all the cited studies were able to demonstrate that the relative contributions of the forces acting on a growing bubble depend on:

• The fluid and its thermophysical properties;

• The wall characteristics (material thermophysical properties as well as its geometry or roughness);

• The operating conditions of boiling (e.g. saturated or subcooled boiling, wall superheat and heat flux, normal or reduced gravity, pressure level);

• The time.

Conducting the analysis of momentum balance on a growing bubble whose characteristics were experimentally measured in a controlled environment, some authors [START_REF] Cochran | Effects of subcooling and gravity level on boiling in the discrete bubble region[END_REF][START_REF] Cochran | Experimental investigation of nucleate boiling bubble dynamics in normal and zero gravities[END_REF][START_REF] Siedel | Experimental determination of the forces acting on a bubble during boiling on a single nucleation site[END_REF][START_REF] Siedel | Integral momentum balance on a growing bubble[END_REF] were able to determine the time evolution of the contribution of each force during a bubble growth. It should however be highlighted that the results obtained with such an approach are strongly dependent on the chosen hypotheses to take into account or neglect some of the forces. The full resolution of the most general momentum balance (i.e. without any term a priori neglected) requires indeed the accurate knowledge of data which are still not experimentally accessible (such as the local rate of heat transfer or the instantaneous temperature and velocity fields). It is then commonly accepted that:

• For a bubble growing with a rather low rate of growth (which is generally the case under usual boiling conditions), the predominant forces that govern the force balance of the bubble are the buoyancy, the contact pressure and the surface tension forces.

• For a bubble growing with a relatively high rate of growth (this occurs preferentially with a high wall superheat, a high liquid subcooling degree or at low pressure), the dynamic forces (in particular the inertia) become non negligible.

The same simplification is commonly made when writing a force balance at the instant of the bubble detachment to predict the bubble departure diameter1 .

Low pressure pool boiling features

Low pressure constitutes an unconventional condition under which pool boiling can occur. Only scarce experimental studies were therefore conducted under this particular condition. However, the first few ones -mostly performed in the 1960's -reported some specific characteristics which demonstrate the challenging interest of analyzing boiling under this unusual condition. More recently, the increased need of efficient low temperature systems for electronics cooling as well as the new environmental regulations for refrigeration units and air-conditioning applications led to a renewal of interest for investigating low pressure pool boiling. The use of passive thermal management systems and of environmentally friendly fluids have indeed to be promoted in this context. As a consequence, water becomes an increasingly used refrigerant and is -for instance -the working fluid the most commonly used in sorption systems developed for air-conditioning applications. In such systems, the operating conditions in the evaporator part are characterized by a saturation temperature of the order of 2 -10 • C corresponding to a pressure of only a few hectopascals. The poor knowledge and understanding of the fundamental phenomena involved in boiling under such specific conditions have then made necessary new and various experimental studies on this topic. Hereafter, the already-reported features of low pressure pool boiling concerning the bubble dynamics (Section 1.2.1), the heat transfer (Section 1.2.2) and the boiling environment (Section 1.2.3) will be introduced. Finally, the difficulty to analyze and compare results from the existing literature will be discussed in Section 1.2.4.

Bubble dynamics observations

The bubble shape -rather hemispherical during almost all the growth -tends to prove that inertia and other dynamic effects are non negligible at low pressure. In 1966, Cole and Shulman [START_REF] Cole | Bubble growth rates at high Jakob numbers[END_REF] thus reported that water bubbles growing on a horizontal upward-facing plate surface at subatmospheric pressures are relatively "ellipsoidal in shape" with the longest axis in the horizontal direction. According to them, the discrepancies existing in this case between theoretical models of growth and experimental measurements bring to light the need to determine the relative importance of the dynamic effects at high Jacob numbers, a condition that can in particular be achieved at low pressure according to Carey [START_REF] Carey | Liquid-vapor phase-change phenomena[END_REF] (refer to Section 1.1.3.1).

According to various experimental studies [START_REF] Akiyama | Effect of pressure on bubble growth in pool boiling[END_REF][START_REF] Arya | Pool boiling of water on nano-structured micro wires at sub-atmospheric conditions[END_REF][START_REF] Mcgillis | Pool boiling enhancement techniques for water at low pressure[END_REF][START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF][START_REF] Rullière | Experimental evaluation of bubble growth of water at very low pressure[END_REF][START_REF] Schnabel | Water as refrigerant -Experimental evaluation of boiling characteristics at low temperatures and pressures[END_REF][START_REF] Van Stralen | Heat transfer to boiling binary liquid mixtures at atmospheric and subatmospheric pressures[END_REF][START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF][START_REF] Yagov | Bubble growth rate at pool boiling in wide range of reduced pressures[END_REF][START_REF] Yagov | Experimental study of heat transfer in the boiling of liquids at low pressures under conditions of free motion[END_REF][START_REF] Yagov | Intensification of heat transfer and stabilization of the boiling process in the very low pressure region[END_REF], the main characteristics of nucleate pool boiling at low pressure in terms of bubble dynamics are:

• A reduced density of active nucleation sites;

• High bubble growth rates1 , which results in large bubble volumes at departure;

• Long waiting periods between successive bubbles (then low bubble departure frequencies).

By way of illustration, for water, Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] reported departure diameters up to 15.39 cm at 2.04 kPa and waiting times of the order of 10 to 100 s for bubbles whose growths lasted less than 200 ms at pressures ranging from 2.0 to 4.0 kPa.

Additional phenomena were also often mentioned:

• As illustrated on Fig. 1.7, a high-velocity liquid jet immediately following the departure of a large bubble can penetrate into its flattened base [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF][START_REF] Mitrovic | Formation of a liquid jet after detachment of a vapour bubble[END_REF][START_REF] Ohue | Convective flow around a single bubble during growth and departure[END_REF][START_REF] Rullière | Experimental evaluation of bubble growth of water at very low pressure[END_REF][START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF][START_REF] Van Stralen | The behaviour of vapour bubbles during growth at subatmospheric pressures[END_REF]. nucleation site made on a smooth copper surface at 13.21 kPa; adapted from [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF]).

• An "elongated vapor filament" [START_REF] Patten | Some characteristics of nucleate boiling of water at sub-atmospheric pressures[END_REF] (Fig. 1.8a), or a "secondary vapor column" [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF][START_REF] Rullière | Experimental evaluation of bubble growth of water at very low pressure[END_REF][START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF][START_REF] Van Stralen | The behaviour of vapour bubbles during growth at subatmospheric pressures[END_REF] (Fig. 1.8b) may grow between a departing bubble and the next bubble nucleating from the same site2 . Depending on the boiling environment conditions (in particular depending on the heat flux and the subcooling degree), this secondary elongated vapor mass may reach the departed bubble prior recondensing or not. In case of contact between the departed bubble and the secondary vapor mass, the latter confers the bubble a so-called "mushroom shape" which is typical of the low pressure boiling. from a nickel-chrome wire at 6.45 kPa; adapted from [START_REF] Patten | Some characteristics of nucleate boiling of water at sub-atmospheric pressures[END_REF]); (b) High-velocity liquid jet followed by a vapor column (water boiling from an artificial nucleation site made on a smooth copper surface at 7.88 kPa; adapted from [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF]).

Moreover, according to Labuntsov et al. [START_REF] Labuntsov | Critical heat fluxes in boiling at low pressure region[END_REF] and Wu et al. [START_REF] Wu | Experimental study of critical heat flux in pool boiling at low pressures[END_REF], pool boiling at low pressure is known to be of an irregular and unsteady nature, especially in the very low pressure and heat flux ranges. Recently, Giraud et al. [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF] confirmed this observation by demonstrating experimentally the existence of a new regime for boiling of water at subatmospheric pressure. From the bubble dynamics point of view, this so-called "cyclic boiling regime" is defined by the three following stages:

(A) Waiting time: as previously, the heat is transferred only by single phase convection (no bubble growth takes place) and the thermal boundary layer is growing by transient conduction in the vicinity of the heated wall.

(B) Growth and departure of a large bubble: as in nucleate boiling, a nucleation site is activated so that a bubble grows. Due to the low pressure condition, it reaches a large volume before detaching.

(C) Bubble crisis: many bubbles of different sizes and frequencies are created everywhere on the heated surface. The cycle can restart as soon as this nucleation crisis stops.

Pictures of this new regime in the case of water boiling at 1.2 kPa with an imposed heat flux of 12.2 W • cm -2 are shown on Fig. 1.9.
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Figure 1.9 -Pictures obtained during (A) the waiting time, (B) the growth and departure of a large bubble and (C) the bubble crisis (water boiling from an artificial nucleation site made on a smooth copper surface at 1.2 kPa; adapted from [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF]).

However, as emphasized by Giraud et al. [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF], the conditions under which this cyclic boiling regime appears as well as the fundamental phenomena responsible for this behavior have still to be identified.

Heat transfer characteristics

Heat transfer in low pressure pool boiling is generally [START_REF] Akiyama | Effect of pressure on bubble growth in pool boiling[END_REF][START_REF] Mcgillis | Pool boiling enhancement techniques for water at low pressure[END_REF][START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF][START_REF] Mcgillis | Boiling binary mixtures at subatmospheric pressures[END_REF][START_REF] Rullière | Experimental evaluation of bubble growth of water at very low pressure[END_REF][START_REF] Schnabel | Water as refrigerant -Experimental evaluation of boiling characteristics at low temperatures and pressures[END_REF][START_REF] Van Stralen | Heat transfer to boiling binary liquid mixtures at atmospheric and subatmospheric pressures[END_REF][START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF][START_REF] Yagov | Experimental study of heat transfer in the boiling of liquids at low pressures under conditions of free motion[END_REF][START_REF] Yagov | Intensification of heat transfer and stabilization of the boiling process in the very low pressure region[END_REF][START_REF] Yamada | Enhancement of boiling heat transfer under sub-atmospheric pressures using biphilic surfaces[END_REF][START_REF] Zajaczkowski | Experimental verification of heat transfer coefficient for nucleate boiling at sub-atmospheric pressure and small heat fluxes[END_REF] characterized by -in comparison with more usual boiling conditions:

• A higher minimum wall superheat for a bubble nucleation from a given cavity;

• Large wall temperature fluctuations with time in the "intermittent boiling regime" 1 ;

• A lowered heat transfer coefficient;

• A lowered critical heat flux value.

These heat transfer characteristics can interact with each other and/or be related to the ones associated with the bubble dynamics. During the intermittent boiling regime, Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] and Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] thus synchronized the heated surface temperature fluctuations to the bubble visualization and noticed that the wall temperature drops suddenly during the bubble growth whereas it increases slowly during the waiting time. As for the long duration of this waiting period, it can be explained by two phenomena, both connected to the low vapor density at low pressure 2 :

(i) The large bubble size: Just after a bubble detachment, cold liquid comes to re-wet the heated wall; the larger the departed bubble, the larger the involved amount of cold liquid and consequently the longer the time required to sufficiently heat it before a new bubble growth can be initiated.

(ii) The high minimal wall superheat required to onset the nucleation at a given cavity: A bubble growth is supposed to occur as soon as the liquid close to the wall reaches a critical superheat. A theoretical analysis can show that the lower vapor density, the larger the minimal superheat. This quantity can be indeed estimated according to the Clausius-Clapeyron equation (Eq. 1.8):

∆T ≈ ∆P T sat ρ v ∆h lv (1.8) where the pressure difference ∆P can be evaluated through the relation for the mechanical equilibrium of a bubble (Eq. 1.1) with the bubble radius taken equal -in first approximation -to the considered cavity radius.

Most of the authors invoke the reduced density of active nucleation sites (supposed to be related to an increase of the bubble critical radius R crit as the pressure is decreased) to explain the degraded heat transfer encountered at low pressure. As less cavities are active -and as a long waiting time is required for the few ones which are active, phase change is indeed not as significant in nucleate boiling at low pressure as under more conventional pressure levels. Usual correlations for heat transfer coefficient in nucleate boiling are consequently shown to be not valid for this particular condition [START_REF] Zajaczkowski | Experimental verification of heat transfer coefficient for nucleate boiling at sub-atmospheric pressure and small heat fluxes[END_REF]. Based on this observation, numerous studies [2-4, 17, 21, 76, 77, 88, 102, 128, 129] were performed on various enhanced surfaces in order to increase the active nucleation sites density and subsequently improve the heat transfer. Some of them also aimed at investigating the effect of the heated surface orientation (horizontal or vertical), of the confinement or of a system-like configuration within a more applied approach [START_REF] Chang | Sub-atmospheric boiling heat transfer and thermal performance of two-phase loop thermosyphon[END_REF][START_REF] Giraud | Experimental study of water pool boiling at very low pressure on a vertical or horizontal heated surface[END_REF][START_REF] Giraud | Subatmospheric pressure boiling on a single nucleation site in narrow vertical spaces[END_REF][START_REF] Giraud | Experimental study of water vaporization occurring inside a channel of a smooth plate-type heat exchanger at subatmospheric pressure[END_REF][START_REF] Mcneil | Shell-side boiling of water at sub-atmospheric pressures[END_REF][START_REF] Rullière | Experimental evaluation of bubble growth of water at very low pressure[END_REF].

Regarding the cyclic boiling regime, Giraud et al. [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF] observed that, in water, it never occurs:

1 McGillis et al. [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] defined this regime as a part of the isolated bubble regime such as the waiting time last longer than the bubble growth. The authors then determined a criteria to predict the transition to the "continuous boiling regime" (the regime in which the waiting time is equal or lower than the growth duration, i.e. the regime corresponding to both the end of the isolated bubble and the fully developed nucleate boiling regimes). They finally observed experimentally that continuous boiling can be reached as soon as a sufficiently high heat flux is imposed to maintain a large enough bubble frequency. Steady wall temperatures can then be obtained. 2 In the case of water, the vapor density drops for instance from ρv = 0.5982 kg • m -3 at atmospheric pressure (101.4 kPa (100 • C)) to ρv = 0.0656 kg • m -3 at 9.6 kPa (45 • C), which corresponds to a variation of -89.0 %.

• At atmospheric pressure;

• At very low imposed heat flux values: this indeed leads to single phase convection;

• At sufficiently high imposed heat fluxes: this yields the continuous boiling regime.

When this regime takes place (i.e. in water at subatmospheric pressure for an intermediate range of imposed heat fluxes), the authors noticed the presence of similar wall temperature fluctuations as in the intermittent boiling regime (Fig. 1.10a). They conducted a parametric analysis and concluded that an increase of the imposed heat flux has no significant influence on the amplitude of the thermal variations. On the contrary, increasing the heat flux considerably affects the duration of the cycle (especially of the bubble crisis phase (C)1 ), so that the timeaveraged wall temperature on the cycle time is lowered.

Continuous boiling Single phase convection

Cyclic boiling

Time evolution during cycles Representing their experimental measurements by means of instantaneous boiling curves (illustrated on Fig. 1.10b), Giraud et al. [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF] were able to compare visually the cyclic boiling regime with the single phase convection and continuous boiling regimes. Contrary to those two usual regimes characterized by a relatively high stability (inducing almost no scattering of the data points), measurements related to this new boiling regime display a specific cyclic scattering 2 . It appears from their parametric study that the lower the pressure, the more strongly this cyclic scattering is marked: the wall temperature fluctuations are indeed larger, and subsequently, the cycles visible on the boiling curves are of increased amplitude.

(A) (B) (C) (a) (b) (B) (A) (C) (A) (B) (A) (C)
According to Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF], the heater characteristics (material, geometry, size and surface finish) should also influence this cyclic regime through an effect on the amplitude and period of the thermal fluctuations. The author mentioned thus that a heater with a high thermal inertia would induce larger variations than a heater with a lower thermal inertia.

Remarks on the boiling environment

As first mentioned by Ponter and Haigh in 1969 [START_REF] Ponter | The boiling crisis in saturated and subcooled pool boiling at reduced pressures[END_REF][START_REF] Ponter | Sound emission and heat transfer in low pressure pool boiling[END_REF], as confirmed by Schnabel et al. [START_REF] Schnabel | Water as refrigerant -Experimental evaluation of boiling characteristics at low temperatures and pressures[END_REF] in 2008 and as again highlighted by Giraud et al. [START_REF] Giraud | Experimental study of water pool boiling at very low pressure on a vertical or horizontal heated surface[END_REF][START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF][START_REF] Giraud | Preliminary experimental investigation on water boiling phenomena in a liquid layer at subatmospheric pressure[END_REF] in the 2010's, the height of liquid H l over the heated surface is a parameter of major importance for the heat transfer performance in low pressure pool boiling.

Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] and Giraud et al. [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF] demonstrated indeed that -as the pressure imposed at the level of the free surface is low -the static head induced by the liquid column can be of the same order of magnitude as the system pressure, so that the static pressure cannot be neglected in the analysis as it is of common practice for higher pressures. The local pressure P (z) is consequently equal to the sum of the saturation pressure P v prevailing at the level of the free surface and of the local static head P static (z). It thus varies (quasi-)linearly with the local depth z in the bulk (with z = 0 corresponding to the free surface level). The local saturation temperature T sat (z) also depends on the depth, but this variation is especially significant in the very low pressure region because of the logarithmic relationship existing between the saturation temperature T sat and the saturation pressure P sat . Considering that the saturation state prevails at the level of the free surface (T v = T sat (P v ) = T sat (z = 0)) and assuming that the bulk liquid is homogeneous in temperature (T l, bulk (z) = T l, bulk ), one can suppose the vapor and bulk temperatures to be equal (T v = T l, bulk ). The local subcooling degree ∆T sub (z), defined as:

∆T sub (z) = T sat (z) -T l, bulk (1.9)
is consequently dependent on the depth too. The pressure and the subcooling degree finally cannot be considered as homogeneous around a bubble formed under low pressure conditions, which results in non-homogeneous thermophysical properties in the boiling environment. Some values illustrating the dependence of the local pressure and subcooling degree on both the liquid level H l and the imposed pressure P v are given in Table 1.2. From those data one can remark that the local pressure can be set by acting on the vapor saturation pressure and/or on the liquid height. However, each action yields different effects:

(i) If the vapor pressure P v is kept constant while the liquid level H l is increased, the local pressure as well as the subcooling degree augments.

(ii) On the contrary, if the vapor pressure P v is increased while the liquid level H l is kept constant, the subcooling degree decreases.

Investigating the influence of an increase of the water height on the heat transfer -at constant imposed pressure P v , so that the local pressure at the level of the heated wall is increased -Giraud et al. [START_REF] Giraud | Experimental study of water pool boiling at very low pressure on a vertical or horizontal heated surface[END_REF] observed:

• An improvement of the heat transfer coefficient in horizontal orientation;

• A degradation of the performance in vertical orientation.

Giraud et al. [START_REF] Giraud | Preliminary experimental investigation on water boiling phenomena in a liquid layer at subatmospheric pressure[END_REF] also investigated the effect of a thin layer of water on low pressure pool boiling. Two new bubble dynamics behaviors were then observed depending on the occurrence or not of a bubble bursting at the vapor-liquid-vapor interface as the growing bubble passes through the free surface. Moreover, the cyclic boiling regime was found to be less and less apparent as the liquid layer was reduced. The authors explained this result by both a less subcooled liquid and an increased difficulty for the liquid to re-wet the heated surface.

The characteristic non-homogeneity of the boiling environment at low pressure as well as its complexity is supposed to be responsible for the specific features encountered in low pressure pool boiling. For instance, the local subcooling degree that can reach relatively high values may explain the early recondensation (before departure) and/or even the quick collapse (just after the detachment from the heated wall) of bubbles obtained at low pressure. The mushroom shape of these bubbles may be due to this subcooling degree as well since this particular shape is generally reported in subcooled boiling [START_REF] Tang | A study visualizing the collapse of vapor bubbles in a subcooled pool[END_REF]. In addition, a modified relative influence of the forces acting on a growing bubble -compared to what is commonly accepted under more conventional conditions -seems to appear1 , leading to original bubble dynamics behaviors.

Another feature of the boiling environment at low pressure is related to the particular noise which is associated with this operating condition. According to the literature review section of the article published in 1969 by Ponter and Haigh [START_REF] Ponter | Sound emission and heat transfer in low pressure pool boiling[END_REF], boiling is indeed often accompanied by audible sounds caused by the propagation of pressure waves within the boiling liquid during the formation, growth and all the more the collapse of the vapor bubbles. The collapse of a bubble thus engenders a local pressure variation that can be the source of such pressure waves. In addition, the condensation of a bubble provoking a void in the liquid, an inrush of liquid occurs to fill this void. Sound emission can then constitute a way to dissipate the related kinetic energy. The authors explained then that acoustic studies previously conducted on boiling demonstrated a connection between variations of the sound intensity and/or its frequency spectrum and changes in boiling regimes and/or heat transfer rates. For example, in water nucleate boiling at atmospheric pressure, a reduction of the sound intensity results from a decrease of the heat flux. Ponter and Haigh finally carried out an experimental campaign with water boiling at various subatmospheric pressures from the outer surface of a stainless steel tube immersed under 61.0 cm of liquid2 . In their experiments, they applied a supposed uniform subcooling degree (up to 60 K) to the liquid and observed that:

• Whatever the pressure or the subcooling degree, the onset of boiling can be detected by an increase of the sound intensity.

• Low pressure nucleate boiling is mainly characterized by intermittent sounds of high intensity emitted at low heat fluxes.

A difficult analysis of the existing literature

Although the unconventional nature of the low pressure pool boiling -which has long limited the interest of investigating this topic, the number of experimental studies reported in the literature about this phenomenon becomes to be relatively important. As for an illustration, most of them are summarized Table 1.3 (horizontal orientation) and Table 1.4 (vertical orientation). As a consequence, one could expect that a comparative analysis of the existing literature would enable the identification of more specified fundamental phenomena and of their governing processes and parameters than those described previously in this section. However, reading Tables 1.3 and 1.4 tends to demonstrate that such a synthesis may be not possible. Operating conditions are indeed generally hardly comparable from one study to the other:

Various heated surfaces and configurations: Heated surfaces used in the literature result from various combinations of types (plain or finned surfaces, wires, outer side of tubes, foam...), materials (copper, stainless steel, nickel, platinum, aluminum...), surface finishes (various roughnesses, presence or not of artificial cavities, coatings or hydrophobic spots...) and sizes. As all those surface properties are known to have a non negligible influence on the bubble nucleation and on the boiling heat transfer performance (especially at low pressure [START_REF] Pioro | Nucleate pool-boiling heat transfer. I: review of parametric effects of boiling surface[END_REF] since the number of potential vapor generating centers is then limited), determining one or few dominant parameter(s) explaining any difference between the reported experimental results is almost impossible.

Moreover, when a similar heated surface is used in several studies, the boiling configuration may differ from one to the other, so that the comparison is made difficult as well. For instance, Rullière et al. [START_REF] Rullière | Experimental evaluation of bubble growth of water at very low pressure[END_REF] and Giraud et al. [START_REF] Giraud | Experimental study of water pool boiling at very low pressure on a vertical or horizontal heated surface[END_REF][START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF][START_REF] Giraud | Preliminary experimental investigation on water boiling phenomena in a liquid layer at subatmospheric pressure[END_REF][START_REF] Giraud | Subatmospheric pressure boiling on a single nucleation site in narrow vertical spaces[END_REF] used similar surfaces to investigate the effect of the horizontal and vertical orientations as well as of the confinement. [START_REF] Ponter | The boiling crisis in saturated and subcooled pool boiling at reduced pressures[END_REF][START_REF] Ponter | Sound emission and heat transfer in low pressure pool boiling[END_REF] and in most of the investigations performed in the last ten years [4, 17, 45-49, 79, 88, 100, 102, 128, 129], the liquid height is never mentioned by the authors. The importance of this parameter on low pressure pool boiling was indeed demonstrated only recently. As the low pressure boiling environment is complex and can be totally modified by changing the value of this parameter (while keeping the same working fluid, heated surface, vapor pressure and heat flux values), the absence of this information prevents any subtle comparison or analysis of all the results available in the literature.

Different investigated fluids: Most of the reported experiments were performed with water as the working fluid. However, in order to observe the influence of the fluid thermophysical properties on low pressure pool boiling and/or within a preliminary study for a specific application (such as desalination), some other fluids -including mixtures -were tested.

In these cases -as in tests conducted with pure water -only subatmospheric pressures were considered, i.e., for all the authors, "low pressure" in boiling means boiling under a pressure lower than the atmospheric pressure. This simple approach, that may be valuable for a given fluid, may be not justified for another since the variations of the numerous fluid thermophysical properties involved in phase change heat transfer are then not taken into account at all along the liquid-vapor saturation curve that is specific to each individual fluid.

In the case of mixtures, the already complex boiling environment is made even more complex due to concentration gradients. A solutal Marangoni effect could consequently take place in addition to the thermocapillary effect, so that the bubble dynamics and then the heat transfer would differ even more from what is usually encountered under normal pressure conditions.

All the points discussed just above finally tend to show that defining properly what is "low pressure" in boiling and using well-defined operating conditions are necessary conditions to get a better understanding of the phenomenon and to identify its fundamental subprocesses and governing parameters.

In this chapter, the fundamental concepts regarding pool boiling were briefly introduced as a necessary background of the results produced in this thesis.

The low pressure pool boiling was then reviewed more accurately. The main features of this unconventional boiling condition that are already reported in the literature were presented:

• A complex boiling environment;

• A bubble dynamics characterized by:

-A long waiting time between two successive bubbles;

-A very large bubble volume at departure; -The occurrence of mushroom shaped bubbles.

• Degraded heat transfer performances with:

-Wall temperature fluctuations;

-Low heat transfer coefficients that cannot be evaluated through the usual boiling correlations.

An analysis of the existing literature finally revealed that a better understanding of the fundamental phenomena involved in low pressure pool boiling and the identification of their governing parameters require:

• A precise definition of what "low pressure" means in pool boiling;

• New experimental results obtained with "well-defined" operating conditions.

Chapter 2

Experimental setup and methods

The purpose of this chapter is to provide sufficient information about the test facility and the methods used to study experimentally the pool boiling phenomenon at low pressure. The boiling vessel and the test sample are therefore detailed in Section 2.1, the adapted procedure of use in Section 2.2 and the measurement and processing techniques which are implemented to obtain original and reliable results about low pressure boiling in Section 2.3.

Experimental setup

The test bench designed by Giraud during her thesis [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] constitutes the starting point of this work. The experimental facility, schematically depicted on Fig. 2.1, is mainly composed of a cylindrical vessel in which the working fluid is filled and set to the desired temperature and pressure conditions to conduct tests. A test sample inserted at the base of the pool enables to impose an adapted heat flux to create bubble nucleation on its top surface. Four circular viewports located on the side surface of the vessel make the observation of the boiling phenomenon possible. In particular, one is used to illuminate the boiling area while a high-speed camera is placed in front of the opposite one for image recording.

Overall view

Boiling pool

The experimental pool (Fig. 2.2) is a cylindrical stainless steel tank of 200 mm inner diameter and of 420 mm height. A 100 mm diameter borehole located at the vessel's base is used to insert the test sample (described in Section 2.1.3) into the chamber with a sufficient tightness. The copper heated surface is then horizontally centered inside the tank. Four circular viewports of the same size (100 mm diameter) are arranged on the side surface of the pool for observation, high-speed visualization and lighting of the boiling phenomenon. The working fluid is filled and emptied through a valve situated at the bottom of the tank. A flexible hose connected both to the top and to the bottom of the vessel is used as a liquid level indicator. Depending on chemical resistance to the working fluid, this hose is either a flexible transparent hose made of PVC either a flexible hose made of stainless steel equipped with a small viewport. Another valve, at the top of the vessel, can be linked to a vacuum pump to evacuate gas from the chamber.

A heat exchanger, jacketed inside the pool wall and connected to a thermostatic bath, is used to set the temperature and the pressure in the chamber during the tests (which are measured with thermocouples and pressure transducers).

The whole facility is made in vacuum technology (ISO-K) to ensure a high level of tightness.

Test sample

Geometry of the heater

The main component of the test sample (Fig. 2.3a) is a cylindrical copper block (diameter: 40 mm, height: 78 mm) ended with a thin fin (diameter: 50 mm, thickness: 1.2 mm). Two cartridge heaters of 400 W (maximum power) each are inserted at the bottom of the copper part to impose the heat flux to the block. Two rows of four K-type thermocouples are placed along the copper cylinder to evaluate the thermal heat flux passing through it and the wall temperature. The copper block is thermally insulated with a PTFE part and the copper/PTFE block is associated with a stainless steel flange to make the connection with the vessel possible (Fig. 2.3b).

The tightness of the test heater is ensured by an O-ring seal between the copper fin and the PTFE part and by a flat seal between the copper/PTFE block and the flange.

Heated surface

The heated surface corresponds to the top of the heater's fin. Its area is consequently of 19.6 cm 2 . This fin is aimed at avoiding peripheral boiling and then at promoting bubble nucleation from an artificial cavity made at the center of the surface. The surface was indeed carefully prepared as follows: it was entirely mirror-polished with diamond paste and then a conical nucleation site was created with a punch at its center (Fig. 2.4). The surface's root mean square roughness S q (lower than 0.4 µm) and the size of the cavity (110 µm diameter and 70 µm deep) were measured with a confocal microscope (refer to Appendix A.1). The outer edge of the heated surface is sealed to the PTFE insulant with glue to prevent any air leakage into the vessel.

Instrumentation and acquisition system

Boiling environment and thermal measurements

Operating conditions are controlled by measuring the pressure and the temperature inside the chamber. Two K-type thermocouples are indeed located in the fluid: one above the free surface (i.e. in the vapor phase) whereas the other one is placed at a distance of 100 mm from the All the cold junctions of the ten thermocouples (two in the fluid and eight in the sample) are embedded in a well-insulated compensation box in which the temperature is measured with a platinum resistance temperature detector Pt100. Measurements are then performed by a KEITHLEY 2701 acquisition unit controlled by a home-made LabVIEW program. Thermocouples were calibrated with their whole acquisition line before any experiment. They were then immersed in a thermostatic bath with a reference temperature probe (another platinum resistance thermometer Pt100) and their voltages were measured for several temperature steps between 0 • C and 100 • C to obtain their calibration curves. The uncertainty on the temperature measurements was thus estimated to ± 0.10 K.

The signals from the pressure transducers are also acquired through the KEITHLEY multimeter and the LabVIEW program. At the end of a test, all the measurements are saved in a spreadsheet file for a subsequent analysis.

As highlighted in Section 1.2.3, the liquid height H l over the heated surface is a parameter of importance in low pressure pool boiling. This height has therefore to be estimated. This is done with an uncertainty of only ± 0.1 cm by means of a cathetometer. The vertical position H 1 of the liquid level as well as the position H 2 of the heated surface are read as illustrated on Fig. 2.6a and Fig. 2.6b respectively. The liquid height H l is then defined as:

H l = H 1 -H 2 (2.1)

Visualization

The sample being located in the vessel, the heated surface is clearly visible through the viewports and, as a consequence, the boiling phenomenon is easy to observe. A high-speed camera (Photron Fastcam 1024 PCI, standard memory size -2 GB) is then placed close to a viewport while a square white LED backlight device (Phlox SLLUB white led Backlight 100 × 100) illuminates the imaging area through the opposite viewport. The LED device produces a very intense and homogeneous light (luminance: 53000 cd • m -2 , uniformity: 98.77 %) which leads to an excellent contrast on the recorded pictures.

The high-speed camera is controlled by the Photron Fastcam Viewer (PFV) software and the following settings are chosen to record videos: the maximum image size, i.e. 1024 × 1024 pixels, and the highest acquisition frequency allowed with that image size, i.e. 1000 frames per second.

Those parameters lead to the best trade-off between acquisition speed (or time resolution) and image size (or spatial resolution). However, the duration of a video file obtained with those settings is short (about 1.54 s). When necessary, experiments are carried out at a lower acquisition frequency in order to adapt the recording time to the duration of the phenomenon. As the bubble frequency can be low at low pressure (refer to Section 1.2.1), the trigger mode "END" is set for pictures acquisition: the instant when the experimenter clicks to trigger the camera (after having seen a bubble nucleating) corresponds then to the last recorded image. 

Experimental procedure 2.2.1 Filling and degassing the working fluid

Once the sample assembled, it is installed into the vessel and the tank is filled with as pure as possible working fluid. The chamber is then connected to a vacuum pump to be emptied with air and non condensable gas. The fluid can thus be set to its saturation state. The pool is maintained at the vapor saturation pressure for at least two full days with periodic evacuations before starting any experiment. This step is required to ensure that the fluid is sufficiently degassed and with an appropriate liquid-vapor equilibrium which is controlled by checking if the vapor temperature T v measured in the vapor phase corresponds to the saturation temperature of the measured vapor pressure T sat (P v ). After that degassing process, the liquid height H l is measured according to the method described in Section 2.1.4 and experiments can be performed.

Setting the operating conditions

The desired vapor pressure is then set in the boiling pool by adjusting the temperature of the fluid that circulates in the vessel's jacket. As nucleation sites activation and deactivation as well as boiling regime transitions often induce hysteresis phenomena in boiling, it was decided to conduct experiments only by decreasing the imposed heat flux. From a practical point of view, the electrical power imposed to the cartridge heaters is first progressively increased up to reach the highest heat flux to be tested. Then, in order to study the steady state condition, a one-hour waiting time is necessary before recording data. After acquisition, the electrical input is decreased step by step to repeat the experiment with lower imposed heat fluxes until reaching the lowest heat flux value of interest. During the whole process, the operating conditions (fluid temperature and pressure) are monitored with the LabVIEW acquisition software.

Acquiring measurements and images

Each test corresponds to the study of the steady state of one operating point in terms of working fluid, liquid height H l , vapor pressure P v and imposed heat flux ϕ input . For each experiment, all the signals associated with the pressure transducers and with the thermocouples are collected every three seconds during the full duration of the test (i.e. about ten minutes). Meanwhile, several videos are recorded with the high-speed camera in order to be able to analyze the bubble dynamics.

Measurement and processing techniques 2.3.1 Heat flux and heated wall temperature determination

At any instant when the signal of the thermocouples is acquired, the heat flux ϕ meas released to the fluid through the heated surface as well as the wall temperature T exp wall are estimated using the eight thermocouples located in the copper block under the following assumptions:

• Steady state conditions: all the parameters are supposed to be independent from t;

• Axisymmetric system with uniform radial heat losses through the PTFE along the rod;

• Uniform heat flux across a section of the cylinder;

• Negligible effect of the fin;

• Constant thermal conductivity λ Cu of copper within the investigated range of temperature.

With the previous hypotheses, the temperature profile along the Z-axis of the heater is described as follows:

T (Z) = aZ 2 + bZ + c (2.2)
where the coefficients a, b, and c can be determined by a second order polynomial datafit of the thermal measurements of a row of thermocouples. The heated surface temperature T exp wall and the heat flux at the surface ϕ meas can then be deduced from it. In this case, the wall temperature is indeed given by:

T exp wall = T (Z = 0) = c (2.3)
and with the Fourier's law applied at the heated surface level:

ϕ meas = ϕ(Z = 0) = -λ Cu dT dZ Z=0 (2.4)
it is demonstrated that the identified coefficient b is directly proportional to the heat flux dissipated to the fluid by the wall:

ϕ meas = -λ Cu (2aZ + b) Z=0 = -bλ Cu (2.5)
Taking the second derivative of Eq. 2.2 in relation with the Fourier's law gives:

dϕ dZ = -2aλ Cu (2.6)
meaning that the rate of heat dissipation along the rod dϕ dZ is proportional to the coefficient a.

The value of a being low, heat losses along the rod can be neglected. This is in agreement with the criterion cited by Héas [START_REF] Héas | Étude expérimentale des transferts thermiques en ébullition libre et régime transitoire[END_REF] on the non dimensional characteristic time ∆t i of the conduction problem, defined as:

∆t i = α Cu ∆t d 2 (2.7)
with α Cu the copper thermal diffusivity, ∆t the time step between two successive measurements and d the distance between two thermocouples. Héas' criterion stands that if ∆t i is higher than the unity (∆t i ≥ 1), a linear extrapolation of the thermal measurements is sufficient to estimate the wall temperature as well as the heat flux. As this criterion is satisfied in this work, the computation of those data is realized under that assumption. Satisfying this criterion also validates the stationary state condition hypothesis.

For each row of four thermocouples, a linear fitting of the temperature depending on the depth Z is made. The wall temperature T exp wall is then obtained by extending the datafit to the point Z = 0 while the heat flux ϕ meas is equal to the additive inverse of the slope of this fit multiplied by the copper thermal conductivity (Fig. 2.7). As the calculation of the heated surface temperature and of the heat flux is made for Row A and Row B, the retained values for T exp wall and ϕ meas are finally the average of the results obtained from the two rows1 . Concerning the uncertainties on the measured heat flux ϕ meas , the logarithmic method applied on the Fourier's law gives:

∆ϕ meas ϕ meas = ∆λ Cu λ Cu + ∆(dT ) dT + ∆(dZ) dZ (2.8)
where the error done on the copper thermal conductivity can be removed from the calculation since it has no effect on the temperature computation and is a systematic error which does not influence the differences in the observed trends on the heat flux (it results in an offset on the evaluation of this physical quantity). The uncertainties on the temperature and thermocouples positions measurements are estimated to ± 0.10 K and ± 0.4 mm respectively. Finally, the measured heat flux uncertainty is estimated to more than 50 % for low imposed heat fluxes and to 15 % for high imposed heat fluxes.

Alternatively, a Monte Carlo technique introduced by Kempers et al. [START_REF] Kempers | A high-precision apparatus for the characterization of thermal interface materials[END_REF] for the uncertainty estimation related to heated cylinders can be implemented. According to this method, each thermocouple measurement is assumed to be associated with both temperature and position uncertainty distributions:

• The temperature uncertainty is supposed to present a normal distribution centered on the measured value and such as the uncertainty on the temperature measurement (i.e. ± 0.10 K in the present case) is equal to twice the standard deviation.

• The uncertainty on the thermocouple's position is modeled by a flat distribution centered on the measured position and bounded by the difference between the radius of the hole in which the sensor is inserted and the radius of the thermocouple itself.

A set of values for the slope is then calculated by performing a large number (e.g. 2000) of randomized curve fits to fictive data constrained by the position and temperature uncertainty distributions at each point (as illustrated on Fig. 2.8 for the measurements displayed on Fig. 2.

7).

The uncertainty on the slope is then taken as twice the standard deviation of the obtained data set. When implemented on the present configuration, this Monte Carlo technique leads to an uncertainty on the measured heat flux ranging between 20 % and 25 % even for low imposed heat fluxes. This result finally means that the heat flux measurement is even more accurate than previously expected through the uncertainty estimation made with the logarithmic method.

Image processing

In order to reap the full benefits of the high-speed visualization, it is necessary to extract quantitative data from the video files. Therefore an adapted tool was developed to process the pictures and extract objectively and efficiently the data of interest to study the bubble dynamics. Among them, one can cite the number of bubbles recorded on an acquisition file, their volumes, growth times and frequencies for example. The large number of caught bubbles as well as the high time and space resolutions obtained during the experiments lead to such an amount of data to treat so that such a tool associated to a procedure of quality is required.

Adapted to the features of the digital pictures recorded in this work, that tool is a home-made image processing code developed under MATLAB environment. It is mainly aimed at detecting the presence of bubbles, their nucleation and detachment from the wall and at identifying their edges. Once this is done, some parameters characterizing the bubble dynamics (bubble departure frequency, instantaneous volume, etc.) can indeed be easily calculated. Basically, this program applies a frame-by-frame treatment based on the principle that strong gradients in gray levels occur on the images at the interface between the two phases (liquid and vapor). However, due to some pictures features (caused by the setup and/or the boiling phenomenon), the image processing is not that simple.

In order to establish the quality of this image processing and to be able quantify the uncertainties on the bubble dynamics properties calculated with it (which are analyzed in the next chapters), a detailed description of it is given hereafter. Features of the processed pictures are listed in Section 2.3.2.1, then the algorithm is depicted in Section 2.3.2.2 before the methods to calculate some bubble dynamics parameters are explained in Section 2.3.2.3.

Pictures characteristics to be taken into account

On the grayscale images recorded, a bubble appears almost black (pixel intensity: 0) whereas the surrounding liquid appears almost white (pixel intensity: 255). This high contrast obtained with the white LED lighting is an advantage for an accurate automatic detection of the bubble interfaces. However, pictures exhibit other features (refer to Fig. 2.9) which limit this detection:

Shadow zone: As mentioned in Section 2.1.3.2, adding a glue seal at the junction between the heated surface and the PTFE insulant was necessary to reach the full air-tightness required to conduct experiments. The presence of this glue seal engenders a shadow zone just above the heated surface which results in a poor visibility of the bubble in this area and to a delay (of two or three images maximum, i.e. 2 or 3 ms maximum) in the detection of the bubble inception and detachment. These events of the bubble life can indeed be caught only when the bubble crosses a detection line located just over the shadow zone. This delay between the real event and the apparent (or detected) one is identical for bubble nucleation and departure and is generally small in comparison with the bubble growth time.

The presence of this glue seal hides the mirage effect which takes place in this region. Described by Cooper [START_REF] Cooper | The 'mirage' in boiling[END_REF], this phenomenon occurs when light rays are refracted by passing through a medium of non constant optical index of refraction. It occurs in boiling since the temperature gradient close to the heated wall creates such a gradient of optical index. The liquid-vapor interface is then distorted which constitutes a classical source of error when observing boiling. As the shadow zone masks this effect, the mirage phenomenon is not taken into account in this work. Viewport's shadow: As bubbles formed in low pressure boiling are a few centimeters wide, the imaging area used for the experiments corresponds to the full size of the viewports (i.e. 100 mm wide). As a consequence, the shadow of the viewport used for lighting is visible in dark gray on the recordings. This induces a poor contrast between the viewport and bubbles which makes the identification of liquid-vapor interface with the automatic algorithm difficult. However, this does not happen for the smallest bubbles recorded.

Pictures are indeed always cropped to an adapted region of interest (ROI) before any further image processing to optimize the computation time while observing the whole phenomenon which has to be analyzed. Bubbles small enough not to reach the viewport's shadow are thus not impacted by this problem.

Reflections on the bubble surface: Actually several reflections occuring on the bubble's surface make the bubble appearing not only dark on a picture: for instance, its center is always light. Those reflections results thus in strong gradients in gray levels on the bubble interface that should not be chosen when looking for the real bubble edges. Selecting automatically the gradient related to the real liquid-vapor interface rather than one of those corresponding to reflections is challenging from the point of view of the computer-code.

As demonstrated hereafter (Section 2.3.2.2), solutions were found and implemented to overcome these three major difficulties.

Image processing to detect the bubbles and locate their contours

In this section, a detailed description will be given for the algorithm developed to detect when a bubble is nucleating, growing on the surface and finally departing from it and where its border is located. First the preparatory work to the computation is depicted (Section 2.3.2.2.1). The main treatment is then explained for a single picture (Sections 2.3.2.2.2 and 2.3.2.2.3), followed by the solution to the viewport problem (Section 2.3.2.2.4). Lastly, some remaining limits of the tool are recalled (Section 2.3.2.2.5).

Preparation of the image processing

Before any treatment under MATLAB, the video file to process is open with the high-speed camera viewer (PFV) to extract some input parameters for the image processing. This is necessary in particular to define the ROI and to determine the position of the borders between the different domains of analysis of the pictures which will be kept for the whole recording.

Definition of the ROI:

The ROI is a high and wide enough rectangular window to see all the bubbles recorded on the considered video file (from nucleation to early rise and even to the beginning of recondensation in the subcooled liquid). Coordinates of two specific points are identified through PFV to define this rectangle:

• The nucleation site: its abscissa corresponds to the center of the ROI in the horizontal direction while its ordinate defines the bottom boundary of the ROI.

• The top-left point of the ROI: its abscissa delimits the ROI's width and its ordinate constitutes the top boundary of the window.

Division of the picture into domains of analysis and research:

Once the picture cropped to the ROI, it is vertically divided into domains of research of the bubbles interfaces (refer to Fig. 2.10):

• Domain A: over the shadow zone induced by the glue seal, i.e. above the detection line;

• Domain B: corresponding to the shadow zone and subdivided into two regions:

-Region B1: located at the top of domain B, this region is directly related to the presence of the glue seal itself. Bubble edges are there visible to the naked eye but hardly discernible automatically.

Chapter 2. Experimental setup and methods -Region B2: at the bottom of domain B, this region is associated to the shadow of the seal over the copper heated surface. Even with the eye, the bubble cannot be here distinguished from its environment.

Delimitations between those regions and domains are likened to horizontal lines whose heights are determined visually with PFV. Horizontally, as also mentioned on Fig. 2.10, the picture is separated into two areas of research: one for the "left interface" on the left hand side of the image and the other for the "right interface" on its right hand side. Those areas cover 75 % of the left (and right respectively) hand side of the cropped picture so that they overlap each other in the middle. This arbitrary decision ensure that the bubble edges can be caught by the MATLAB program even if the bubble is not perfectly centered on the image.

Location of the viewport shadow (if applicable):

If the viewport is still visible after cropping the picture according to the ROI, the locations of the concerned zones have to be given as input parameters to the algorithm in order to implement the proper way to localize the bubble interfaces. Those zones are matched to two right-angled triangles shaped regions whose right-angles are situated at the crossing point of the detection line and of the left (or right) border of the cropped image (as shown on Fig. 2.9). Their widths and heights are visually determined using PFV.

Measurement of the size of a pixel:

The pixel size is evaluated by measuring a known length through the PFV software. This is required in order to estimate the bubble size or volume in real units.

Localization of bubbles interfaces in domain A

According to the horizontal division depicted previously, the bubble's interface -if it existsis localized separately in the left hand side ("left interface") and in the right hand side ("right interface") of the cropped picture. For each side of domain A, the interface identification is made line of pixels by line of pixels, starting from the detection line at the bottom up to the top of the area of research. Each slice of one pixel is oriented as shown on Fig. 2.10: from left to right when working on the left hand side and from right to left when working on the right hand side. The procedure implemented to localized a bubble contour is described below for a 
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x localized 1 As a bubble is dark (low gray level) while the bulk liquid appears in light (high gray level) in domain A, the liquid-vapor interface is characterized by a sudden drop of intensity on the oriented profile. The bubble contour is then located by finding the minimum of the intensity gradient on the oriented profile and by taking the darkest pixel associated with that minimum. Figure 2.11a illustrates this situation.

Actually bubble interfaces should not be found on profiles where only liquid is visible (above a growing bubble or between two successive bubbles for example). An empirical criterion (EC 1 , given in Eq. 2.9) on the intensity I of the pre-selected pixel (at x localized ) is therefore used to determine if this pixel is dark enough to correspond to a liquid-vapor interface or if, on the contrary, it is too light for that. In the latter case, that pixel is considered as belonging to the liquid phase, meaning that there is only liquid at the considered height (as shown on Fig. 2.11b). The interface is then arbitrarily set to x localized = 0.

EC 1 : I(x localized ) ≤ I max (2.9)
Another empirical criterion (EC 2 , given in Eq. 2.10) on the mean value of pixels along the oriented profile from the side border (x = 0) of the image to the identified interface (x = x localized ) is defined to avoid the selection of a strong gradient in gray levels induced by a reflection. If the mean value of the pixels crossed along the profile upstream to the current position of the interface is too low, it means that quite dark pixels (i.e. belonging to the vapor phase) have been encountered on the profile in front of the detected interface. The current position of the contour x localized is then wrong since the detected interface is related to a reflection rather than to a bubble edge.

EC 2 : I(x ≤ x localized ) ≥ I min (2.10)
In this case, the calculation of the minimum gradient of gray level is reiterated considering then only the beginning of the oriented profile: from x = 0 to the current position x localized excluded. This operation can be done several times until the selected pixel satisfies both EC 1 and EC 2 (i.e. the real liquid-vapor interface is supposed to be well detected) or is found at the picture's border (i.e. no liquid-vapor interface is identified: there is only liquid on that profile). Figure 2.11c, shows an example where the calculation was made twice because of a strong reflection.

For a given height (a pixel slice), a last iteration of the calculation can be required both for the left and the right oriented profiles in case of inconsistency between the left and the right detected interfaces. This occurs if the "left interface" x localized left is found on the right hand side of the "right interface" x localized right at the scale of the full picture.

Localization of bubbles interfaces in domain B

To reduce the computation time, image processing is implemented in domain B only on pictures on which a bubble is growing (i.e. if reliable interfaces are found on the detection line).

In this case, the first step of the treatment consists in running a similar research for left and right interfaces as in domain A in region B1. In this restricted area of domain B, the eye is able to discriminate the bubble (almost black) from its environment (glue seal in gray). As a consequence, adapting the I min value of criterion EC 2 (by lowering it) for the processing of this region can lead to the localization of some points of the bubble contour. However, seeking interfaces in region B1 is not as efficient as in domain A. Two cases can thus occur:

(i) Several points of the left (respectively right) interface are identified but not for all pixel slices;

(ii) Identified points of the left (respectively right) interface are too scarce and/or appear not reliable.

In situation (i), the left (respectively right) interface in the full domain B (i.e. the union of regions B1 and B2) is approximated through a linear fitting based on the localized points as illustrated on the left hand side of Fig. 2.12. In situation (ii), interfaces are arbitrarily approached in the full domain B by vertical lines positioned at the same abscissa as the interfaces found on the detection line (as schematically shown on the right hand side of Fig. 2.12).

Region B2

Region B1

Automatically detected interface point Contour of the bubble Bubble's interface detected by default Bubble's interface after correction Legend: Making those approximations obviously induces errors on the identification of the bubbles edges (and hence on the volume calculation). Nevertheless, this effect is much less important than neglecting totally the presence of vapor inside the shadow zone. At the beginning of a bubble growth, most of the vapor volume is indeed included in domain B: this volume cannot be neglected and the error induced by considering vertical interface rather than following the real limits of the bubble seems acceptable. The part of the volume of vapor located in domain B decreases progressively as the bubble is growing: considering linear fittings or vertical lines instead of the real shape of the bubble in this region is then no more of major importance.

Specific treatment: viewport problem

The aim of the two previous sections was to explain how the bubble interface is automatically detected in both domains A and B. However, the problem related to the presence of the viewport shadow still has to be solved for some videos. On pictures where this issue arises, pixels belonging to the right-angled triangles shaped regions identified as viewport's shadow (during the preparatory work, Section 2.3.2.2.1) were beforehand changed to white. Under these conditions, the image processing algorithm depicted up to there would give the following result (refer to Fig. 2.13): starting from the top of the bubble, bubble's contour is well detected to the top of the viewport's areas, then the identified edges follow the borders of the viewport's regions (pixels belonging to a bubble being still dark whereas those belonging to the viewport are now white) and finally linear fittings (based on reliable interfaces found in B1) or vertical lines (aligned with the extremity of the viewport on the detection line) delimit the bubble in the shadow zone. The error induced here cannot be neglected especially considering the bubble volume. The image processing has to be improved regarding this problem. The implemented solution consists in making (on both left and right hand sides of the picture) a linear fitting between the closest reliable point of the interface detected over the viewport area in domain A and the first reliable point of the interface defined in B1 (as illustrated on the left hand side of Fig. 2.13). If no reliable interface is found in B1 (situation (ii): the liquid-vapor boundary is approximated by a vertical line at the abscissa of the extremity point of the viewport on the detection line), this linear fitting is replaced by a vertical line from the last reliable point of the interface identified in domain A down to the low border of the picture (as shown on the right hand side of Fig. 2.13). This solution yields an error whose effect is much lower than when the viewport problem is omitted: the error on the bubble volume then remains tolerable.

Limits of the automatic detection of bubbles contours

Solutions were finally implemented to circumvent the main pictures' features which could have limited the interest of an automatic tool for identification of bubbles interfaces. However, this algorithm cannot be used when:

• There are interactions between two (or more) successive bubbles. In such case, the program treatment is performed as if there were a unique bubble.

• Several masses of vapor are visible at the same height as it often happens when a bubble collapses: these masses of vapor cannot be well defined only by the two left and right interfaces.

As a consequence, this image processing program can be used only for individual bubbles before their recondensation.

Depending on the situation, a manual identification of the bubbles contours can also be performed by -for each picture of a video file -displaying the cropped current picture, clicking on a large number of points belonging to the left interface (respectively to the right interface) and calculating a linear interpolation between successive clicked points. As shown on Fig. 2.14, automatic and manual treatments give very close results while the automatic determination of bubbles borders presents the advantages to be highly time-saving and repeatable compared to the manual identification of interfaces. 

Calculation of some characteristics of the bubble dynamics

Once the research of bubbles contours is done -automatically or manually -other MATLAB codes are used to quantify some bubble dynamics characteristics. Methods used for that and estimations of the associated uncertainties are given in this section. Those new calculations require the localization of the bubbles edges as input parameters: the importance of a good determination of bubbles borders is again highlighted as the first and essential step for this work.

Bubble growth time τ growth

For a given bubble whose entire growth is recorded, the bubble growth duration corresponds simply to the time difference between the detected instants of its nucleation and its detachment:

τ growth = t departure -t nucleation (2.11)
Due to the presence of the glue seal, the detection of those events is delayed by 2 to 3 ms, which yields an uncertainty of ± 1 to 2 ms on τ growth .

Waiting time τ wait between successive bubbles

The waiting time between two successive bubbles can be measured only when at least two bubbles are recorded on the same acquisition video file (number of bubble recorded on a video N ≥ 2). . This property of the bubble dynamics is then evaluated between every bubble whose full growth is observed. That duration is given by the difference between the times of the next bubble nucleation and of the current bubble departure (Eq. 2.12). The uncertainty on this physical quantity is -as for the growth time -of ± 1 to 2 ms.

τ wait = t nucleation (i + 1) -t departure (i) (2.12)

Bubble departure frequency f

The bubble departure frequency is calculated only if at least two bubbles are entirely recorded on a video (N ≥ 2) as well. Its value for a given recording is then obtained according to Eq. 2.13:

f = N t departure (N ) -t departure (1) (2.13)
The error made on the bubble frequency is negligible since, considering the uncertainty on the instant of bubble departure of bubbles, it is evaluated to less than 4 %.

Instantaneous volume V

The instaneous volume V of a bubble is evaluated at each moment of its growth (i.e. for each picture where a growing bubble can be seen). As an image only gives a description of a bubble in two dimensions, the calculation of this volume is done by discretizing the growing bubble into slices of one-pixel height and by assuming an axial symmetry for each slice (i.e. each slice is considered as a cylinder). This method of calculation -which is the same as that used by Siedel et al. [START_REF] Siedel | Bubble dynamics and boiling heat transfer: a study in the absence and in the presence of electric fields[END_REF][START_REF] Siedel | Experimental analysis of bubble growth, departure and interactions during pool boiling on artificial nucleation sites[END_REF] -presents the advantage of taking into account the whole bubble contour rather than a mathematical modeling of it (simplifying the bubble shape to a full or truncated speroid or ellipsoid) as it can be encountered in the literature (in [START_REF] Ginet | Analyse des mécanismes contrôlant la croissance et l'ascension d'une bulle isolée en ébullition nucléée[END_REF] for instance). Such a mathematical simplification of bubble shape is not adapted to the present study due to the particular shapes taken by bubbles at low pressure. This method also limits the error on the volume of tilting bubbles which are not purely axisymmetric along the vertical axis.

Two sources of uncertainties can be listed on the calculated instantaneous volume:

The use of the automatic detection of the bubbles interfaces: The error induced by the use of the automatic tool itself may be estimated by comparison between the automatic and the manual treatment on few videos. Even if this method is not perfect to evaluate the effect of the MATLAB program on the calculation of bubbles volumes, at least it constitutes an attempt to take the effect of the approximations made in the shadow zone and in the viewport's areas into consideration.

A comparison between the volume V automatic calculated from the automatic detection of liquid-vapor interface and the volume V manual obtained after a manual treatment was performed for a few videos and bubbles.

(a) (b) As shown on Fig. 2.15a, during bubble growth, the absolute error thus estimated is low (less than 3 cm 3 for bubbles that reach a maximum volume of about 50 cm 3 ). The sudden and significant rise of this deviation just before the bubble departure is due to the fact that, at low pressure, the bubble foot diameter decreases very quickly at those instants. This phenomenon taking place in the neighborhood of the shadow zone is not well-caught by the image processing software: the volume calculated through the automatic treatment V automatic overestimates then slightly the manual estimation V manual .

The relative error on the volume which is defined as the ratio of the deviation between automatic and manual estimation of the volume to the volume calculated from the manual detection is displayed on Fig. 2.15b. A large underestimation of the volume by the automatic treatment occurs at the very early stages of the bubble growth due to the delay of detection in the image processing software. Later on, V automatic differs only from ± 12 % from the volume evaluated from the manual treatment V manual . At the end of the growth, the bubble presents a very large volume, which explains that the relative error remains low whereas the deviation is maximum.

Considering the importance of the error made on the volume calculation by using the automatic detection of bubbles contours and the advantages of using it (time-save, repeatability...), we believe that this treatment is a good tool to analyze efficiently and objectively the visualization recordings.

The random error on the selection of the interface's pixel: Assuming that a liquid-vapor interface (on each side) is automatically located within an uncertainty of ± 3 pixels at each height, the error on the volume V automatic is equal to about 20 % at the very early stages of bubble growth (small volume of vapor) and to 5 % at the end of the growth (large volume), which seems to remain acceptable.

The experimental setup combined with its measurement and acquisition systems, the procedures of use and the methods of analysis facilitate:

• the production of isolated bubbles from a single artificial nucleation site under controlled low vapor pressure conditions;

• the estimation of the wall temperature, the wall superheat and the heat flux dissipated by the heated surface to the working fluid;

• the visualization and the analysis of the bubble dynamics experienced in pool boiling at low pressure.

In particular, the image processing method developed here enabled us to produce original, quantitative and reliable results on the bubble dynamics that were not available in the literature and are necessary to get a better understanding of the fundamental phenomenon of boiling under such conditions.

Chapter 3

Water boiling at subatmospheric pressures

In this chapter, results of a pool boiling test campaign conducted with water in a wide range of subatmospheric pressures are presented and discussed. The motivations of this experimental study as well as its operating conditions are given in Section 3.1 while qualitative and quantitative analyses of the experiments are carried out in Sections 3.2 and 3.3 respectively.

Introduction

Background and motivations

As detailed in Section 1.2, several authors reported some characteristics specific to pool boiling at low pressure [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF][START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF][START_REF] Mcgillis | Pool boiling enhancement techniques for water at low pressure[END_REF][START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF][START_REF] Ohue | Convective flow around a single bubble during growth and departure[END_REF][START_REF] Rullière | Experimental evaluation of bubble growth of water at very low pressure[END_REF][START_REF] Schnabel | Water as refrigerant -Experimental evaluation of boiling characteristics at low temperatures and pressures[END_REF][START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF][START_REF] Van Stralen | The behaviour of vapour bubbles during growth at subatmospheric pressures[END_REF][START_REF] Wu | Experimental study of critical heat flux in pool boiling at low pressures[END_REF][START_REF] Yagov | Bubble growth rate at pool boiling in wide range of reduced pressures[END_REF][START_REF] Yagov | Experimental study of heat transfer in the boiling of liquids at low pressures under conditions of free motion[END_REF][START_REF] Yagov | Intensification of heat transfer and stabilization of the boiling process in the very low pressure region[END_REF][START_REF] Zajaczkowski | Experimental verification of heat transfer coefficient for nucleate boiling at sub-atmospheric pressure and small heat fluxes[END_REF]]. Among them, as compared to normal pressure conditions, one can in particular cite:

• A long waiting time between two successive bubbles;

• A very large bubble volume at departure;

• The occurrence of mushroom shaped bubbles;

• Temperature fluctuations on the heated wall;

• A low heat transfer coefficient that cannot be evaluated through the classical correlations used in boiling.

These observations were most of the time made with water boiling at subatmospheric pressures. As a consequence, water is first selected as the fluid to be tested in the present study. In order to study only the effect of the vapor pressure P v when it varies from the atmospheric pressure (P v = P atm ) down to some lower values, the other parameters of influence (the liquid height H l whose non negligible effect was demonstrated by Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] and Giraud et al. [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF] and the imposed heat flux ϕ input ) are kept constant for the whole test campaign.

Operating conditions

Each experiment is related to the study of the steady state of an operating point defined by four parameters: the working fluid, the imposed heat flux ϕ input , the vapor pressure P v and the liquid height H l over the heated surface. The chosen set of parameters for this test campaign is detailed hereafter.

Working fluid: As mentioned above, all the tests were carried out with pure, distilled and degassed water.

Heat flux input ϕ input : During the whole experiment session, the imposed heat flux was set constant at the value of ϕ input = 2.7 W • cm -2 , so that the nucleation of bubbles would always take place from the activated artificial nucleation site on the heated wall. A regime of isolated bubbles could then be observed.

Vapor pressure P v range: Fifteen values of vapor pressure corresponding to increments of 5 K in saturated vapor temperature T v from 30 • C up to 100 • C according to Table 3.1 were investigated. The lowest tested vapor pressure (P v = 4.2 kPa (T v = 30 • C)) corresponds to the lowest level of pressure for which no air-leakage appears. Despite the presence of the glue seal, the tightness of the sample is indeed made possible only with a sufficient expansion of the heated copper block. In the present case, decreasing further the pressure while keeping the same imposed heat flux makes the copper part of the heater not expanded enough to avoid the penetration of air inside the vessel. As a consequence, the water is not pure anymore and the present study of water pool boiling at subatmospheric pressures cannot be performed at lower pressures.

Liquid height H l : For all the tests, the liquid height was set constant at the arbitrary value of H l = 17.3 cm. As the liquid density ρ l is almost constant all over the investigated range of saturation 44 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf pressures, the static head induced by the column of liquid is considered as constant (refer to Fig. 3.1):

P static H l =17.3 cm = ρ l (T l, bulk )gH l ≈ 1.7 kPa (3.1)
Assuming that the saturation conditions prevail at the liquid-vapor interface, the bulk liquid temperature T l, bulk -supposed homogeneous -is equal both to the temperature at the free surface T sat (z = 0) and to the vapor temperature T v . The local subcooling degree ∆T sub (z) defined as:

∆T sub (z) = T sat (z) -T l, bulk (3.2)
is then given by:

∆T sub (z) = T sat (P v + P static (z)) -T l, bulk = T sat (P v + ρ l (T l, bulk )gz) -T l, bulk (3.3) 
The local subcooling degrees are calculated (using the database REFPROP [START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 9.1[END_REF]) and reported on Fig. 3.2 for all the investigated vapor pressure values. According to this graph (and in agreement with Section 1.2.3), for a given liquid height H l , the effect of the subcooling is lowered as the vapor pressure increases. At the level of the heated surface, the subcooling is indeed lower than 0.5 K for P v = P atm whereas it is equal to almost 6 K for P v = 4.2 kPa. Through its subcooling degree, the boiling environment is thus highly sensitive to the vapor pressure P v especially when this parameter takes low values. As demonstrated here, this observation is valid even for a constant liquid height H l . 

P v ↗

Qualitative description of the bubble dynamics

The boiling regime observed during all the experiments is characterized by the departure of a single bubble after a waiting time which lasts longer than the bubble growth. This regime -the "intermittent boiling regime" or "isolated bubbles regime" -appears to be quite regular and steady: for a given vapor pressure P v , bubbles appear to detach with a regular size and frequency. However, depending on the imposed vapor pressure P v , four distinct behaviors in terms of bubble shape, size and frequency were observed and identified. They are detailed in the four following subsections (3.2.1 to 3.2.4). As it can be seen on Fig. 3.3, the bubble dynamics of water boiling -with these particular imposed heat flux ϕ input and liquid height H l -can be described in the lowest range of vapor pressure (i.e. for 4.2 kPa ≤ P v ≤ 15.8 kPa (30

Oblate spheroid shaped bubbles

• C ≤ T v ≤ 55 • C)
) by seven successive stages as follows:

1. A bubble nucleates.

2. Then, the bubble starts to grow with a hemispherical shape until it turns to an oblate spheroid shape. The bubble's top indeed starts to be flattened as the bubble is reaching a size of a few centimeters.

3. Suddenly, the bubble foot diameter decreases quickly.

4. As a consequence, the bubble departs from the wall.

5. During its early rise, a liquid jet penetrates into the volume of the detached bubble from its bottom.

6. The bubble collapses due to the subcooling of the surrounding liquid.

7. Afterwards, a long waiting time begins before the cycle starts again with the inception of a new bubble.

On the same figure, one can also observe that, as the vapor pressure P v increases (i.e. from Fig. 3.3a to Fig. 3.3f), the volume V and the growth time τ growth decrease significantly. The waiting time τ wait also seems to be lowered (and subsequently the departure frequency f increased) as the pressure is increasing, but no direct interaction between successive bubbles occurs. At P v = 20.0 kPa (T v = 60 • C), some interaction between bubbles occurs: they are indeed associated by pairs. As shown on Fig. 3.4, just after the departure of a first bubble (very similar to those observed at lower pressures), a second bubble nucleates and is sucked into the preceding bubble's wake. Because of the influence of the primary bubble's wake which sucks the secondary bubble, the latter grows faster and is more elongated in the vertical direction. The liquid jet that has penetrated into the primary bubble (as already observed in the lower pressure case) enables the secondary bubble to penetrate into the primary one without merging with it. The second bubble passes then through the first one giving to the pair of bubbles an apparent mushroom shape.

Mushroom shaped bubbles

The trends reported previously concerning the variations with the vapor pressure P v of the volume V , the growth time τ growth , the waiting time τ wait and consequently the departure frequency f seem to be still true for this pressure level. In the intermediate range of pressure (i.e. for 25.1 kPa ≤ P v ≤ 70.2 kPa (65

Mushroom and column shaped bubbles

• C ≤ T v ≤ 90 • C)),
a transitional behavior is observed between the mushroom shaped bubbles and the individual near-spherical ones which are expected at atmospheric pressure. As shown on Fig. 3.5, a lot of interactions between bubbles are then visible: successive mushroom shaped vapor masses and/or vapor columns are indeed formed by the contact of several bubbles. As the pressure increases, the number of bubbles involved in the formation of such vapor structures seems to increase while the bubble size keeps decreasing. In addition, the bubble frequency seems to be much higher than at lower pressure and to be still rising as the pressure is increased.

One can also see on Fig. 3.5c to Fig. 3.5f that some peripheral boiling starts. This is directly linked with the fact that more and more nucleation sites can be activated as the pressure increases (since the critical radius of nucleation is then decreasing). The heated surface being mirrorpolished, the artificial cavity and the (supposed smaller) cavities engendered by the addition of the glue seal are actually favorable sites for the inception of bubbles. No more interaction between successive bubbles takes place close to atmospheric pressure (i.e. for 84.6 kPa ≤ P v ≤ 101.4 kPa = P atm (95

Near-spherical bubbles

• C ≤ T v ≤ 100 • C)).
As visible on Fig. 3.6, near-spherical bubbles are indeed separated by a very low waiting time but there is no contact between bubbles. The bubble size is still decreasing and is now of the order of a few millimeters in diameter.

Outcome and discussion

All the data presented in this section finally show that -for water boiling in the regime of isolated bubbles at subatmospheric pressures (with H l = 17.3 cm and ϕ input = 2.7 W • cm -2 )as the vapor pressure P v increases:

• The bubble size decreases: from a few centimeters to a few millimeters in diameter.

• The waiting time τ wait decreases and subsequently the bubble departure frequency f increases.

• The bubble shape changes:

-An oblate spheroid shape without any bubble interaction at low pressures (i.e. for P v ≤ 15.8 kPa (T v ≤ 55 • C)); -A mushroom shape due to the interaction between paired bubbles at 20.0 kPa

(T v = 60 • C);
-A mushroom and column shape with two or more interacting bubbles in the intermediate range of pressure (25.1 kPa ≤ P v ≤ 70.2 kPa (65

• C ≤ T v ≤ 90 • C));
-A near-spherical shape without any contact between successive bubbles close to the atmospheric pressure (P v > 70.2 kPa (T v > 90 • C)).

These results are in overall agreement with the literature and especially with the observations made by Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF]. Some reported characteristics of the bubble dynamics are discussed hereafter.

The oblate spheroid shape: According to Madejski [START_REF] Madejski | Activation of nucleation cavities on a heating surface with temperature gradient in superheated liquid[END_REF], an active bubble nucleus tends to be flattened if there is a non negligible temperature gradient in the thermal boundary layer. This result illustrates how a non homogeneous temperature field in the liquid can affect the bubble shape, even at the stage of the initial nucleus.

Contrary to the classical literature (among which [START_REF] Darby | The dynamics of vapour bubbles in nucleate boiling[END_REF][START_REF] Dergarabedian | Observations on bubble growths in various superheated liquids[END_REF][START_REF] Florschuetz | Growth rates of free vapor bubbles in liquids at uniform superheats under normal and zero gravity conditions[END_REF][START_REF] Lee | Spherical vapor bubble growth in uniformly superheated liquids[END_REF]), whatever the imposed vapor pressure P v , the actual configuration do not involve a uniformly superheated liquid around the bubble. As a consequence, like in the case considered by Madejski [START_REF] Madejski | Activation of nucleation cavities on a heating surface with temperature gradient in superheated liquid[END_REF], every observed bubble may have a flattened nucleus. The shape of the nucleus may have an influence on the bubble shape. Actually, this seems to be the case especially for bubbles whose departure size is not very large (in comparison with the cavity size). Close to atmospheric pressure, the near-spherical bubbles are indeed slightly flattened (Fig. 3.6) whereas the local subcooling ∆T sub (z) is negligible.

As visible on Fig. 3.3 to 3.5, some bubbles present a hemispherical shape during their very early stages of growth but take afterwards an actual oblate spheroid shape. According to those figures, the concerned bubbles are:

• The bubbles recorded in the lowest range of pressure (4.2 kPa ≤ P v ≤ 15.8 kPa (30

• C ≤ T v ≤ 55 • C));
• The primary bubbles (i.e. the first bubble of pairs or groups of bubbles) recorded up to

P v = 70.2 kPa (T v = 90 • C).
In fact, the bubble top seems to be more and more flattened as the pressure P v is low and the local subcooling ∆T sub (z) high. A local recondensation taking place at the bubble's top because of the surrounding subcooled liquid may consequently be responsible for this oblate spheroid shape.

The liquid jet: Studying experimentally the convective flow around a single bubble of water at 2.7 kPa by means of a tracer method, Ohue et al. [START_REF] Ohue | Convective flow around a single bubble during growth and departure[END_REF] were able to monitor the liquid jet. They indeed observed the morphological change of the bubble in relation with the surrounding liquid flow and saw in particular the recirculating liquid that follows immediately the detachment, comes to push the bubble base upward and even penetrates into it.

Van Leeuwen [START_REF] Van Leeuwen | Private communication with Van Stralen[END_REF] (cited by Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF]) explained this thin and high-speed liquid jet by a large depression in the detached bubble's wake that may be compared to what can occur in cavitation.

Hermans [START_REF] Hermans | On the instability of a translating gas bubble under the influence of a pressure step[END_REF] described indeed such a high-velocity liquid jet created at the rear of a collapsing cavity in the case of cavitation with a translational motion while -more recently -Caupin and Herbert [START_REF] Caupin | Cavitation in water: a review[END_REF] explained that such a jet is formed as soon as a cavitation bubble loses its spherical shape.

Mitrovic developed a basic view of the bubble detachment process involving such a liquid jet in the 1970's and confirmed it by means of series of experiments conducted -over a period of about 10 years -on isolated bubbles generated from artificial cavities made on upward-facing heating surfaces for different fluids, boiling temperatures and wall superheats. Several years later, he summarized [START_REF] Mitrovic | Formation of a liquid jet after detachment of a vapour bubble[END_REF] his observations and illustrated them in the case of an experiment carried out with refrigerant R113 containing 1 % (mass) of oil at a pressure of 37 kPa and a wall superheat of 39 K. Although the detachment process of a bubble is resulting from the action of several parameters (gravity, inertia, viscosity, surface tension), he focused on the effect of the surface tension which -according to him -is playing a role of major importance in the liquid jet formation through the Laplace pressure. He observed indeed that at the break-off instant, the bubble shape is very different from the equilibrium shape, which means that there is an energy excess. This excess of energy is used to make the bubble shape closer to the equilibrium shape (through a shape change which mainly takes place in the region of the former bubble neck) and can thus be related to the Laplace pressure. In the break-off region, the concave radius is very small so that the Laplace pressure is very high and the associated vapor -compressed by this pressureis finally accelerated toward the center of the bubble1 . For the same reasons, some liquid can be accelerated from the wall towards the bubble center. The author added that this first motion of the liquid leads to different behaviors depending on the bubble size and on the fluid thermosphyical properties. For example, this motion yields capillary waves on the bubble interface and oscillations of the bubble shape for small bubbles whereas it engenders more or less pronounced liquid jet at the base of large bubbles. As for orders of magnitude, in the specific case discussed in [START_REF] Mitrovic | Formation of a liquid jet after detachment of a vapour bubble[END_REF], the rear end of the bubble reached a maximum velocity of approximately 6 m • s -1 just after the bubble break-off whereas the tip of liquid jet reached quickly a constant final velocity equal to about 1.65 m • s -1 (higher velocity was observed during the very early stages of jet formation).

The presence of a secondary bubble: As mentioned in Section 1.2.1, the presence of a secondary bubble conferring to the pair (or group) of bubbles a mushroom shape was already reported by several authors studying water low pressure boiling.

Clark and Merte [START_REF] Clark | Private communication with Van Stralen[END_REF] (cited by Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF]) observed such a behavior in subcooled boiling. They attributed the rapid growth and motion of this secondary elongated bubble to the high-momentum liquid jet formed by the first bubble's wake. Van Leeuwen [START_REF] Van Leeuwen | Private communication with Van Stralen[END_REF] (also cited by Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF]) analyzed the high-speed videos made by Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF]. He stated that this secondary bubble is the consequence of the local depression engendered by the liquid jet on some remaining superheated vapor trapped in the nucleation site after the detachment of the primary bubble.

The presence of a secondary bubble was reported only for vapor pressures lower than 13 kPa by Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] and for vapor pressures lower than 15 kPa by Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] and Giraud et al. [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF]. Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] explained the different values of the upper pressure limit for which a secondary bubble is visible by the fact that the liquid height H l may be different in the two studies. She investigated indeed a liquid level equal to H l = 200 mm whereas the liquid height tested by Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] was not mentioned by the authors.

Van Leeuwen [START_REF] Van Leeuwen | Private communication with Van Stralen[END_REF] and Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] noticed that the size of the contact area between the secondary bubble and the heated wall does not exceed the size r of the dry spot left on the surface by the primary bubble. They therefore attributed the absence of a secondary bubble at higher pressures to the combined effects (as the imposed pressure increases) of:

• A decrease of the relative depression in the wake of the primary bubble;

• The diminishing radius r of the dry area left by a departed bubble. Assuming that the radius r of the dry area around the nucleation site is characterized by a complete local evaporation of the microlayer, Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in pure and binary systems: combined effect of relaxation and evaporation microlayers[END_REF] were able to calculate this parameter. They thus highlighted that -for water -the dry spot is larger at subatmospheric pressures than at atmospheric pressure. They finally concluded that due to the small value of r, it should be difficult to keep such a dry area after the departure of a bubble in water boiling close to atmospheric pressure. A schematic description of this phenomenon is given in Table 3.2 considering a "low" subatmospheric pressure and a higher pressure just before (t = t departure -ε) and just after (t = t departure + ε) the detachment of a bubble of equivalent radius R eq . ). This difference may be related to the different operating conditions imposed in the different studies (Table 3.3): The reasons given by Van Leeuwen [START_REF] Van Leeuwen | Private communication with Van Stralen[END_REF] and Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] can still explain the absence of a secondary bubble for vapor pressures higher than 70.2 kPa (P v > 70.2 kPa, see Fig. 3.6). On the other hand, the absence of a secondary bubble after the departure of the primary bubble and the high-velocity jet of (highly) subcooled liquid for the lowest vapor pressures (P v < 20.0 kPa, refer to Fig. 3.3) may be due to the low imposed heat flux value. The value of ϕ input = 2.7 W • cm -2 may indeed be too low to retain the dry spot on the surface during the whole long waiting time that occurs at such low pressures.

Quantitative results and discussion

Thermal measurements

The study of the heat transfer at the heated wall is made possible through the thermocouples located inside the heater (see Section 2.1.4.1). The wall temperature T exp wall , wall superheat ∆T wall and heat transfer coefficient h are then discussed depending on the pressure in the next sections.

Wall temperature T wall

Large wall temperature fluctuations (up to 25 K according to Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF]) constitute a typical characteristic of water pool boiling at subatmospheric pressures: Yavov et al. [START_REF] Yagov | Experimental study of heat transfer in the boiling of liquids at low pressures under conditions of free motion[END_REF][START_REF] Yagov | Intensification of heat transfer and stabilization of the boiling process in the very low pressure region[END_REF], Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF][START_REF] Van Stralen | Bubble growth rates in pure and binary systems: combined effect of relaxation and evaporation microlayers[END_REF], McGillis et al. [START_REF] Mcgillis | Pool boiling enhancement techniques for water at low pressure[END_REF][START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF], Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] and Giraud et al. [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF] reported them. Making the link between the visualization of the bubble dynamics and the monitoring of the wall temperature, Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] as well as Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] noticed that the increase of the wall temperature T wall slowly takes place during the waiting time whereas its sudden drop occurs during the bubble growth.

However, there are some conditions for which such thermal oscillations do not occur. McGillis et al. [START_REF] Mcgillis | Pool boiling enhancement techniques for water at low pressure[END_REF] reported that at heat fluxes higher than 60.0 W • cm -2 (ϕ input ≥ 60.0 W • cm -2 ), the bubble departure frequency is high enough to get a stable wall temperature. According to Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF], wall temperature fluctuations does not exist for imposed heat fluxes ϕ input = 27.4 W • cm -2 or higher as well as for heat fluxes lower than 6.3 W • cm -2 (ϕ input ≤ 6.3 W • cm -2 ). The author explains the absence of such cyclic variations at low heat fluxes by the fact that under those latter conditions the heat is mainly transferred by single phase natural convection rather than by phase change. In agreement with the conclusions from Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF], the time evolution of the wall temperature T exp wall -calculated according to the method described in Section 2.3.1 and displayed on Fig. 3.7 -does not show any cyclic oscillations for the fifteen investigated vapor pressures P v in the present study (where ϕ input = 2.7 W • cm -2 ).

P v ↗

Wall superheat ∆T wall

Minimal wall superheat models: definition and discussion

Various models are available to determine the minimal wall superheat ∆T crit wall required to initiate bubble nucleation (i.e. to obtain a vapor nucleus larger than the critical equilibrium radius R crit ). Some simple ones are of analytical nature. This critical wall superheat ∆T crit wall is generally defined as the difference between the critical wall temperature T crit wall and the saturation temperature T sat according to Eq. 3.4. Several relations aimed at representing this quantity are hereafter given.

∆T crit wall = T crit wall -T sat (3.4) Combining the Clausius-Clapeyron equation:

∆P ≈ ∆T ρ v ∆h lv T sat (3.5)
and the equation of the static equilibrium of a vapor nucleus (i.e. the Young-Laplace equation):

∆P = 2σ R crit (3.6)
and assuming that the relation postulated by Hsu [56] between the effective cavity size r eff 1 and the radius of equilibrium of a vapor nucleus R crit is valid:

r eff = 0.8R crit (3.7)
one formulation of this minimal wall superheat is [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF]:

∆T crit, 1 wall = 1.6σT sat r eff ρ v ∆h lv (3.8)
According to Rohsenow et al. [START_REF] Rohsenow | Handbook of heat transfer[END_REF], in the case of heterogeneous nucleation (i.e. when a bubble nucleates on a heated surface), the critical radius R crit can be evaluated depending on the fluid thermophysical properties and on the heat flux:

R crit = 2σT sat ν v λ l ϕ∆h lv (3.9)
Rohsenow et al. [START_REF] Rohsenow | Handbook of heat transfer[END_REF] then give several correlations to estimate the critical wall superheat ∆T crit wall depending on the case:

• If only a temperature gradient localized in the vicinity of the heated surface is considered, the critical wall superheat can be evaluated through Eq. 3.10:

∆T crit, 2 wall = 8σT sat ν v ϕ ∆h lv λ l (3.10)
• If the distortion of the temperature profile that may be induced by the presence of the bubble is taken into account, assuming that the temperature in the undisturbed boundary layer that should be matched with the critical wall temperature T crit wall is reached at a certain distance of the surface, the following relation is proposed (Eq. 3.11):

∆T crit, 3 wall = 8σT sat ν v ϕ ∆h lv λ l Pr l (3.11)
• If the critical radius R crit (calculated through Eq. 3.9) is larger than the largest cavity (radius r max ) present on the heated surface, the following correlation is given (Eq. 3.12):

∆T crit, 4 wall = 2σT sat ν v r max ∆h lv + ϕr max λ l (3.12)
The thermophysical properties have to be evaluated at the properly chosen state points to estimate the predictions of those analytical models and to compare them with experimental measurements. Those analytical models were however developed in a configuration where the subcooling of the fluid can be neglected so that care must be taken when using them in the present situation where a non negligible subcooling is induced by the static head P static . As a consequence, the starting hypotheses of those models as well as the considered configuration are identified and discussed below.

All the cited critical wall superheat models were developed considering that:

1 The effective surface cavity size r eff is a constant supposed to be dependent only on the surface characteristics.

54 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf (H 1 ) The bulk liquid is homogeneous in temperature at T l, bulk = T v .

(H 2 ) Inside the boundary layer which is located above the heated surface and in which the bubble is nucleating, the liquid is superheated at a temperature T crit l, BL supposed equal to the critical wall temperature T crit wall .

(H 3 ) The vapor inside the nucleating bubble is both in thermal equilibrium with the liquid of the boundary layer (T crit v, bubble = T crit l, BL ) and in the saturation state (P crit v, bubble = P sat (T crit v, bubble )).

The two configurations -without and with subcooling respectively -are detailed and compared hereafter 1 .

Configuration without subcooling:

In this case (depicted on Fig. 3.8), the static head is negligible compared to the vapor pressure (P static = ρ l (T l, bulk )gH l P v2 ), so that:

• The liquid bulk pressure P l, bulk is approximately equal to the vapor pressure P v .

Combined with hypothesis (H 1 ), this implies that the bulk liquid is in the saturation state at T l, bulk = T v and P l, bulk ≈ P v = P sat (T v ). On the pressure-temperature diagram schematically given on Fig. 3.8b, the bulk liquid is thus located at the state point labeled A.

• The pressure at the level of the boundary layer is also taken equal to the vapor pressure: P l, BL ≈ P v . In addition to hypothesis (H 2 ), this means that the liquid inside the boundary layer, even though being superheated, can be represented at the state point named B on the phase diagram (Fig. 3.8b).

• According to (H 3 ), the vapor inside the nucleating bubble is at the state point C of the phase diagram (Fig. 3.8b). The critical wall superheat is then defined as:

∆T crit wall = T crit wall -T sat ( Pv P l, BL )
Tv=T l, bulk = T crit wall -T l, bulk (3.13) and can be estimated through equations Eq. 3.8, Eq. 3.10, Eq. 3.11 or Eq. 3.12 where:

• T sat is taken as the saturation temperature that would have the liquid in the boundary layer if it would have been in the saturation state (point A) instead of being superheated (point B):

T sat = T sat (P l, BL ) = T v = T l, bulk (3.14) 
• The properties related to the liquid phase (λ l , Pr l ) should match the state of the superheated liquid located inside the boundary layer and therefore be evaluated at point B:

λ l = λ l (T crit wall , P l, BL = P v ) (3.15) Pr l = Pr l (T crit wall , P l, BL = P v ) (3.16)
As the concerned properties vary more with the temperature than with the pressure, they would commonly be taken at point C (which is simpler since this point is at the same temperature but is on the saturation curve): λ l ≈ λ l (T crit wall ) and Pr l ≈ Pr l (T crit wall ). • The properties related to the vapor phase (ρ v , ν v ) should correspond to the state of the vapor of the nucleating bubble, that is point C:

ρ v = ρ v (T crit wall , P sat (T crit wall )) (3.17) ν v = ν v (T crit wall , P sat (T crit wall )) (3.18)
• The properties related to the liquid-vapor interface (σ, ∆h lv ) should be estimated in the saturation state associated with the interface temperature, i.e at point C:

σ = σ(T crit wall , P sat (T crit wall )) (3.19) ∆h lv = ∆h lv (T crit wall , P sat (T crit wall )) (3.20)
Finally, except for T sat which depends on T v = T l, bulk , all the involved properties depend from the unique unknown T crit wall . In fact, authors [START_REF] Rohsenow | Handbook of heat transfer[END_REF] assume usually that the variations of the thermophysical properties between T sat and T crit wall are small so that they can use the critical wall superheat models with all the parameters evaluated at T sat (i.e. at point A).

By definition of the critical wall temperature T crit wall , a higher value T exp wall -corresponding to state points B and C for the superheated liquid of the boundary layer and for the vapor phase respectively -should be observed experimentally. The difference between this measured temperature and T sat defines the experimental wall superheat ∆T exp wall :

∆T exp wall = T exp wall -T sat (

Pv P l, BL ) Tv=T l, bulk = T exp wall -T l, bulk (3.21) 
Configuration with a subcooling induced by the static head: In this case (represented on Fig. 3.9), the static head cannot be neglected compared to the vapor pressure, so that:

• The liquid bulk pressure P l, bulk varies linearly with the depth (z = H l -Z) between the vapor pressure P v and the pressure at the wall P wall defined as:

P wall = P v + ρ l (T l, bulk )gH l P static (3.22)
In association with hypothesis (H 1 ), this means that the bulk liquid is subcooled along the segment A 1 A 2 shown on the phase diagram given on Fig. 3.9b.

• The pressure at the level of the boundary layer is in this case equal to the pressure at the heated surface level: P l, BL ≈ P wall . Combined with hypothesis (H 2 ), this implies that the liquid inside the boundary layer is at the state point named B on the phase diagram (Fig. 3.9b).

• According to (H 3 ), the vapor inside the nucleating bubble is at the state point C of the phase diagram (Fig. 3.9b). The critical wall superheat is then defined as:

∆T crit wall = T crit wall -T sat (

P wall P l, BL ) = T crit wall -T sat (P wall ) (3.23)
and can be estimated through equations Eq. 3.8, Eq. 3.10, Eq. 3.11 or Eq. 3.12 with:

• T sat defined at state point A:

T sat = T sat (P l, BL ) = T sat (P wall ) (3.24)
• The properties related to the liquid phase evaluated at state point B:

λ l = λ l (T crit wall , P l, BL = P wall ) (3.25)
Pr l = Pr l (T crit wall , P l, BL = P wall ) (3.26)

• The properties related to the vapor phase and to the liquid-vapor interface evaluated at state point C: The critical wall temperature T crit wall is finally (again) the unique unknown to be determined to be able to use those analytical models of minimal wall superheat. In the present case, this is done by means of the iterative process schematically described on Fig. 3.10: The difference between the wall temperature T wall and the bulk temperature T l, bulk = T v then corresponds to the sum of the subcooling degree at the level of the heated surface ∆T sub, wall and of the wall superheat ∆T wall . This quantity represents the superheat that exists between the heated wall and the fluid far from the heated surface (i.e. the rest of the system):

ρ v = ρ v (T crit wall , P sat (T crit wall )) (3.27) ν v = ν v (T crit
∆T sys wall = T wall -T l, bulk = ∆T wall + ∆T sub, wall (3.32) In absence of subcooling, the wall superheat ∆T wall and the system wall superheat ∆T sys wall are obviously coinciding. Otherwise, the distinction has to be made between those two characteristics. The wall superheat ∆T wall indeed characterizes the local superheat that occurs between the wall and the boundary layer and that is high enough or not to enable the nucleation of a bubble. On the contrary, the system wall superheat ∆T sys wall is a global characteristic parameter of the system and is the relevant parameter for the calculation of the heat transfer coefficient h observed at the wall.

Comparison between models and measurements

In the present case, as demonstrated on Fig. 3.2, the level of subcooling has to be considered (at least for the lowest investigated pressure levels). As a consequence, the iterative process from Fig. 3.10 was implemented for each pressure level before to evaluate the various parameters and/or thermophysical properties according to Eq. 3.24 to Eq. 3.30 with the database REF-PROP [START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 9.1[END_REF].

The critical radius R crit is then estimated according to Eq. 3.9 and compared to the radius of the largest cavity located on the heated surface. As the heated wall is mirror-polished, the largest cavity corresponds to the artificial nucleation site so that r max = r cav = 55 µm. According to Fig. 3.11, Eq. 3.12 seems to be adapted to the calculation of the minimal superheat only for vapor pressures lower than 19.1 kPa since the critical radius exceeds then the radius of the cavity (R crit > r cav ). Critical wall superheats ∆T crit, 0 wall , ∆T crit,1 wall , ∆T crit,2 wall , ∆T crit, 3 wall and ∆T crit, 4 wall (calculated 1 through Eq. 3.31, Eq. 3.8, Eq. 3.10, Eq. 3.11 and Eq. 3.12 respectively) are reported as a function of the vapor pressure P v on Fig. 3.12. The measured wall temperature T exp wall being steady (with a minor dispersion around its mean value) for each test done at a given vapor pressure, time-averaged values are considered to evaluate the experimental 2 wall superheat ∆T exp wall values which are also displayed on Fig. 3.12.

Several observations can be made from this graph:

• The five curves associated with the correlations for the critical wall superheat ∆T crit wall present the same decreasing shape with the pressure and are relatively close to each other.

• Curves related to Eq. 3.31, Eq. 3.10 and Eq. 3.12 (i.e. ∆T crit, 0 wall , ∆T crit, 2 wall and ∆T crit, 4 wall ) are very close to each other: they are almost superimposed even in the range of pressure where Eq. 3.12 should a priori be not valid because of size of the critical equilibrium radius R crit (compared to the cavity size r cav ). Since the Prandtl number Pr l of the liquid decreases, the curve obtained through Eq. 3.11 becomes closer to the three others as the pressure increases. The curve corresponding to the simplest model (i.e. related to ∆T crit, 1 wall and Eq. 3.8) is always slightly below the curves of the other models.

• The evolution of the measured wall superheat ∆T exp wall with the vapor pressure can be divided into three domains: As shown in Table 3.4, a relationship can be established between the domains (A), (B) and (C) and the vapor pressure ranges where the different bubble shapes are encountered. The slow increase of the wall superheat in domain (B) can therefore be attributed to the interaction between successive bubbles that occurs in this pressure range. More precisely, the increase of the wall superheat may be caused by the presence of the remaining dry area (on the heated wall after a bubble departure), which locally augments the wall temperature. This local increase of the wall temperature seems to be important enough to counterbalance the decrease of this parameter (and thus of the wall superheat) that is expected to occur since the bubble departure frequency increases1 .

Heat transfer coefficient h

The thermal measurements also enable the evaluation of the heat transfer coefficient h at the heated surface according to Eq. 3.33. The calculation and the related uncertainties are detailed in Appendix B.

h = ϕ ∆T sys wall (3.33)
Whatever the vapor pressure P v imposed during this experimental campaign, the heat transfer coefficient h is relatively low: it ranges from h = 1000 to 2100 W • m -2 • K -1 . In agreement with the literature [START_REF] Schnabel | Water as refrigerant -Experimental evaluation of boiling characteristics at low temperatures and pressures[END_REF][START_REF] Yagov | Experimental study of heat transfer in the boiling of liquids at low pressures under conditions of free motion[END_REF][START_REF] Zajaczkowski | Experimental verification of heat transfer coefficient for nucleate boiling at sub-atmospheric pressure and small heat fluxes[END_REF], this result highlights that the heat transfer is degraded at low pressure since natural convection has a larger effect than phase change. However, close to atmospheric pressure (P v ≈ P atm = 101.4 kPa) the heat transfer coefficient could have been expected to be higher. Actually, the low surface roughness also affects the heat transfer: during the present experiments, at higher pressure, even though a few cavities were activated besides the artificial nucleation site at this imposed heat flux, the wall superheat at nucleation remained relatively high. Several authors [START_REF] Jones | The influence of surface roughness on nucleate pool boiling heat transfer[END_REF][START_REF] Khan | Pool boiling heat transfer enhancement by surface modification/micro-structures for electronics cooling: a review[END_REF][START_REF] Mcgillis | Pool boiling enhancement techniques for water at low pressure[END_REF] showed indeed that -for a given imposed heat flux -the higher the roughness of the heated wall, the higher the heat transfer coefficient. They attributed this to larger active cavity sizes (on rougher surfaces). According to this observation, it appears that -at this heat flux -the heat transfer at the wall might be more affected by the heated surface condition than by the pressure or the bubbles sizes and shapes.

Having a smooth surface with an artificial cavity is thus not neutral on the heat transfer despite the fact it is a widely used technique for the study of the bubble dynamics and -in a more general way -of the boiling phenomenon at the scale of single bubbles [82-84, 96, 105]. Actually this questions the physical meaning of the heat transfer coefficient h in such a situation. On a natural surface (i.e. a surface with a given roughness and no artificial site), less and less cavities are activated as the pressure decreases [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF][START_REF] Mcgillis | Pool boiling enhancement techniques for water at low pressure[END_REF][START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF][START_REF] Schnabel | Water as refrigerant -Experimental evaluation of boiling characteristics at low temperatures and pressures[END_REF][START_REF] Zajaczkowski | Experimental verification of heat transfer coefficient for nucleate boiling at sub-atmospheric pressure and small heat fluxes[END_REF]. At low pressure, the present configuration (a smooth surface with a single active cavity) yields thus a distritution of activated nucleation sites not so different from the one occurring on a raw surface, so that the heat transfer coefficient is making sense as a classical engineering tool. The experimental values of h determined during this study for the lowest pressures are of the same order of magnitude as those given in the literature for low pressure pool boiling on natural surfaces [START_REF] Schnabel | Water as refrigerant -Experimental evaluation of boiling characteristics at low temperatures and pressures[END_REF][START_REF] Zajaczkowski | Experimental verification of heat transfer coefficient for nucleate boiling at sub-atmospheric pressure and small heat fluxes[END_REF]. On the contrary, close to the atmospheric pressurei.e. in the region where numerous nucleation sites should be active -the present surface leads to the occurrence of boiling mostly at the artificial cavity. The calculated heat transfer coefficient is then more representative of a heat transfer for single phase natural convection than for phase change.

Bubble dynamics

Some characteristics of the bubble dynamics can be calculated from the video recordings using the in-house image processing tool described in Section 2.3.2. The evolution of those character-istics depend on the pressure as analyzed and discussed hereafter.

However, not all the video files were processed due to the limitations of the automatic detection of bubbles contours. As a consequence, the results presented here correspond only to the analysis of the recordings made for vapor pressures lower than 20.0 kPa (P v ≤ 20.0 kPa (T v ≤ 60 • C)):

• For P v ≤ 15.8 kPa (T v ≤ 55 • C), there is no interaction between successive bubbles (oblate spheroid bubbles) and an automatic treatment of the pictures could be implemented to localize the interfaces of the growing bubbles (Fig. 3.13a).

• At P v = 20.0 kPa (T v = 60 • C), successive bubbles are interacting by pairs (mushroom shaped bubbles) but the edges of individual growing bubbles can be easily identified with the naked eye. A manual treatment was then performed (Fig. 3.13b and Fig. 3.13c).

(a) (b) (c) • For 20.0 < P v ≤ 70.2 kPa (60

• C < T v ≤ 90 • C
), successive bubbles are interacting and the edges of individual growing bubbles cannot be clearly seen with the naked eye (mushroom and column shaped bubbles). The recordings were not image-processed.

• For P v > 70.2 kPa (T v > 90 • C), there is no bubble interaction (near-spherical bubbles) but the bubbles are small (size of a few millimeter) and depart from the wall after a very short growth time. Despite the high-speed camera acquisition frequency, only one or two pictures show(s) a bubble during its growth. In addition, it is difficult to discern such a growing bubble from the shadow zone caused by the glue seal (even with the naked eye). The recordings were not image-processed either.

Effect of the pressure on the bubble growth duration τ growth

The growth duration τ growth was calculated for any bubble whose entire growth had been recorded and processed (i.e. 102 bubbles in total) according to Eq. 2.11. Results depending on the vapor pressure P v are displayed on Fig. 3.14 1 . As noticed in Section 3.2, the lower the pressure, the larger the bubble growth time. Based on the experimental data obtained by Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF], McGillis et al. [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] determined an empirical correlation between the bubble growth duration and the saturated vapor pressure in water subatmospheric pressure pool boiling:

τ McGillis growth = 0.266P -0.565 v (3.34)
where τ McGillis growth is in seconds and P v in kilopascals. This correlation is plotted on Fig. 3.14. Beyond the scattering of the experimental points caused by the random character of the boiling phenomenon, this correlation seems to over-estimate the experimental data of the present study. Although the operating conditions are different in [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] from those of the current work, it may reinforce the idea that the approach where the static head pressure P static is neglected is not valid for the study of pool boiling at low pressure. As a consequence, the pressure P wall at the heated surface level is now considered:

P wall = P v + P static (3.35)
i.e. in the present case:

P wall = P v + P static H l =17.3 cm ≈ P v + 1.7 (3.36)
where all the terms are in kilopascals. al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] to strengthen the current approach. This is yet not possible since the authors did not mention the height of liquid they used during their test campaign. 

Dependence of the waiting time τ wait on the pressure

The waiting time τ wait that separates the departure of a bubble from the wall and the nucleation of a subsequent bubble was evaluated according to Eq. 2.12 each time it was possible. In other words, this characteristic parameter of the bubble dynamics was measured when at least two bubbles were recorded on the same video file (N ≥ 2) and then between every bubble whose entire growth was observed. As it was impossible to catch two bubbles during a unique image acquisition for vapor pressure lower than 7.4 kPa (T v = 40 • C) even when reducing the acquisition frequency, measurement of the waiting time was performed only for pressures ranging from

P v = 7.4 kPa (T v = 40 • C) to P v = 20.0 kPa (T v = 60 • C) 1 .
Results, depending on the vapor pressure P v , are reported on Fig. 3.16 2 . In agreement with the observations made in Section 3.2, the waiting time increases significantly as the pressure decreases: it is thus equal to about 10 ms at P v = 20.0 kPa (T v = 60 • C) whereas it is of the order of 1000 ms at P v = 7.4 kPa (T v = 40 • C). The very large size of bubbles obtained at low pressure amplifies the (already intense) liquid movements caused by their departure from the wall. Those flows combined to the high subcooling of the liquid can therefore explain that a long time is required to get a new bubble subsequently to the detachment of a former one under such condition. The liquid close to the wall indeed has to be re-heated enough to trigger a new nucleation event. The evolution of the waiting time τ wait with the the subcooling degree evaluated at the level of the heated wall ∆T sub, wall can also be analyzed from Fig. 3. [START_REF] Caupin | Cavitation in water: a review[END_REF]. In agreement with the literature, one can then remark that the waiting time increases with the level of subcooling at the wall. In particular, a study of the effect of a uniform subcooling on bubble waiting and growth times for water boiling at atmospheric pressure on a copper surface conducted by Ibrahim and Judd [START_REF] Ibrahim | An experimental investigation of the effect of subcooling on bubble growth and waiting time in nucleate boiling[END_REF] deserves to be considered. Investigating experimentally a subcooling degree varying from 0 K to 15 K for different values of imposed heat flux, the authors observed that the waiting period duration increases as the liquid subcooling increases until the latter reaches a value of about 6 K. Then, the waiting time decreases as the subcooling is further increased. They therefore questioned the ability of the conventional nucleation theory to predict the bubble waiting time at high degrees of subcooling. In such a case, they indeed suggested that -in addition to the one-dimensional transient conduction mechanism generally assumed -some convective mechanism may contribute to transfer heat from the heated surface to the liquid bulk, so that the waiting period can be reduced. In the present work, only an increase of the waiting time with the subcooling is observed (Fig. 3.16). This result is in agreement with Ibrahim and Judd [START_REF] Ibrahim | An experimental investigation of the effect of subcooling on bubble growth and waiting time in nucleate boiling[END_REF] since the level of subcooling ∆T sub, wall at the wall does not exceed 6 K for our experimental dataset. On this graph (Fig. 3.16), each point corresponds to an actual waiting time between two successive bubbles but several points can actually be superimposed:

• At the highest considered pressures, experimental points are numerous with almost no scattering of the values: many bubbles are recorded on the same video even with a high acquisition frequency while the bubble production is repeatable and stable.

• On the contrary, at the lowest regarded pressures, bubbles recorded on a unique video become scarce even when the acquisition frequency of the camera is decreased. In addition, the waiting time values corresponding to those few bubbles are largely scattered (values varying from about 1 s to 3 s). This large scattering could be explained by the stochastic nature of the liquid flows that are engendered by the departure and collapse of a former bubble. The nucleation as well as the dynamics of a given bubble is thus strongly influenced by the history of the previous one and its consequences on the boiling environment (liquid motion in particular).

A curve corresponding to a correlation for the waiting period developed by McGillis et al. [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] is also displayed on Fig. 3.16. The approach implemented by McGillis et al. [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] to predict the waiting time that takes place between the departure of a bubble from the surface and the nucleation of a new bubble followed the subsequent stages:

Choice of the model for the determination of the temperature distribution of the fluid in the vicinity of the heated wall: As the no-slip boundary condition imposed at the solid surface reduces considerably the intensity of the convection close to the wall, the authors consider a transient conduction model to determine the local temperature field (in agreement with Han and Griffith [START_REF] Han | The mechanism of heat transfer in nucleate pool boiling -Part I: Bubble initiation, growth and departure[END_REF]). They then refer to the solution for the temperature distribution during transient conduction of heat into a semi-infinite medium (solid or quasistatic fluid) with the boundary condition of uniform temperature and constant heat flux given by Carslaw and Jaeger [START_REF] Carslaw | Conduction of heat in solids[END_REF]:

∆T cond (Z, t) = 2ϕ λ αt π 0.5 exp -Z 2 4αt - Z 2 erfc Z 2(αt) 0.5 (3.38)
Choice of the boundary condition: They assume that at the end of the waiting period (i.e. at t = τ wait ), the whole bubble nucleus is superheated by the critical superheat ∆T crit wall required to onset the nucleation. This condition is even strengthen [START_REF] Hsu | On the size range of active nucleation cavities on a heating surface[END_REF] by imposing that this minimal superheat is reached at (Z = r eff , t = τ wait ):

∆T cond (Z = r eff , t = τ wait ) = ∆T crit wall (3.39)

Analytical resolution of the problem:

The authors choose to consider the minimal superheat correlation that derives both from the Clausius-Clapeyron equation and from the equation of the static equilibrium of a vapor nucleus (demonstrated in Section 3.3.1.2 and recalled below):

∆T crit, 1 wall = 1.6σT sat r eff ρ v ∆h lv (3.40)
They then perform a linearization of Eq. 3.38 (valid within short times or small penetration depths):

∆T cond (Z, t) ≈ 2ϕ λ αt π 0.5 - Z 2 (3.41) 
Substituting those two quantities in Eq. 3.39, they finally obtain the following relation for τ wait :

τ wait = πλ l ρ l c p l 4ϕ 2 1.6σT sat r eff ρ v ∆h lv ∆T crit, 1 wall + r eff ϕ λ l 2 (3.42)
Comparison to experimental data: In order to compare their predicted and experimental values of waiting time, McGillis et al. needed to estimate the effective surface cavity size r eff . As they conducted tests on a copper surface finished with emery paper which did not present any artificial cavity, they evaluated this parameter by fitting Eq. 3.42 to the measured waiting time for a given operating point1 . They afterwards obtained a good agreement between experimental and theoretical waiting periods over the full range of operating conditions they investigated.

The waiting period is strongly related to the configuration at the instant of nucleation since it corresponds to the time required, after the detachment of a bubble, to re-heat sufficiently the liquid contained in the boundary layer to trigger a new bubble inception event. As a consequence the correlation proposed by McGillis et al. [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] is here evaluated by estimating the thermophysical properties (using REFPROP [START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 9.1[END_REF]) in the state conditions defined in Section 3.3.1.2 in the case with subcooling. The effective cavity size r eff is again taken as the radius of the artificial nucleation site r cav since this site constitutes the only active cavity.

As visible on Fig. 3.16, there is a good agreement between this correlation and the experimental data for vapor pressures higher than 12.4 kPa (P v ≥ 12.4 kPa). At lower vapor pressure levels, the correlation from McGillis does not predict properly the experimental waiting time. This is most likely due to the linearization of the transient conduction model (i.e. of Eq. 3.38 given in Eq. 3.41). This simplification is indeed valid only for short times or small penetration depths but the measured waiting time does not reach this condition for pressures lower than 12.4 kPa since -considering mean values for each pressure levelτ wait (P v < 12.4 kPa) > 0.1 s (i.e. τ wait (P v < 12.4 kPa) ¨¨ 1 s).

Some extensions of the approach developed by McGillis et al. [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] are presented and discussed in comparison with the current experimental results in Appendix C. As no satisfying agreement between this approach and our experimental data is found, a fit of our experimental measurements of τ wait is performed in function of the pressure at the heated wall P wall on Fig. 3.17 in a similar way as what was done in the previous section. 

Bubble departure frequency f

The bubble departure frequency f was estimated according to Eq. 2.13 -within an uncertainty of 4 % -for the same files as for the calculation of the waiting time. Measured values are then reported on Fig. 3.18 1 .

As the bubble frequency is generally defined as the inverse of the sum of the growth time and the waiting time [START_REF] Cole | Bubble frequencies and departure volumes at subatmospheric pressures[END_REF][START_REF] Han | The mechanism of heat transfer in nucleate pool boiling -Part I: Bubble initiation, growth and departure[END_REF][START_REF] Zuber | The region of isolated bubbles and the similarity with natural convection[END_REF]:

f = 1 τ growth + τ wait (3.43)
values of departure frequency obtained from experimental mean values of growth and waiting time as well as from the data fits of those two characteristics are also displayed on Fig. 3.18 for comparison. A good agreement between these three ways of evaluating the bubble departure frequency is thus noticed (in spite of the scattering observed on τ growth and τ wait ).

Consequently to Eq. 3.43, one can conclude from the two previous sections (Sections 3.3.2.1 and 3.3.2.2) that the increase of the bubble departure frequency with the pressure is more related to the decrease of the waiting period than to the decrease of the bubble growth duration: while 1 Several frequencies are visible for a given pressure since several videos were treated for each pressure.

the waiting time τ wait is divided by 100 in the studied range of rising pressure, the growth time τ growth is only divided by a factor 2. 

Bubble growth curves

Contrary to other studies [START_REF] Cole | Bubble frequencies and departure volumes at subatmospheric pressures[END_REF][START_REF] Forster | Dynamics of vapor bubbles and boiling heat transfer[END_REF][START_REF] Ginet | Analyse des mécanismes contrôlant la croissance et l'ascension d'une bulle isolée en ébullition nucléée[END_REF][START_REF] Lee | Spherical vapor bubble growth in uniformly superheated liquids[END_REF][START_REF] Mikic | On bubble growth rates[END_REF][START_REF] Plesset | The growth of vapor bubbles in superheated liquids[END_REF] where bubble growths were investigated in terms of time variations of the bubble radius/diameter (or equivalent radius/diameter, i.e. the radius/diameter of a sphere of the same volume), the volume V is here -as in [START_REF] Siedel | Bubble dynamics and boiling heat transfer: a study in the absence and in the presence of electric fields[END_REF][START_REF] Siedel | Experimental analysis of bubble growth, departure and interactions during pool boiling on artificial nucleation sites[END_REF] -chosen as the main parameter of bubble growth since the observed bubbles clearly do not present a spherical or truncated spherical shape.

Dimensional growth curves

The time evolution of the instantaneous volume V can be measured and plotted for each bubble between its nucleation and departure according to the calculation method described in Section 2.3.2.3. 68 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf

The growth curve of a bubble obtained for P v = 5.6 kPa (T v = 35 • C) is displayed on Fig. 3.19. This curve presents a small peak between t = 60 ms and t = 70 ms which is in fact caused by the limitations of the image processing program. As visible with the pictures corresponding to these two instants also shown on Fig. 3.19, the size of the dry area under the bubble (i.e. the size of the bubble foot) is quickly and significantly reduced during this short lapse of time.

The image processing software is then limited by two simultaneous problems that occur at the bottom of the bubble: the presence of the shadow zone (due to the glue seal) and the presence of the viewport. The combination of those two issues leads to a poor detection of the liquid-vapor interfaces in this region, resulting in an overestimation of the volume during a few milliseconds.

Despite this peak, one can see on Fig 3 .19 that the instantaneous volume V increases almost linearly with time during a large portion of the growth. An additional result is that the volume slightly decreases just before the bubble departure: the bubble starts already to condense because of the subcooling degree of the surrounding liquid.

The error bars shown on Fig. 3.19 correspond to the uncertainty related to the random error made while selecting automatically the liquid-vapor interfaces' pixels. Considering a deviation of ±3 pixels on the detection of the bubble edges (both of left and right sides), the error is estimated to 18 % during the first stages of the bubble growth (small volume of vapor) and to 5 % at the end of the growth (large volume). This error calculation thus does not take into account the limits of the automatic image processing (shadow zone, viewport) that can also affect the measurement of the instantaneous volume V but this is not a big defect since it was demonstrated in Section 2.3.2.3 that the error made on the volume calculation through the automatic treatment remains low with respect to the other sources of error.

A similar growth curve profile was obtained for all the investigated vapor pressure levels and for all the 102 processed bubbles.

Non dimensional growth curves

In order to compare the bubble growth for several operating conditions, growth curves were normalized by dividing the instantaneous volume V by its maximum value V max and the time by the growth duration τ growth according to the following equations:

V * = V V max (3.44) t * = t -t nucleation t departure -t nucleation = t -t nucleation τ growth (3.45)
The non dimensional growth curves of five bubbles representative of four vapor pressures

(P v = 5.6 kPa (T v = 35 • C), P v = 7.4 kPa (T v = 40 • C), P v = 12.4 kPa (T v = 50 • C) and P v = 20.0 kPa (T v = 60 • C)) are plotted on Fig. 3.20 1 .
Interestingly, the curves are very close to each other though the corresponding bubbles clearly present shape and size differences: the shape and the size of the bubbles seem to have no effect on the bubble growth rate. This result is particularly striking at

P v = 20.0 kPa (T v = 60 • C)
where the growth curves of the two kinds of bubbles (primary spheroidal bubble and secondary elongated bubble) are plotted and superimpose well. Bubble growth is usually modeled by a power law of the form:

V * ∼ t * n (3.46)
where n is a fitting parameter. As partly mentioned in Section 1.1.3.1:

• For a bubble growth controlled by inertia, models [START_REF] Mikic | On bubble growth rates[END_REF][START_REF] Robinson | The dynamics of spherical bubble growth[END_REF][START_REF] Theofanous | Universal relations for bubble growth[END_REF] generally lead to1 n = 3.

• For a bubble growth governed by thermal diffusion, the classical therory [START_REF] Cooper | A general expression for the rate of evaporation of a layer of liquid on a solid body[END_REF][START_REF] Fyodorov | Vapour bubble growth in boiling under quasi-stationary heat transfer conditions on a heating wall[END_REF][START_REF] Mikic | On bubble growth rates[END_REF][START_REF] Plesset | The growth of vapor bubbles in superheated liquids[END_REF][START_REF] Robinson | The dynamics of spherical bubble growth[END_REF][START_REF] Theofanous | Universal relations for bubble growth[END_REF][START_REF] Zuber | The dynamics of vapor bubbles in nonuniform temperature fields[END_REF]] yields2 n = 1.5.

• Fitting his non dimensional volume measurements obtained with pentane at atmopsheric pressure, Siedel [START_REF] Siedel | Bubble dynamics and boiling heat transfer: a study in the absence and in the presence of electric fields[END_REF] found n = 1 for 0 ≤ t * < 0.2 and n = 0.6 for 0.2 < t * ≤ 1.

• Studying the bubble growth rate for water and ethanol down to P v = 1 kPa, Yagov [START_REF] Yagov | Bubble growth rate at pool boiling in wide range of reduced pressures[END_REF] determined a bubble growth law 3 where n = 2.25 in case of high Jacob number values (Ja ≥ 600). In such a case, he stated that the bubble growth is predominantly governed by liquid inertia but this does not mean that the thermal diffusion can be neglected. The value taken by the parameter n is indeed an intermediate one between inertia and thermal diffusion controlled bubble growth.

• Recently, Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] attempted to compare her experimental results (obtained with water at subatmospheric pressures) to the classical theory related to a bubble growth controlled by heat transfer diffusion and to the law proposed by Yagov [START_REF] Yagov | Bubble growth rate at pool boiling in wide range of reduced pressures[END_REF]. For vapor pressure lower than 15 kPa, her data were in good agreement with Yagov's model for t * < 0.2 and with the thermally controlled bubble growth law for 0.2 ≤ t * ≤ 0.5. However, none of those models was able to predict the evolution of the dimensionless volume for t * > 0.5.

The entire data set from the present study (i.e. related to the 102 recorded and image processed bubbles) is considered and compared to the previously cited laws of growth on Fig. 3.21. According to this graph, except the linear model that could be accepted for t * < 0.1, none of these models fits our experimental points. They are in particular unable to represent the inflection point visible at t * ≈ 0.1 nor the slow decrease of the dimensionless volume that occurs starting from t * ≈ 0.8. Similarities and differences between Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] and the present work should however be highlighted. These two test campaigns were indeed conducted with the same experimental apparatus and similar conditions:

Table 3.5 -Comparison of the operating conditions between Giraud's study [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] and the current one.

Giraud [44]

The present study

Working fluid

Water Water

P v (kPa)
From 0.85 up to 100 kPa with a special focus on the very low pressure range (from 0.85 to 15 kPa) Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] observed also an inflection point in the first part of the non dimensional growth curves (at t * ≈ 0.2) but it was then much more visible than in the present study. In addition, she noticed that -for a liquid height of 20.0 cm -the increase of the dimensionless volume V * was slower (and the inflection point occurring for a higher dimensionless time t * ) for vapor pressure of 15 kPa and higher (P v ≥ 15 kPa) than for lower pressures: this seems not to be the case here. Giraud highlighted the beginning of the bubbles recondensation before the end of their growths: at t * ≈ 0.7 for the very low vapor pressures and at t * ≈ 0.9 for P v ≥ 15 kPa. In a complementary way, according to the present study, the bubbles are found to start their recondensation at t * ≈ 0.8 whatever the vapor pressure. Yet, she observed a much more intense recondensation at the very low pressures (up to 80 to 90 % of the maximum volume V max ) than at pressures higher than 15 kPa (only about 10 % of the maximum volume V max ). According to Fig. 3.21, whatever the vapor pressure, only the second case (with a recondensation of only 10 % of the maximum volume V max of the bubbles) is observed from the present test campaign. The local subcooling ∆T sub (z) is very probably responsible for this recondensation. This characteristic parameter is however strongly related to the bulk liquid temperature T l, bulk whose homogeneity is still assumed but not confirmed (neither in Giraud's work [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] nor in the present study).

New models finally have to be found to correlate our experimental results. The ratio ln(V * ) ln(t * ) is thus plotted against the non dimensional time t * on Fig. 3.22. As visible on this figure, this Chapter 3. Water boiling at subatmospheric pressures ratio decreases linearly for 0 ≤ t * ≤ 0.8 before increasing significantly for1 t * > 0.8. A linear fit based on the first part of the time evolution of this ratio then leads to:

ln(V * ) ln(t * ) = n(t * ) = -1.069t * + 1.079 for 0 ≤ t * ≤ 0.8 (3.47) 
Using Eq. 3.47, the following relation is suggested for the growth law: As shown on Fig. 3.23, this model fits well the experimental data for 0 ≤ t * ≤ 0.8. The fact that the fitting parameter n varies (and more precisely decreases) with the time is consistent with the idea of a growth law modeled by parts as described by Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] and Siedel [START_REF] Siedel | Bubble dynamics and boiling heat transfer: a study in the absence and in the presence of electric fields[END_REF]. Moreover, this parameter ranging from n ≈ 1 down to n ≈ 0.01, there are instants for which it takes the values determined by Siedel [START_REF] Siedel | Bubble dynamics and boiling heat transfer: a study in the absence and in the presence of electric fields[END_REF].

V * = t * n(t * ) = t * -1.069t * +1.079 for 0 ≤ t * ≤ 0.8 (3.48) 
As expected because of the method used to define it, this model (Eq. 3.48) is yet unable to follow the decrease of the volume for t * > 0.8. Unfortunately, other satisfying fits1 of the ratio ln(V * ) ln(t * ) (t * ) lead to more or less pronounced oscillations of V * in function of t * (over the full range of t * ) which reduce the quality of the deduced model2 . As a consequence, a simple polynomial fit of the experimental data is calculated and displayed on Fig. 3.23:

V * = -1.7369t * 3 + 1.6150t * 2 + 1.0035t * for t * ∈ [0, 1] (3.49)

Maximum volume V max and volume at departure V departure

Values of maximum volume V max and volume at the detachment V departure are reported as a function of the growth duration τ growth for all the bubbles observed for a vapor pressure ranging from In agreement with the qualitative observations made in Section 3.2, both the growth time and the bubble volume (maximum or at departure3 ) increase significantly as the pressure decreases. Four phenomena may explain this result:

P v = 4.2 kPa (T v = 30 • C) to P v =
(i) The variations of the liquid and vapor densities: In the investigated range of saturated pressures P v , the liquid density ρ l of water decreases by around 1 % whereas its vapor density noticeably varies with an increase by about 330 % (see Table 3.6). As a consequence, vaporizing a given mass of liquid results in a much larger vapor volume at low pressure than at higher pressure.

(ii) The variation of the surface tension: Still along the investigated portion of the saturation curve of water, the surface tension σ increases by about 7 % as the pressure (and temperature) decreases (Table 3.6). According to Ginet [START_REF] Ginet | Analyse des mécanismes contrôlant la croissance et l'ascension d'une bulle isolée en ébullition nucléée[END_REF] and to Siedel et al. [START_REF] Siedel | Integral momentum balance on a growing bubble[END_REF], the contact pressure as well as the resultant of the triple line forces (also called the surface tension force) are proportional to the surface tension. The increase of the surface tension σ as the saturation pressure decreases therefore makes the bubble detachment more difficult. This induces then longer bubble growth duration τ growth and larger volume (maximum volume V max or departure volume V departure ) at low pressure than at higher pressure. (iii) The effect of the contact angle of the heated surface: The contact angle of the wall could also have an influence on the size at detachment and on the growth time.

ρ l (kg • m -3 ) ρ v (kg • m -3 ) σ (N • m -1 ) P v = 4.2 kPa (T v = 30
Several studies on single bubble dynamics on hydrophobic or hydrophilic surfaces [START_REF] Nam | Single bubble dynamics on a superhydrophilic surface with artificial nucleation sites[END_REF][START_REF] Nam | Experimental and numerical study of single bubble dynamics on a hydrophobic surface[END_REF] have indeed shown that the departure diameter tends to decrease as the contact angle decreases. However, the effect of the contact angle on the maximum or departure volume of a bubble and on the growth duration cannot be established in this study. Even if it can be inferred from Fig. 3.3 to Fig. 3.6 that the heated surface used in this study is hydrophilic, it was indeed not possible to measure properly the contact angle from our recordings because of the presence of the shadow zones due to the glue seal and to the viewport.

(iv) Other effects: Some other effects -poorly known nor understood for now -such as the dependence of the contact angle of a couple surface/fluid or of the liquid viscosity µ l (and its gradient) on the pressure may also have an influence on the liquid inertia by competing the bubble expansion and thus making the bubble growth slower.

The two following relationships between a bubble growth time τ growth and its volume are finally determined from our experimental points: 

V max = 16.

Relationship between the bubble frequency f and its diameter at departure D departure

Interested in the weight of the latent heat transport contribution to the heat transfer in nucleate boiling, many authors found relationships linking the bubble departure frequency f and diameter D departure . Such relations are generally of the form:

f D n departure = C (3.52)
where C is most of the time a constant whose dimension depends on the value of the exponent n.

• Jakob and Linke [START_REF] Jakob | Der Wärmeübergang von einer waagerechten Platte an siedendes Wasser[END_REF], Fritz and Ende [START_REF] Fritz | Über den Verdampfungsvorgang nach kinematographischen Aufnahmen an Dampfblasen[END_REF], Perkins and Westwater [START_REF] Perkins | Measurements of bubbles formed in boiling methanol[END_REF] as well as Yamagata et al. [START_REF] Yamagata | Nucleate boiling of water on the horizontal heating surface[END_REF] (all of them cited by Rallis and Jawurek [START_REF] Rallis | Latent heat transport in saturated nucleate boiling[END_REF]) determined experimentally (with different fluids and conditions) that n = 1 with C a constant. Zuber [START_REF] Zuber | The region of isolated bubbles and the similarity with natural convection[END_REF] agreed with these authors and expressed this constant C in terms of the fluid physical properties 1 :

C = 0.59 gσ(ρ l -ρ v ) ρ 2 l 0.25 (3.53)
1 As a consequence, C is a constant only at constant pressure. However, for water, the quantity defined through Eq. 3.53 decreases only of less than 5 % as the pressure increases from the triple point to the atmospheric pressure (with the thermophysical properties evaluated on the saturation curve). In this range of pressure, C ≈ 0.0937 m • s -1 .

• Deissler [START_REF] Deissler | Proceedings of the Columbia University Heat Transfer Symposium[END_REF] (cited by Rallis and Jawurek [START_REF] Rallis | Latent heat transport in saturated nucleate boiling[END_REF] and Cole [START_REF] Cole | A photographic study of pool boiling in the region of the critical heat flux[END_REF]) first proposed n to be equal to 0.5 with C = constant. Cole [START_REF] Cole | A photographic study of pool boiling in the region of the critical heat flux[END_REF] and McFadden [START_REF] Mcfadden | The relation between bubble frequency and diameter during nucleate pool boiling[END_REF] came later to the same conclusion.

• Rallis and Jawurek [START_REF] Rallis | Latent heat transport in saturated nucleate boiling[END_REF] observed that the product f V departure was constant whatever the imposed heat flux for water boiling at saturation from a horizontal wire. In other words, they determined n = 3 and C = constant.

• Hatton and Hall [START_REF] Hatton | Photographic study of boiling on prepared surfaces[END_REF] (cited by Ivey [START_REF] Ivey | Relationships between bubble frequency, departure diameter and rise velocity in nucleate boiling[END_REF]) observed that n = 2 and C is a constant which depends on the cavity diameter.

• Ivey [START_REF] Ivey | Relationships between bubble frequency, departure diameter and rise velocity in nucleate boiling[END_REF] made a review of numerous studies aiming at determining the relationship between the bubble frequency and its diameter. He thus identified that, depending on the experimental results and analytic models (and their assumptions), n varies between 0.5 and 3 while C can be either a constant or a function of various parameters (thermophysical properties of fluid, gravitational acceleration and particular system parameters such as the imposed heat flux or heated surface area). He wanted then to extend the data from the literature and on small and large bubbles by performing experiments with water boiling from the outside of tubes at atmospheric and at subatmospheric pressures. He obtained different values of n depending on the major forces acting on a bubble:

-In the hydrodynamic region: buoyancy and drag are the predominant forces acting on a bubble and n is found equal to 0.5; -In the transition region: buoyancy, drag and surface tension are comparable, n is equal to 0.75; -In the thermodynamic region: the bubble growth is governed by thermodynamic conditions and n is estimated to 2.

He finally concluded that a single expression may not properly describe the dependence of the bubble frequency with its diameter for all bubble sizes in nucleate boiling.

• Malenkov [START_REF] Malenkov | Detachment frequency as a function of size for vapor bubbles[END_REF] answered to Ivey [START_REF] Ivey | Relationships between bubble frequency, departure diameter and rise velocity in nucleate boiling[END_REF] by demonstrating that the relationship between the bubble departure frequency and diameter can theoretically be expressed in a general way that covers the various cases cited in the literature. Some specific properties of the system must be introduced for that sake, in particular the vapor content and the bubble rise velocity that are dependent on the imposed heat flux. Malenkov however acknowledged the problem of the reliable determination of those parameters as a major limit to his solution.

To verify if a relation of the form given in Eq. 3.52 holds with the experimental data of the present study, the dependence of the inverse of the bubble departure frequency1 f on its equivalent diameter at departure D departureeq is reported in logarithmic scale on Fig. 3.25. On this figure, each reported point corresponds to the data taken from one recording 1 with:

• The frequency directly obtained from the image processing (through Eq. 2.13);

• The equivalent diameter at bubble departure D departureeq defined as the diameter of the sphere whose volume is equal to the mean value of the volumes at detachment of the bubbles recorded on the video file: As visible on this graph, experimental results can be described by the following relation:

D departureeq = 3 6 π V departure (3.54)
f D 3.4 departureeq = C exp = 2.2 × 10 -5 (3.55) 
where C exp is here in m 3.4 • s -1 .

As for visual comparison, the previously evoked relationships are also displayed on Fig. 3.25 with the same value taken for C. One should be aware that as this constant have a different dimension depending on the values taken by n (C is in m n • s -1 ), this does not have a real physical meaning. However, this enables us to compare the slopes of the curves to our experimental data, i.e. to compare the effect of the exponent n of Eq. 3.52. From this point of view, it appears that:

• The relation found by Rallis and Jawurek [START_REF] Rallis | Latent heat transport in saturated nucleate boiling[END_REF] with n = 3 is rather close to our experimental results.

• The relationships proposed by Ivey [START_REF] Ivey | Relationships between bubble frequency, departure diameter and rise velocity in nucleate boiling[END_REF] are all the three far from experimental results despite this author conducted some tests with water at subatmospheric pressures to establish them.

• Such relationships linking the bubble departure frequency and diameter are actually questionable -at least in the particular case of the low pressure boiling -due to their simplicity. They are indeed most of the time obtained with the assumption that the inertia has a weak influence and/or from experiments conducted at or close to the atmospheric pressure. At low pressure, the subcooling degree makes this usual description of the physical phenomenon probably even less valid than at higher pressures.

Pool boiling of water in the regime of isolated bubbles was investigated for:

• a large range of subatmospheric vapor pressures;

• a unique height of liquid H l ;

• a constant imposed heat flux ϕ input .

The influence of the pressure on the bubble dynamics was qualitatively observed for vapor pressures ranging from

P v = 4.2 kPa (T v = 30 • C) to P v = 101.4 kPa (T v = 100 • C)
through the visualization made with a high-speed camera.

The effect of the pressure on the boiling phenomena was afterwards quantitatively analyzed both in terms of heat transfer (considering all the experiments) and in terms of bubble dynamics (considering only experiments for which the image processing detailed in Chapter 2

was possible, i.e. for 4.2 kPa ≤ P v ≤ 20.0 kPa (30

• C ≤ T v ≤ 60 • C)).
• Four different regimes of bubble dynamics were identified depending on the pressure:

-Oblate spheroid shaped bubbles without any bubble interaction;

-Mushroom shaped bubbles with interaction between paired bubbles;

-Mushroom and column shaped bubbles with interaction between two or more successive bubbles;

-Near-spherical shaped bubbles without any contact between successive bubbles.

• The physical meaning of the wall superheat as well as the state conditions at which the thermophysical properties involved in several wall superheat models should be evaluated were discussed in order to properly analyze the evolution (with the vapor pressure) of this parameter in presence of a subcooling degree induced by a non negligible static pressure.

• A correspondence between the bubble dynamics regime (more precisely the presence or the absence of bubbles interactions) and the evolution of the wall superheat with the vapor pressure was found.

• The strong influence of the specific implemented surface condition (low roughness and a unique artificial cavity) on the heat transfer was also highlighted, in particular close to the atmospheric pressure.

• Some properties of the bubble dynamics such as the growth duration, the waiting time, the bubble frequency or the instantaneous volume were measured (for a reduced range of vapor pressures) resulting especially in:

the confirmation of some characteristics of the bubble dynamics of subatmospheric water pool boiling that were already described in the literature, such as an increase of the size and of the waiting time as the pressure decreases;

the highlighting of the need to take into account the effect of the static pressure to properly conduct such analyses of pool boiling for low pressure conditions;

the establishment of an experimental law of bubble growth which raises questions about the involved mechanisms, since it differs from the classical theories that were mostly established for higher pressures;

the determination of a new relationship between the bubble frequency and the bubble size which contradicts some related results of the literature and questions about the physical meaning of such dependence and of associated models and theories.

Chapter 4

Low pressure boiling: the concept of "mock-up fluids"

Since -as mentioned in Chapter 1 and Chapter 3 -most of the studies on pool boiling at low pressure were carried out with water as the working fluid, it appears interesting to conduct experiments with other fluids to get a better and more general understanding of the phenomenon. The choice of the fluids (and the related operating conditions) to be tested is a key point. These new fluids should indeed be studied in a "similar state" as water at "low pressure". Otherwise, the similarities and differences observed in the behavior of the fluids may be not related to the same phenomenon (i.e not necessary to "low pressure pool boiling").

This chapter is thus aimed at introducing a more general definition of "low pressure" in boiling and a series of criteria to choose mock-up fluids for water (Section 4.1). Once such a fluid selected, a test campaign with it was conducted (Section 4.2) before a comparison could be performed between the behavior of this fluid and the one of water in low pressure pool boiling (Section 4.3). This comparison was carried out with the idea of identifying some driving parameters or dimensionless numbers shared by the two fluids when they present the same behavior.

The concept of "mock-up fluids"

To make the comparison of low pressure boiling characteristics of different fluids possible, the considered fluids have to be in a "similar state" of "low pressure". As a consequence, the concepts of "low pressure" and of "similar state" have beforehand to be well defined. Like it is usual to build correlations in the fields of fluid mechanics or of thermal sciences from reasonings based on similarities (i.e. using mock-ups with same dimensionless numbers), a similar approach is followed in this section to propose such a new definition of "low pressure boiling" (Section 4.1.1), a methodology with a series of criteria to select mock-up fluids (Section 4.1.2) and a design of experiments adapted to the chosen fluid (Section 4.1.3).

A generalized definition of boiling at "low pressure"

Pool boiling at "low pressure" is commonly defined for water [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF][START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF][START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF][START_REF] Zajaczkowski | Experimental verification of heat transfer coefficient for nucleate boiling at sub-atmospheric pressure and small heat fluxes[END_REF] as boiling at pressures below the atmospheric pressure (P v = 101.4 kPa, T v = 100 • C). As briefly discussed in Section 1.2.4, extending the concept of "low pressure" with the same definition to other working fluids would lead to wrong interpretation of the boiling characteristics because the fluids properties would then not been taken into account.

As explained in Section 1.2.3 and as reminded in Chapter 3, Giraud et al. [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF] demonstrated that one of the major features of the low pressure boiling is that the static head P static induced by the liquid height H l over the heated wall can be of the same order of magnitude as the vapor pressure P v . The static head cannot then be disregarded compared to the pressure imposed at the free surface. Considering the pressure P wall at the level of the heated surface which is still defined as:

P wall = P v + ρ l (T l, bulk )gH l P static (4.1)
seems thus be more meaningful as the reference pressure than regarding only the vapor pressure.

Besides, in any case, boiling can only take place if the system pressure is greater than the pressure at the triple point. Consequently, an idea of a general definition of "low pressure" in pool boiling could be to have the pressure at the wall close to the triple point pressure P t of the fluid:

P wall ≈ P t (4.2)
Yet,

P v ≥ P t (4.3)
so that, satisfying Eq. 4.2 means having simultaneously:

P v ≈ P t (4.4)
and

P static = ρ l (T l, bulk )gH l P t (4.5)
which is possible if the liquid density ρ l and/or the liquid height H l are low and/or if the triple point pressure P t is high. This brings to a possible paradox in that sense that it was discovered previously that under low pressure, the bubbles tend to exhibit large diameters (possibly greater than 10 cm with water [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF][START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF][START_REF] Rullière | Experimental evaluation of bubble growth of water at very low pressure[END_REF] for example), so that in the case of low liquid height, the bubbles are likely to emerge from the liquid (i.e. to cross the free surface and finally burst)which is not comparable to pool boiling1 . The present study of pool boiling at low pressure is therefore focused on the situation where bubbles have enough space to grow, detach and start to collapse in the liquid column in order to gain more insight into the related phenomena. Hereafter, the liquid level H l will thus be kept relatively high even if the condition defined in Eq. 4.5 may be not satisfied.

Another way to define the "low pressure boiling" may be to observe from which low pressure value the bubble dynamics behavior deviates from the behavior usually encountered under normal or higher pressures. For instance in the case of water, referring to Section 3.2 one can see that the "low pressure" effect is visible for vapor pressures equal or lower than P v = 70.2 kPa (T v = 90 • C).

A methodology to choose mock-up fluids in "similar states"

As numerous experimental studies on low pressure boiling were conducted using water as the working fluid, water is here taken as the fluid of reference. In this section, a series of criteria is thus developed to choose a mock-up fluid to be compared with water during a low pressure boiling test campaign.

Criterion on the triple point (T t , P t )

In order to carry out experiments with the facility described in Chapter 2 while satisfying Eq. 4.4, the triple point pressure P t of the mock-up fluid should not be too low so that this pressure could be reached in the boiling pool with the vacuum pump. In the same vein, the triple point pressure of the fluid should be obtained in a convenient saturation temperature range with regards to the limits of the cooling system of the test setup. The thermostatic bath connected to the heat exchanger jacketed inside the pool wall working with a given coolant fluid can indeed control and set the temperature of the pool only in a certain range. As the thermostatic bath available 1 for this new test campaign is limited to [0 • C, 40 • C], the triple point temperature T t of the mock-up fluid must be in this range: The triple point data of several fluids (including water for comparison) are listed in Table 4.1.

0 • C ≤ T t ≤ 40 • C (4.6)
According to this table, cyclohexane, benzene, ammonia and acetone have a sufficiently high triple point pressure P t that can be set in the boiling pool with the vacuum pump. However, among those fluids, only cyclohexane and benzene have also a triple point temperature T t adapted to the conditions reachable with the experimental apparatus. Considering Eq. 4.5, it is interesting to notice that these two fluids present a higher triple point pressure than water:

P t ≥ P t water (4.7)

Criterion on the dimensionless ratio P v

P t

In order to compare the mock-up fluid to water, it is desirable to conduct experiments with this fluid and with water in the same ranges of saturation temperatures:

T v ≈ T v water (4.8)
and pressures:

P v = P sat (T v ) ≈ P v water = P sat (T v water ) (4.9)
within the limits of the test bench

(T v ∈ [0 • C, 40 • C]).
Combined with Eq. 4.4 and Eq. 4.7, these conditions yields a new criterion defined as:

P v P t Tv∈[0 • C, 40 • C] P v P t water, Tv∈[0 • C, 40 • C] (4.10)
A comparison of several fluids is performed on Fig. 4.1 considering this pressure ratio. According to this graph, the criterion given as Eq. 4.10 suggests the use of cyclohexane or benzene rather than of acetone or ammonia as the mock-up fluid for water to study low pressure boiling. 

Criterion on liquid and vapor densities ρ l and ρ v

As mentioned in Section 4.1.1, a low liquid density ρ l is a desirable advantage for a suitable mock-up fluid since this is one of the conditions to satisfy Eq. 4.5. As a matter of fact, a low liquid density combined with a high triple point pressure leads to a pressure at the level of the wall P wall close to that of the vapor P v , and therefore (Eq. 4.4) close to the triple point pressure P t .

In addition, due to the large size (few centimeters in diameter) of the bubbles observed at low pressure with water [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF][START_REF] Yagov | Bubble growth rate at pool boiling in wide range of reduced pressures[END_REF] -sometimes larger than the viewports of the experimental setup1 [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF][START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF][START_REF] Rullière | Experimental evaluation of bubble growth of water at very low pressure[END_REF] -it would be appreciable that the selected fluid leads to bubbles slightly smaller than water:

V ≤ V water (4.11) Considering the case in which -at a given instant -the same volume of liquid V is vaporized for both the mock-up fluid and water:

V = m ρ l = m water ρ l water (4.12)
The conservation of mass gives the following relation between the instantaneous volumes of bubbles obtained in each fluid:

V = ρ l ρ l water ρ v water ρ v V water (4.13)
So that Eq. 4.11 is satisfied if:

ρ l ρ l water ρ v water ρ v ≤ 1 (4.14)
That is:

ρ l ρ v ≤ ρ l water ρ v water (4.15)
This defines thus an additional criterion to choose a mock-up fluid.

Few fluids are therefore compared from this point of view on Fig. 4.2, all of them satisfy Eq. 4.15. 

Other criteria to take into account and choice of a mock-up fluid

Other criteria should be taken into account for the choice of a mock-up fluid. Among them, variations of other thermophysical properties or of some dimensionless numbers along the saturation curve could be considered in order to compare and properly explain the similarities and differences between water and another fluid in the boiling behavior at low pressure. One can think -for instance -to the surface tension σ or to the latent heat of vaporization ∆h lv and to the Jacob number Ja or to the I R criterion on inertia or diffusion controlled bubble growth from Robinson and Judd [START_REF] Robinson | The dynamics of spherical bubble growth[END_REF]. However, -to the author's knowledge -such an approach of mocking up fluids has never been tried before in the field of boiling and the parameters or dimensionless numbers that govern the low pressure boiling phenomenon are not identified yet. As a first trial, it was thus decided to consider only the previously cited criteria.

Yet, from a practical point of view, chemical resistance of the different parts of the experimental setup to the fluids as well as the toxicity and the precautions of use of those fluids have absolutely to be taken into account.

Considering all the criteria cited above, cyclohexane was finally selected as the first mock-up fluid to be tested and compared with water1 .

Design of experiments

Previously (in Chapter 3), an experiment was related to the study of the steady state of an operating point defined by four parameters: the working fluid, the imposed heat flux ϕ input , the vapor pressure P v and the liquid height H l over the heated surface. Those parameters should henceforth be rethought and properly chosen to enable a relevant comparison of experimental observations between several fluids.

Choice of the working fluids:

As discussed in Section 4.1.2, tests should be carried out with pure and degassed water and cyclohexane.

Choice of the imposed heat flux ϕ input : This parameter has to be chosen in a similar way for the two fluids. Three options were considered:

(i) Taking an arbitrary value of imposed heat flux identical for the two fluids. This solution presents the major advantage of its simplicity of implementation. However, there would then be no guarantee that the boiling phenomena related to the two fluids would be comparable. It is indeed possible that -for similar operating conditions and with the same heat flux -one fluid is boiling in the isolated bubbles regime whereas the other one is in a regime of fully developed nucleate boiling (i.e. with bubbles growing from multiple activated sites) or in a natural convection regime. It would then be difficult to compare those behaviors even if they would have been obtained by setting the same imposed heat flux value.

(ii) Determining experimentally the lowest imposed heat flux which leads to a boiling regime characterized by isolated bubbles growing only -or at least mostly -from the centered artificial cavity. This is in fact the method used for the experimental session realized with water on a wide range of subatmospheric pressures (detailed in Chapter 3). Starting from a high heat flux which yields the activation of several nucleation sites, the imposed heat flux is decreased progressively down to the lowest value which enables the nucleation of bubbles only from the artificial cavity. This value is afterwards kept for the observation and analysis of the steady state. The choice of the imposed heat flux value with this method will probably lead to one value per fluid (and possibly per operating condition). However, it will be sure that the same regime (of isolated bubbles) will be observed for the two fluids which makes the comparison of the bubble dynamics (and more generally of the boiling behavior) more meaningful than if the fluids present different regimes.

(iii) Defining theoretically an imposed heat flux value through the use of an adapted dimensionless number. One idea could be to consider the relative contribution of the latent heat transport to the total heat transfer defined as the following ratio:

ϕ relative LH = ϕ LH ϕ input (4.16)
and then to choose the imposed heat flux value ϕ input so that this relative contribution ϕ relative LH would be the same for the two fluids. The contribution of the phase change ϕ LH on the heat transfer must thus be properly expressed. However -as in the work of Rallis and Jawurek [START_REF] Rallis | Latent heat transport in saturated nucleate boiling[END_REF] -in addition to some fluid thermophysical properties (in particular the vapor density and thermal conductivity), the evaluation of this contribution involves some bubble dynamics parameters that can be estimated only from the analysis of the corresponding experiment. Among those parameters one can cite the number of active nucleation sites, the typical bubble departure frequency or the mean bubble volume at departure related to each active source. Despite its obvious theoretical interest, this method cannot be used for the choice of the imposed heat flux. Solution (ii) was finally adopted for the test campaign.

Choice of the liquid height H l and of the vapor pressure P v : At low pressure, the liquid height H l has a huge influence on the static head P static H l : depending on this parameter, the static head can become of the same order of magnitude as the vapor pressure P v imposed at the free surface. The liquid height has consequently a non negligible effect on the pressure at the level of the heated surface P wall and more generally on the local hydrostatic pressure P (z).

The local subcooling degree of the liquid corresponds to the local deviation of the liquid from the saturation state. Considering that the saturation state prevails at the level of the free surface (z = 0, point A on Fig. 4.3) and assuming that the bulk liquid is homogeneous in temperature (T l, bulk (z) = T l, bulk = T v ), at a given altitude z (point B on Fig. 4.3), the liquid is at a pressure P (z) higher than P v but at a temperature lower than the temperature corresponding to the saturation state associated with the local pressure (point B on Fig. 4.3). As a consequence, -for a given fluid -the local subcooling degree derives from both the pressure conditions and the vertical distance to the free surface1 . It can be written as:

∆T sub (P v , z) = T sat (P v + P static (z)) -T sat (P v ) (4.17)
As the subcooling degree appears actually as a parameter of major importance of the boiling environment at low pressure and thus of the related boiling phenomena, it would have been interesting to choose pairs of liquid levels (H l cyclohexane , H l water ) and of vapor pressures (P v cyclohexane , P v water ) so that this key parameter would be similar for the two fluids in the vicinity of the heated wall (i.e. in the region where bubbles should be formed):

∆T sub cyclohexane (P v cyclohexane , z ≈ H l cyclohexane ) ≈ ∆T sub water (P v water , z ≈ H l water ) (4.18)
Or -equivalently -after the variable change2 Z = H l -z (refer to the geometry represented on Fig. 4.4):

∆T sub cyclohexane (P v cyclohexane , Z cyclohexane ≈ 0) ≈ ∆T sub water (P v water , Z water ≈ 0) (4.19) For a given fluid, the local static head P static (Z) can be expressed according to two distinct relations:

1. Through the hydrostatic law:

P static (Z) = P (Z) -P (Z = H l ) = P (Z) -P v = ρ l g(H l -Z) (4.20)
2. Through the Clausius-Clapeyron relation 1 :

P static (Z) = P (Z) -P v ≈ ∆T sub ρ v ∆h lv T v (4.21)
Equating Eq. 4.20 and Eq. 4.21 yields a direct estimation of the local subcooling degree as a function of the fluid thermophysical properties (evaluated in the saturation state at P v ), the liquid height H l and the position Z:

∆T sub ≈ T v ρ l g ρ v ∆h lv (H l -Z) (4.22)
that can be rewritten as:

∆T sub ≈ Ψ(Fluid, (P v , T v = T l, bulk ), H l , Z, ρ l (P v , T v ), ρ v (P v , T v ), ∆h lv (P v , T v )) (4.23)
The fact that Ψ depends on both the vapor pressure P v and the liquid height H l shows that -if the criterion of a similar local subcooling degree in the vicinity of the heated wall is retained to define the operating conditions to reach a "similar state" in different fluidsthose two parameters are no longer independent. A second relation between them should then be found so that this issue could be solved analytically.

Let therefore assume that a couple of vapor pressures (P v cyclohexane , P v water ) is determined and consider a given altitude Z 0 = Z cyclohexane = Z water at which the subcooling degree 1 The use of this relation is a valuable approach within the condition that the variation of the slope of the saturation curve remains small between Pv and P (Z) (i.e. between points A and B from Fig. 4.3), that is if those points are relatively close, i.e. for z ≈ 0 or equivalently Z ≈ H l . This reasoning -being interesting in the domain where Z ≈ 0 -is thus valuable within relatively small liquid levels H l .

should be equal in both fluids:

∆T sub cyclohexane (P v cyclohexane , Z 0 ) = ∆T sub water (P v water , Z 0 ) (4.24)

That is:

T v cyclohexane ρ l cyclohexane g ρ v cyclohexane ∆h lv cyclohexane (H l cyclohexane -Z 0 ) = T v water ρ l water g ρ v water ∆h lv water (H l water -Z 0 ) (4.25)
The two liquid heights are then linked according to Eq. 4.26:

H l cyclohexane = (1 -ξ)Z 0 + ξH l water (4.26)
where ξ is a function of the thermophysical properties of the two fluids (depending on their own saturation state):

ξ((P v , T v ) cyclohexane , (P v , T v ) water )) = T v water ρ l water ρ v cyclohexane ∆h lv cyclohexane T v cyclohexane ρ l cyclohexane ρ v water ∆h lv water (4.27)
For an arbitrary value of water 1 liquid height H l water , Eq. 4.26 means that the liquid level H l cyclohexane for cyclohexane can be adjusted so that a same subcooling degree can be obtained in the two fluids at an arbitrarily chosen position Z 0 . Yet, it is not desired to obtain the same subcooling degree only at a given position Z 0 but on a given range of altitude (Z ∈ [0, min(H l water , H l cyclohexane )]). This is possible only if corresponding saturation states such as:

ξ((P v , T v ) cyclohexane , (P v , T v ) water )) = 1 (4.28)
are set in the fluids 2 . With this condition, Eq. 4.26 becomes:

H l cyclohexane = H l water (4.29) An iterative process using [START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 9.1[END_REF] was implemented to determine -if it exists -cyclohexane 1 Water is still taken as the reference fluid. 2 This condition is equivalent to say that the gradient of subcooling along Z have to be identical in the two fluids (see Eq. 4.22 and 4.27).

saturation states associated with some water saturation states according to Eq. 4.28. Those corresponding points can be visualized on Fig. 4.5. The matching local subcooling degrees obtained in water and cyclohexane in the case of the conditions related to the couple of working points linked with the red arrow on Fig. 4.5 are compared on Fig. 4.6 for different liquid levels (identical for both fluids, Eq. 4.29). This graph confirms that such couples of working points lead to similar local subcooling degrees in the two fluids. As expected, because of the use of the Clausius-Clapeyron relation for the determination of the working points pairs, the subcooling degree difference between the fluids increases as the distance to the heated wall decreases (i.e. as Z tends to zero). This deviation becomes thus greater as the liquid height H l is increased. However, this deviation seems to remain acceptable for a relatively large range of liquid level (up to H l = 1 m in the case presented on Fig. 4.6).

It appears on Fig. 4.5 that such saturation states of cyclohexane cannot be found for water at a saturation temperature strictly lower than 40 • C. Studying pool boiling of water and cyclohexane at low pressure with an identical local subcooling degree is therefore not possible with the experimental facility1 .

As a consequence, the couples of vapor pressure conditions (P v cyclohexane , P v water ) and of liquid levels (H l cyclohexane , H l water ) are chosen as independent parameters.

(i) The criterion on the pressure ratio Pv Pt (Eq. 4.10) appears finally as a good summary of the constraints imposed by both the new definition of the "low pressure boiling" and the experimental facility. The imposed values of vapor pressure P v are subsequently chosen so that the same values of the ratio Pv Pt are tested for the two selected working fluids: (ii) Once the pairs of vapor pressure conditions chosen, it might have been of some interest to adjust the couples of liquid heights in order to obtain the same subcooling degree at the level of the heated surface (despite the gradients would be different and thus the subcooling degrees at the others levels too). However, as illustrated on Fig. 4.7 in the case where Pv Pt = 3, this idea yields liquid levels for cyclohexane larger than the total height of the vessel. Finally, because of the number of constraints that could not be solved in the time frame of this PhD work with the experimental means available, it is decided to choose arbitrary values of liquid level identical for the two fluids:

P v P t
H l cyclohexane ≈ H l water (4.32)
Nevertheless, recommendations will be formulated to take into account the criteria developed in this chapter in future works.

Experiments with cyclohexane

In order to take the benefit of the concept of "mock-up fluids" described in the previous section (Section 4.1) to help identify the driving parameters leading to the specific characteristics of "low pressure pool boiling", experiments were carried out with cyclohexane. The related operating conditions are given in Section 4.2.1 while the results concerning the bubble dynamics and the heat transfer are presented in Sections 4.2.2 and 4.2.3 respectively.

Operating conditions

In agreement with the above discussions, the operating conditions detailed hereafter are set for the test campaign with the new fluid.

Working fluid: This experimental session is conducted with pure and degassed cyclohexane as the working fluid.

Heat flux input ϕ input : For all the tests, the lowest imposed heat flux which enabled the observation of a regime of isolated bubbles growing from the artificial cavity was found to be equal to 2.0 W • cm -2 .

Vapor pressures P v : Twelve values of vapor pressure were investigated. As shown in Table 4.2, those pressure levels are actually corresponding to twelve values of the pressure ratio Pv Pt covering the range of temperature reachable with the experimental facility Pressure ratios lower than Pv Pt = 1.50 were not tested. As a matter of fact, the air-tightness of the sample was not satisfied in such conditions: the glue seal alone was no longer effective enough to avoid the penetration of air inside the vessel while the very low imposed heat flux made the copper part of the heater not expanded enough to overcome the deficiency of the seal.

(T v ∈ [0 • C, 40 • C]).
Liquid height H l : For all the tests, the liquid height was set constant at the arbitrary value of H l = 17.8 cm.

According to Fig. 4.8, as the liquid density ρ l is almost constant over the investigated range of saturation pressures and temperatures, the static head induced by the column of liquid can be considered as constant:

P static H l =17.8 cm = ρ l (T l, bulk )gH l ≈ 1.4 kPa (4.33)
The local subcooling degrees ∆T sub (z) are evaluated [START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 9.1[END_REF] and reported on Fig. 4.9 for all the investigated vapor pressure values. As already noticed for water in Section 3.1.2, the effect of the subcooling is lowered as the vapor pressure is increased since the local pressure moves away from the triple point pressure leading to a degradation of the "low pressure" conditions.
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Bubble dynamics

As expected when selecting the imposed heat flux, the boiling regime observed during all the experiments is the isolated bubble regime characterized by the growth and departure of single bubbles separated by a waiting time.

Contrary to what was noticed with water, this regime appears here to be not very regular or steady: for a given working point, bubbles seem to vary in size and frequency. This might be related to the wettability of cyclohexane. As a solvent commonly used in the chemical industry (in the production process of nylon for example [START_REF] Castellan | Industrial production and use of adipic acid[END_REF]), this fluid presents a higher wettability than water1 (i.e. a smaller contact angle θ), which was verified on several substrates [START_REF] Ethington | Interfacial contact angle measurements of water, mercury, and 20 organic liquids on quartz, calcite, biotite, and Ca-montmorillonite substrates[END_REF]. Tong et al. [START_REF] Tong | Contact angle effects on boiling incipience of highly-wetting liquids[END_REF] highlighted that -for highly-wetting liquids -the velocity of the liquid-vapor interface of the vapor nucleus inside the cavity changes in direction and magnitude during the bubble embryo formation. Such a deformation of the interface leads to wide variations of the contact angle (the contact angle being low, a small distortion of the interface yields a large variation of the apparent contact angle) to which authors attributed the relatively large variations in the local wall superheat at boiling incipience reported for such fluids.

As with water, several behaviors in terms of bubble shape were observed. They are described in the following subsections.

Mushroom shaped bubbles

In the lowest range of investigated pressure, the bubble dynamics of cyclohexane boiling -with these specific liquid level H l and imposed heat flux ϕ input -is characterized by mushroom shaped bubbles. For 7.9 kPa ≤ P v ≤ 10.5 kPa (14.3

• C ≤ T v ≤ 20.5 • C, 1.50 ≤ Pv Pt ≤ 2.00
), bubbles are indeed interacting by pairs. In a similar manner as in water (refer to Section 3.2.2), the departure of a primary oblate spheroid bubble is rapidly followed by a secondary elongated bubble which is sucked into the wake of the primary one and of its associated liquid jet. The pair of bubbles displays an apparent mushroom shape when the second bubble penetrates into the first one.

The case where P v = 7.9 kPa (T v = 14.3 • C, Pv Pt = 1.50) -representative of the bubble dynamics behavior of cyclohexane in this range of pressure -is shown on Fig. 4.10. In this range of pressure, as illustrated on Fig. 4.10, the bubble size is varying from one pair to another: there are alternatively quite large bubbles (about 16 mm in diameter) and relatively small bubbles (about 8 mm in diameter). As explained in introduction of Section 4.2.2, this may be related to the wettability of cyclohexane which causes a poor stability of the bubble embryo leading to variations of both the contact angle and the local wall superheat from one bubble to another.

mm

It appears here that the direct observation of the recordings does not enable the observer to conclude about any trends concerning the evolution of the bubble size, growth duration τ growth , 92 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf waiting time τ wait or bubble departure frequency f with the pressure. Bubbles are indeed numerous on a given video and the fact they vary in size for the same operating conditions makes the direct comparison of several files difficult. However, in this case, a manual treatment of the video files was performed1 since -as for the mushroom shaped bubbles observed in water -the contours of individual growing bubbles can be identified with the naked eye. Yet, it should be noticed that the accuracy of this image processing is here degraded compared to the situation with water because:

• The bubble frequency is clearly higher: both the growth time τ growth and waiting period τ wait are shorter while the absolute error on these characteristic properties is still the same (± 1 to 2 ms) since the acquisition frequency of the camera is identical (1000 Hz).

• Bubbles are smaller while the imaging area used for the experiments still corresponds to the full size of the viewports (i.e. 100 mm wide): an error of a few pixels in the localization of the bubble edges leads to a larger relative error on the volume than for larger bubbles.

This quantitative analysis of the recordings confirmed that the variations of bubble growth time, waiting period or frequency of detachment with the pressure in this domain of interest (i.e for 7.9 kPa ≤ P v ≤ 10.5 kPa (14.

3 • C ≤ T v ≤ 20.5 • C, 1.50 ≤ Pv Pt ≤ 2.00
)) are small: (i) In average, for all the three pressure levels, the growth duration τ growth is almost constant and equal to about 20 ms. However, a large standard deviation (approximately 8.5 ms) is associated with this quantity. This scattering can be explained -in addition to the random character of the boiling phenomenon -by the alternation of large and small bubbles: as observed with water (refer to Section 3.3.2.5), the longer the bubble growth, the larger the bubble volume (maximum or at departure). The probability density functions (PDF) of the growth time related to each treated recording are then plotted on Fig. 4.11 to confirm this hypothesis. 

≤ Pv P t ≤ 2.00) (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ).
For each processed file (i.e. for each of the three considered pressure levels), the PDF actually displays two peaks: one around τ growth = 14.9 ms and a smaller one at about τ growth = 29.2 ms. Those two peaks can be related to the two series of bubbles: to the group of small bubbles and to the group of the larger bubbles respectively1 . As the pressure increases, those peaks are slightly translated to the left meaning that, statistically, the growth duration of a given bubble (small or larger) is shorter as the pressure augments2 . This is in agreement with previous results obtained with water in Chapter 3.

(ii) The waiting time τ wait which separates two successive bubbles slightly decreases when the pressure increases: its mean value varies from 6.9 ms at P v = 7.9 kPa (T v = 14.3 • C, Pv Pt = 1.50) to 4.9 ms at P v = 10.5 kPa (T v = 20.3 • C, Pv Pt = 2.00). Those small measured waiting times should be read with care since the associated relative uncertainty is then relatively high. According to the graph displayed on Fig. 4.12 which represents the PDF of the waiting time for the three pressure levels, in their huge majority, the waiting periods last between 0 and 10 ms. It happens yet that from time to time a waiting time lasts much longer (up to 55 ms). These outliers can be related to the random nature of boiling which is possibly reinforced by the instability of the vapor embryo caused by the high wettability of cyclohexane on the heated wall. Restricting the analysis to the data included in the major peak of the waiting time PDF yields a mean value of about 4.7 ms with a standard deviation of 1.3 ms which seems to be acceptable even though being of the same order of magnitude as the mean value. 

≤ Pv P t ≤ 2.00) (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ).
(iii) The bubble departure frequency f slightly increases from 36.6 Hz up to 39.8 Hz as the vapor pressure augments. The number of bubble growths fully recorded on a file3 changed indeed from 54 at P v = 7.9 kPa

(T v = 14.3 • C, Pv Pt = 1.50) to 61 at P v = 10.5 kPa (T v = 20.3 • C, Pv Pt = 2.00).
Consequently to (i) and (ii) and to the relationship that exists between the frequency and the growth and waiting times which is recalled as Eq. 4.34:

f = 1 τ growth + τ wait (4.34)
the increase of the bubble departure frequency with the pressure is more influenced by the evolution of the waiting period with the pressure rather than by the variation of the growth time.

The image processing of the recordings enabled also the quantitative analysis of the bubbles volumes.

The PDF of the bubble maximum (and at the detachment) volumes V max (and V departure )plotted on Fig. 4.13 -confirm that for all the three considered pressures, most of the bubbles are small (with a maximum volume V max lower than 0.7 cm 3 ). Moreover, these plots reveal that the group of larger bubbles is actually not homogeneous in size even at a given operating vapor pressure. A PDF associated to a given pressure condition presents indeed several (up to three) secondary peaks which correspond to the different greater volume values that are reached by a non negligible number of bubbles. In a similar manner as it was done for water in Chapter 3, dimensional and non dimensional growth curves can be plotted for each recorded bubble. Hereafter, only the results concerning the dependence of the non dimensional volume V * on the non dimensional time t * are detailed. 

• C ≤ Tv ≤ 20.3 • C, 1.50 ≤ Pv P t ≤ 2.00)).
On Fig. 4.14, the experimental measurements associated with the 173 recorded and processed bubbles are compared with the same usual laws of growth already listed and presented in Section 3.3.2.4.

According to this graph, the non dimensional volume V * of cyclohexane bubbles observed under the considered conditions increases almost linearly before reaching its maximal value at t * ≈ 0.65. At t * > 0.65, the volume decreases down to approximately 70 % of its maximal value at t * = 1. One can also remark from this plot that the experimental data are relatively noisy. This may still be explained by the combination of:

• The small size of bubbles which increases the relative uncertainty on the volume evaluation;

• The scattering of the size of the bubbles associated with a given working point.

As none of the usual models fits our experimental points, the same procedure as previously is implemented to determine new models correlating the measurements. The ratio ln(V * ) ln(t * ) is thus plotted against the non dimensional time t * on Fig. 4.15. As visible on this figure, this ratio decreases linearly for 0 ≤ t * ≤ 0.65 before increasing significantly for1 t * > 0.65. ln(t * ) associated with the 173 recorded and processed bubbles (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 , 7.9 kPa ≤ Pv ≤ 10.5 kPa (14.3

• C ≤ Tv ≤ 20.3 • C, 1.50 ≤ Pv P t ≤ 2.00)).
A linear fit based on the first part of the time evolution of this ratio then leads to:

ln(V * ) ln(t * ) = n(t * ) = -0.8915t * + 0.6827 for 0 ≤ t * ≤ 0.65 (4.35) 
The growth law can consequently be approached by:

V * = t * n(t * ) = t * -0.8915t * +0.6827 for 0 ≤ t * ≤ 0.65 (4.36) 
As shown on Fig. 4.16, this model fits quite well the experimental data for 0 ≤ t * ≤ 0.65. However -as expected because of the restricted range of time t * used to determine it -this model (Eq. 4.36) is unable to follow the decrease of the volume for t * > 0.65. A simple polynomial fit of the experimental data is therefore also calculated and displayed on Fig. 4.16: 

V * = -0.3056t * 3 -1.6422t * 2 + 2.6226t * for t * ∈ [0, 1] (4.37) 

Mushroom and column shaped bubbles

An alternation of pairs of bubbles displaying an apparent mushroom shape and of groups of several successive bubbles forming vapor columns characterizes the bubble dynamics associated with the pressure levels belonging to the intermediate range of investigation (i.e. for 11.8 kPa ≤ P v ≤ 15.7 kPa (22.8

• C ≤ T v ≤ 29.3 • C, 2.25 ≤ Pv Pt ≤ 3.00)).
A representative case of this regime -corresponding to the pressure P v = 11.8 kPa (T v = 22.8 • C, Pv Pt = 2.25) -is shown on Fig. 4.17. As visible on Fig. 4.17, the bubbles which form column shaped vapor masses are smaller than the bubbles which form mushroom shaped vapor masses. The bubble size still seems to decrease as the pressure is increased: for instance the diameter of the larger bubbles is of about 15 mm at P v = 11.8 kPa (T v = 22.8 • C, Pv Pt = 2.25) and of approximately of 10 mm at P v = 15.7 kPa (T v = 29.3 • C, Pv Pt = 3.00) whereas it was of about 16 mm at P v = 7.9 kPa (T v = 14.3 • C, Pv Pt = 1.50) and of about 15.3 mm at P v = 10.5 kPa (T v = 20.3 • C, Pv Pt = 2.00). The apparition of column shaped vapor masses might therefore result from the new size reduction of the smallest bubbles seen in the lower range of pressure. Such a bubble seems indeed to be so small that the depression locally induced by its detachment from the wall is too low to cause a liquid jet and to suck the subsequent bubble into its wake. Meanwhile, the number of bubbles involved in such columns of vapor seems to increase. Despite it cannot be quantified (since the numerous contacts between bubbles make the localization of individual growing bubbles edges not possible even with the naked eye), the bubble departure frequency f probably increases with the vapor pressure P v .
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Near-spherical bubbles

No more alternation of larger and smaller bubbles occurs at higher pressure (i.e. for 17.0 kPa

≤ P v ≤ 22.3 kPa (31.1 • C ≤ T v ≤ 37.5 • C, 3.25 ≤ Pv Pt ≤ 4.25)
). In this case, bubbles are even smaller than previously, near-spherical and separated by a very short waiting time. As illustrated on Fig. 

Summary

Results presented in this section finally highlight some trends concerning the bubble dynamics of cyclohexane during pool boiling in the regime of isolated bubbles at "low pressure" (with H l = 17.8 cm and ϕ input = 2.0 W • cm -2 ). As the vapor pressure P v is increased:

• The bubble size decreases: from around 15 mm (i.e. almost 9 times the capillary length of cyclohexane) to approximately 1.5 mm in diameter.

• The waiting time τ wait decreases, yielding an increase of the bubble departure frequency f .

• The bubble shape changes:

-An apparent mushroom shape caused by the contact between paired bubbles for 7.9 kPa ≤ P v ≤ 10.5 kPa (14.3

• C ≤ T v ≤ 20.5 • C, 1.50 ≤ Pv
Pt ≤ 2.00); -A mushroom and column shape obtained from the interaction between two or more successive bubbles in the intermediate range of pressure (11.8 kPa

≤ P v ≤ 15.7 kPa (22.8 • C ≤ T v ≤ 29.3 • C, 2.
25 ≤ Pv Pt ≤ 3.00)); -A near-spherical shape without any contact between successive bubbles at higher pressure (17.0 kPa

≤ P v ≤ 22.3 kPa (31.1 • C ≤ T v ≤ 37.5 • C, 3.25 ≤ Pv Pt ≤ 4.25)).
Interestingly, these observations are relatively close to the ones made in Chapter 3 when studying water pool boiling at subatmospheric pressures.

Thermal measurements

Wall superheat ∆T wall

As during the test campaign conducted with water in Chapter 3, the imposed heat flux is here so low [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] that no fluctuation is observed on the time evolution of the wall temperature T exp wall . However -contrary to the case of water -it was here expected to monitor some local variations of the wall temperature with time because of the alternation of small and larger bubbles which is possibly induced by the high wettability of cyclohexane (refer to the introductory paragraph of Section 4.2.2 and to [START_REF] Tong | Contact angle effects on boiling incipience of highly-wetting liquids[END_REF] for details). The test sample instrumentation and its associated acquisition system make actually such an observation not possible: the acquisition frequency is too low compared to the growth time of a bubble τ growth . For a given thermocouple, one measurement is indeed acquired every 3 s whereas the bubble growth duration is of the order of magnitude of only a few tens milliseconds.

Despite this huge limitation of the instrumentation, the measured values are used and timeaveraged to evaluate the experimental wall superheat ∆T exp wall to be compared with the models of critical wall superheat ∆T crit, 0 wall , ∆T crit, 1 wall , ∆T crit, 2 wall , ∆T crit, 3 wall and ∆T crit, 4 wall calculated using [START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 9.1[END_REF], following the method detailed in Section 3.3.1.2 in the configuration where a subcooling degree is induced by the static pressure.

First, the critical radius R crit is calculated (through Eq. 3.9) and compared to the radius of the artificial nucleation site (which still constitutes the largest cavity on the heated surface, r max = r cav = 55 µm). According to Fig. 4.19, the critical superheat ∆T crit, 4 wall (Eq. 3.12) seems not to be adapted to the present situation since the critical radius is never exceeding the radius of the cavity. However, as this model was not so different from the others for water (refer to Fig. 3.12), this model is kept in the following comparison. The five critical wall superheat models as well as the experimental wall superheat are finally reported as a function of the vapor pressure P v and of the pressure ratio Pv Pt on Fig. 4.20.

Contrary to what was observed with water (see Fig. 3.12), the curve corresponding to one of the five correlations for the critical wall superheat ∆T crit wall is clearly far from the others and from experimental values. The concerned model is ∆T crit, 3 wall which corresponds in fact to the model ∆T crit, 2 wall corrected by a factor taken equal to the Prandtl number of the liquid Pr l . According to Kenning and Cooper [START_REF] Kenning | Flow patterns near nuclei and the initiation of boiling during forced convection heat transfer[END_REF] (cited by Rohsenow et al. [START_REF] Rohsenow | Handbook of heat transfer[END_REF] when introducing the different usual flat shape which seems to be consistent with the evolution of the experimental measurements with the pressure, especially for P v ≥ 18.3 kPa (T v ≥ 32.8 • C, Pv Pt ≥ 3.50).

Heat transfer coefficient h

The heat transfer coefficient h at the heated wall is estimated as previously with reference to the system wall superheat ∆T sys wall (equal to the sum of the wall superheat ∆T exp wall and of the local subcooling degree evaluated at the level of the wall ∆T sub, wall ):

h = ϕ ∆T sys wall (4.38)
The related uncertainties are calculated as it was done for Chapter 3 in Appendix B. As the imposed heat flux ϕ input is lowered compared to the test campaign conducted with water, the uncertainties are higher here than previously. For instance, the heat transfer coefficient is calculated within 5.8 % when considering the imposed heat flux value ϕ input (h ϕ input ) and within 60.6 % when considering the heat flux value ϕ meas (h ϕmeas ) obtained through the thermocouples measurements. As explained in Appendix B for the results given in Chapter 3, the uncertainty on the heat transfer coefficient h ϕ input considering the imposed heat flux value ϕ input is low but -contrary to the heat transfer coefficient h ϕmeas considering the measured heat flux value ϕ meas -this does not take into account the heat losses along the copper block at all. As the heat transfer coefficient h ϕ input based on the imposed heat flux ϕ input is always included in the uncertainty range of the heat transfer coefficient h ϕmeas calculated from the measured heat flux ϕ meas (Fig. 4.21), one can choose to consider either the first or the latter estimation of the heat transfer coefficient for further analysis. 

P t (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ).
According to Fig. 4.21, during this experimental session, the heat transfer coefficient h is relatively low since it ranges from h = 500 to 1200 W • m -2 • K -1 . The remarks -made in Section 3.3.1.3 -which question the physical meaning of this quantity according to the current surface treatment (mirror-polished with a unique artificial cavity) still hold true with cyclohexane. One can however notice that the heat transfer coefficient is almost divided by 2 between the tests conducted with water and those carried out with cyclohexane while the same experimental apparatus -in particular the same heater and thus the same heated surface -was used. This can be explained by the combination of three facts:

• The imposed heat flux ϕ input is slightly lowered from 2.7 W • cm -2 in water down to 2.0 W • cm -2 in cyclohexane;

• The bubbles of cyclohexane are in average much smaller than the bubbles of water while the latent heat of vaporization ∆h lv of cyclohexane is about five times lower than the one of water: as a consequence, despite of a higher bubble departure frequency, the amount of heat transferred by phase change may be lower in cyclohexane than in water;

• As most of the heat seems to be transferred by single phase convection (rather than by phase change), the liquid thermal conductivity λ l may also play a role in the heat transfer coefficient difference that exists between the two fluids: this property is indeed about six times larger in water than in cyclohexane. As schematically summarized on Fig. 4.22, three of the four behaviors identified in water are indeed also observed in cyclohexane:

• Mushroom shaped bubbles;

• Mushroom and column shaped bubbles;
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• Near-spherical bubbles.

The fact that oblate spheroid shaped bubbles are not observed in cyclohexane may be related to the high wettability of this fluid on the heated surface. As illustrated in Table 4.3, in a "highlywetting" fluid, the liquid always tends to re-wet the heated wall. The triple line is therefore still pushed towards the cavity by the liquid so that its motion on the surface during a bubble growth is small (i.e. the triple line tends to remain attached at the mouth of the cavity or close to it). This effect does not promote the formation of oblate spheroid shaped bubbles. On the contrary, in a "poorly-wetting" fluid, the wetting power of the liquid is small: as a bubble is growing, the triple line can move significantly away from the cavity's mouth, which may foster the apparition of bubbles of such a shape. Although there exist conditions for which water and cyclohexane present a same regime of paired "mushroom shaped" bubbles, some differences in the realization of this particular pattern can be highlighted between the two fluids:

• An alternation of small and larger bubbles is visible in cyclohexane but not in water. This may be explained by the difference of wettability that exists between these two fluids (Section 4.2.2 and Tong et al. [START_REF] Tong | Contact angle effects on boiling incipience of highly-wetting liquids[END_REF]).

• In average, bubbles are larger1 and both the waiting and the growth times last longer 2 in water than in cyclohexane. These facts can be explained by, at once:

-A lower liquid-vapor density ratio ρ l ρv in cyclohexane than in water (this was actually one of the criteria of selection of cyclohexane in Section 4.1.2.3); -A higher contact angle (i.e. a lower wettability) in water than in cyclohexane: this is indeed known [START_REF] Jo | Nucleate boiling performance on nano/microstructures with different wetting surfaces[END_REF][START_REF] Nam | Single bubble dynamics on a superhydrophilic surface with artificial nucleation sites[END_REF][START_REF] Nam | Experimental and numerical study of single bubble dynamics on a hydrophobic surface[END_REF][START_REF] Sarker | Single bubble dynamics during subcooled nucleate boiling on a vertical heater surface: An experimental analysis of the effects of surface characteristics[END_REF] to slow the departure of bubbles from the surface (leading to larger sizes and longer growth periods) since it increases the downward surface tension force along the triple line.

• As shown on Fig. 4.23 where the experimental data points as well as the fits calculated for water 3 and cyclohexane -in Sections 3.3.2.4 and 4.2.2.1 respectively -are plotted, non dimensional curves differ depending on the considered fluid. In particular:

-The maximum volume (V * = 1) is reached at t * ≈ 0.8 in water whereas it is reached at t * ≈ 0.65 in cyclohexane;

-The non dimensional departure volume (at t * = 1) is lower in cyclohexane than in water: V * departure cyclohexane ≈ 0.70 < V * departure water ≈ 0.90. The fact that -for experiments yielding mushroom shaped bubbles -the boiling environment where bubbles are formed and grow is more subcooled in cyclohexane than in water (refer to Fig. 4.24) may explain the more pronounced recondensation of bubbles (before their detachment from the heated surface) in the first fluid than in the latter. This higher subcooling degree combined to the higher wettability of cyclohexane might also contribute to the lower time t * at which the maximum volume is reached. While the top of a growing bubble encounters a more subcooled liquid which fosters its recondensation, the vaporization may indeed be lowered at its base because of the small contact area of the bubble with the heated wall (i.e. since the microlayer is small because of the limited motion permitted to the triple line on the surface). 104 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf

Using the experimental data collected by Cole and Shulman [START_REF] Cole | Bubble growth rates at high Jakob numbers[END_REF], Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] and Han and Griffith [START_REF] Han | The mechanism of heat transfer in nucleate pool boiling -Part I: Bubble initiation, growth and departure[END_REF] for water, n-pentane and methanol at different subatmospheric and atmospheric pressures, Kim et al. [START_REF] Kim | On the growth behavior of bubbles during saturated nucleate pool boiling at sub-atmospheric pressure[END_REF] showed that a well-chosen nondimensionalization of the instantaneous bubble radius and growth time may lead to a kind of universal law of growth (i.e. independent on the bubble dynamics behavior, the working fluid and pressure level1 ). The non-dimensional characteristic radius and time the authors used were then based on a classical bubble growth model proposed by Mikic et al. [START_REF] Mikic | On bubble growth rates[END_REF] and on relationships involving several fluid thermophysical properties and the derived dimensionless Jacob number Ja. However, the implementation of this non-dimensionalization on our experimental data2 related to water and cyclohexane proved to be unsuccessful.

Although similar bubble dynamics regimes were observed in water and cyclohexane, it is however clear from Fig. 4.22 that neither the vapor pressure P v (varying from 4.2 kPa to 101.4 kPa in water and from 7.9 kPa to 22.3 kPa in cyclohexane) nor the pressure ratio Pv Pt (varying from 6.94 to 165.81 in water and from 1.50 to 4.25 in cyclohexane) is the governing parameter for this. An attempt to identify such driving parameters is thus presented in the following subsection (Section 4.3.2).

Research of driving parameters for "low pressure boiling"

Local subcooling degree ∆T sub

A subcooling degree induced by the weight of the liquid column is a major characteristic of boiling at "low pressure". It was demonstrated in Section 4.1.3 that it is possible to find "corresponding saturation states" so that a same subcooling degree can be set in water and cyclohexane, it may be interesting to observe if transitions between the different bubbles dynamics behaviors occur at such corresponding points of the related saturation curves. As a reminder, those associated points are defined such as the function ξ (Eq. 4.27) is equal to the unity (Eq. 4.28) for an identical liquid height3 in the two fluids (Eq. 4.29). Saturation curves of water and cyclohexane are thus plotted on Fig. 4.25. On these curves, points experimentally tested are reported with markers while the visual distinction between the different bubble dynamics regimes is made possible with a color code. The three double-arrows also visible on this graph connect the saturation state points of transition between two successive bubble dynamics patterns in water and their associated points in cyclohexane according to Eq. 4.28. Although the subcooling degree clearly has to be taken into account at low pressure, this parameter alone does not appear to be sufficient to explain the apparition of similar boiling behaviors in the two fluids since the transition points in water do not correspond -through this criterion -to the transition points in cyclohexane.

Jacob number Ja

As mentioned in Section 1.1.3.1, the Jacob number Ja is a dimensionless number commonly used in phase change heat transfer as it characterizes the ratio of the sensible heat to the latent heat. The interest of this number seems here to be even reinforced by the large values it can reach at low pressure because of the high wall superheats and low vapor densities encountered. The Jacob number is hereafter calculated for water and cyclohexane according to Eq. 4.39:

Ja = ρ l c p l ∆T sys wall ρ v ∆h lv (4.39)
so that the temperature difference considered is equal to:

∆T sys wall = T exp wall -T l, bulk = ∆T sub, wall + ∆T exp wall (4.40) and the properties related to the liquid are evaluated at (P v , T v = T l, bulk ) and these associated to the vapor and to the interface at (P sat (T exp wall ), T exp wall ). The subcooling degree but also the effect of the non negligible variation of the density ratio ρ l ρv along the saturation curve (see Fig. 4.2) are thus taken into account.

Results are reported on Fig. 4.26 as a function of the pressure ratio Pv Pt (in logarithmic scale for a better visualization of the data related to cyclohexane which cover only a narrow range of pressure ratio). On this graph, the same color code as previously is used to demarcate the four identified bubble dynamics regimes. According to Fig. 4.26, a map depending on bubble dynamics pattern might be drawn according to the Jacob number. A first mapping is here attempted though more experimental dataobtained with other fluids and/or with other liquid heights (this would make vary the Jacob number even for a given fluid and a given operating pressure P v ) -are required to confirm or refute such an approach. The four regimes (oblate spheroid shaped bubbles, mushroom shaped bubbles, mushroom and column shaped bubbles and near-spherical bubbles) could then be associated to four domains (delimited by dashed-lines on Fig. 4.26): the higher the Jacob number Ja, the more the bubble dynamics behavior deviates from the behavior usually encountered at normal or higher pressures. In addition to the lack of data to conclude about the validity of such trends, the fact that the dashed-lines plotted on the graph are not horizontal tends to show that the Jacob number cannot be the unique governing parameter of the "low pressure" boiling behaviors.

Robinson and Judd criterion I R

At "low pressure", the bubble dynamics deviates strongly from the behavior usually seen at normal or higher pressures. In agreement with Carey [START_REF] Carey | Liquid-vapor phase-change phenomena[END_REF] (see Section 1.1.3.1), Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] suggested that viscous effects and thus liquid inertia (i.e. dynamic forces) come into play in addition to the influence of the surface tension and buoyancy forces.

As mentioned in Section 1.1.3.1, by simulating growth of spherical bubbles in uniformly superheated infinite pools of liquid for a wide range of Jacob numbers, Robinson and Judd [START_REF] Robinson | The dynamics of spherical bubble growth[END_REF] developed a criterion to determine if a bubble expansion is mainly controlled by inertia or diffusion:

I R = 4 27 σ ρ l α 2 l R crit Ja 2 (4.41)
According to the authors, the bubble growth is governed by

inertia if I R 1 whereas it is controlled by diffusion if I R 1.
Values of I R reported on Fig. 4.27 are calculated through Eq. 4.41 for each experimental point with R crit taken equal -in first approximation -to the radius of the artificial cavity radius: R crit = r cav = 55 µm. This graph appears actually as another way to present the dependence of water and cyclohexane regimes on the Jacob number since, for a given fluid, the involved properties (σ, ρ l and α l ) do not vary significantly on the considered part of the saturation curve: I R is then approximately equal to the product of a constant (of the fluid) and of the inverse of the squared Jacob number. This figure provides however an additional piece of information concerning the governing process of the growth depending on the pattern:

• Near-spherical bubbles seems clearly to be controlled by heat transfer diffusion (I R 1);

• Inertia tends to govern mostly the growth of oblate spheroid shaped bubbles (I R ≤ 1);

• Inertia and diffusion may play equivalent roles during the growth of mushroom shaped and of mushroom and column shaped bubbles since the I R values related to those bubbles are of the order of magnitude of the unity.

These observations tend finally to confirm the idea according to which the influence on the bubble growth of inertia becomes non negligible under low pressure conditions.

As curves present an exponential-like shape on Fig. 4.27, I R as a function of the pressure ratio is re-plotted on Fig. 4.28 in a log-log plot. As inferred from Fig. 4.27, in logarithmic scale, curves become linear meaning that I R and the pressure ratio Pv Pt are linked according to a law of the form:

I R = C P v P t n (4.42)
Interestingly, the two curves are almost parallel so that the fits for water and cyclohexane yield relatively close values of the exponent n: n water = 1.525 and n cyclohexane = 1.869. Those results must however be considered with all the possible care since they are based on tests carried out with only two fluids (and more precisely with only one liquid height H l per fluid for only two fluids).

Despite this approach may, to a certain extent, lack of reliability due to the limited amount of available data, it could give another indication concerning the absence of the regime of the oblate spheroid shaped bubbles in cyclohexane during this experimental work. In Section 4.3.1, one hypothesis related to the high wettability of cyclohexane was developed. Another assumption can be made from Fig. 4.28: this regime may not exist at all for this fluid under the tested conditions of liquid level and imposed heat flux. The data obtained for cyclohexane correspond indeed already to vapor pressures close to the triple point pressure which is the lower physical limit for the study of any boiling or vaporization phenomenon. The pressure range where the regime of oblate spheroid shaped bubbles could exist is therefore very narrow. In addition, the intercept1 of the linear fit for cyclohexane plotted on Fig. 4.28 is close but slightly higher than the unity. According to the possible correspondence between the pattern of oblate spheroid shaped bubbles and the Robinson and Judd criterion highlighted above1 , this would mean that inertia cannot be the predominant force governing the growth of vapor bubbles in cyclohexane (i.e. that -within the settled liquid height and imposed heat flux -cyclohexane bubbles cannot take an oblate spheroid shape).

Concluding remarks

Collecting numerous additional experimental data is required to strengthen the analysis initiated in this section: other liquid levels and other fluids should be tested. However, some parameters seem to be unavoidable according to this first attempt to understand what is "low pressure" boiling from a general point of view. Among them, one can cite:

• The fluid wettability on the heated surface and its unknown dependence on the operating conditions among which the imposed pressure;

• The local subcooling degree induced by the weight of the liquid column;

• The Jacob number, which can also be a way to non-dimensionalize the subcooling degree;

• The inertia whose influence was highlighted here through the Robinson and Judd criterion I R .

As inertia and dynamic forces appears to play a major role in the bubble growth at "low pressure", one can expect that both the fluid viscosity µ and the bubble velocity U (at its center of gravity or at its liquid-vapor interface) should also be taken into account in further studies.

Conducting experiments at "low pressure" with another fluid than water (under "well-defined" operating conditions) appeared as a promising track to get a better understanding of the "low pressure" pool boiling phenomenon. In this chapter, giving a more general definition of what is "low pressure" in boiling than "boiling at subatmospheric pressure in water" was therefore attempted. Several ideas were cited:

• Boiling close to the triple point pressure: P wall = P v + ρ l gH l ≈ P t ;

• Boiling under conditions such as the liquid height induces a non negligible local subcooling degree ∆T sub ;

• Boiling at such low pressures that the bubble shape deviates from the usual shape (small size and near-spherical shape) encountered at normal or higher pressures.

Considering simultaneously thermophysical properties of fluids and the limits of the experimental facility, cyclohexane was selected to be tested and compared with water and a design of experiments was determined.

Experiments were afterwards carried out with cyclohexane. Interestingly, three of the four bubble dynamics behaviors already identified in water (Chapter 3) were observed:

• Mushroom shaped bubbles;

• Mushroom and column shaped bubbles;

• Near-spherical bubbles.

Differences were quantified between the two fluids for the regime of mushroom shaped bubbles owing to the image processing tool.

Finally, a comparison of water and cyclohexane was conducted so that some driving parameters of boiling at "low pressure" could be identified. It appears from this analysis that:

• The local subcooling degree must definitely be taken into account, but it is alone not a sufficient governing parameter.

• The Jacob number seems to present some interest.

• The Robinson and Judd criterion demonstrates that inertia becomes non negligible at low pressure and may then be responsible for the deviation of bubble dynamics from higher pressures.

• The wettability of the fluid/wall pair also seems to have a non negligible influence.

In the future, such an analysis certainly deserves to be continued. It however requires to collect a larger amount of experimental results. Various liquid levels and fluids should thus be tested at "low pressure". In addition, some parameters -not quantified during this work -should be estimated since they appear as to be considered. This is the case of, for instance:

• The bubble velocity and the bubble interface velocity;

• The contact angle of the bubble on the heated surface depending on the fluid, vapor pressure, liquid height and imposed heat flux;

The study of the fluid viscosity may also be of interest. At low pressure, bubbles are indeed likely to emerge from the thermal boundary layer since they reach large dimensions. As a consequence, such a bubble faces a large temperature difference between its base and its top. The encountered liquid viscosity could then be noticeably lower in the region of the bubble foot (higher temperature) than close to the bubble's top (lower temperature), because the viscosity varies relatively strongly with temperature in the vicinity of the triple point temperature. In link with the liquid inertia, this liquid viscosity variation along the bubble interface may finally result in specific bubble shape. As for a first approach, only the effect of the normal component of the fluid viscosity could be studied.
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Chapter 5

An improved setup to study low pressure boiling

Previous results presented in Chapter 3 and Chapter 4 were mainly focused on the bubble dynamics at low pressure. In this chapter, some improvements are suggested, implemented and tested on the experimental facility in order to correlate the bubble dynamics with the heat transfer observed just under the bubble foot. This should help obtain a better knowledge of pool boiling at low pressure. Section 5.1 deals with the changes made on the experimental facility, then Section 5.2 shows which issues were faced while testing the modified test bench as well as some promising preliminary results. Finally, the interest of this kind of instrumentation and acquisition system in boiling studies from a fundamental point of view is discussed in Section 5.3.

Modifications of the test bench

Motivations

Despite the large number of experiments conducted and despite interesting results were obtained with the setup detailed in Chapter 2, several drawbacks were identified. They are listed and described below.

A poorly known boiling environment: As demonstrated by Giraud et al. [START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF] and explained in Section 1.2.3, the boiling environment at low pressure is highly non-homogeneous. Depending on the distance z to the free surface, a non constant profile of local pressure P (z), saturation temperature T sat (z) and subcooling ∆T sub (z) settles up because of the importance of the weight of the liquid (in comparison to the vapor pressure P v ).

Presently, saturated conditions are assumed to be predominant in the vessel so that the temperature of the liquid far away from the bubbles T l, bulk is supposed homogeneous and equal to the temperature at the free surface T sat (z = 0) and also to the saturation temperature of the vapor pressure (T l, bulk = T sat (z = 0) = T sat (P v ) = T v ). Experimentally this assumption on the bulk liquid temperature T l, bulk cannot be validated as the temperature of the liquid is measured for only one value of z. This lack had to be remedied by measuring the temperature of the bulk liquid for several heights in the improved version of the test bench.

A difficult tightness of the heater: The air-tightness is not very easy to realize with the sample described in Chapter 2 (Fig. 2.3). Adding a glue seal at the junction between the heated surface and the insulant is indeed necessary for that (inducing accordingly other problems especially for the visualization). Most of the time, a small heat flux input is also kept between experiments, during the night between two successive days of tests for example. This is done to maintain the copper expanded enough to ensure a high level of tightness. The tightness being a critical problem for the study of pool boiling at low pressure, the design of the heater needed to be improved in this regard.

Thermal measurements inside the sample not always reliable: Several points can make the temperature measurements in the heater not fully reliable or accurate.

• Some thermocouples can be broken during the mounting procedure of the test sample to the stainless steel flange. This failure can occur even if the assembly is done with all the possible care: this issue is linked to the design of the sample itself.

• The thermal contact between the tip of the thermocouples and the copper block is ensured by a conductive silver lacquer deposit whose application is actually delicate. A good thermal contact can then be difficult to obtain.

• The estimations of the wall temperature T exp wall and of the heat flux ϕ meas are actually only overall measurements of those parameters. They are indeed based on only two (even sometimes one) row(s) of four thermocouples (Section 2.1.4). In addition, holes in the copper block cannot be made deep enough to enable the insertion of the thermocouples just below the centered artificial nucleation site: the diameter of these holes being not larger than 1 mm, their depth cannot be made greater than 10 mm with conventional mechanical fabrication. As a consequence, the local effect of a growing bubble -depending on the position of the bubble on the heated surface -on the wall temperature and heat flux is difficult to observe and to quantify. This is particularly pronounced for small and centered bubbles since the thermocouples are then relatively far from the location where the nucleation and growth of bubbles take place.

• Compared to the bubble duration τ growth , the acquisition frequency is low: for a given sensor, a measurement is collected every 3 s whereas the order of magnitude for a bubble growth duration at low pressure is of 100 ms maximum. It can be therefore difficult to catch the effect of the growth of a bubble on the heat transfer at the wall.

• Acquisition from the different thermocouples are made successively with a delay of about 110 ms between each which corresponds to the order of magnitude of the bubble growth duration. To minimize the error made while calculating the wall temperature or the measured heat flux, linear time-interpolations between successive measurements from the same sensor are made. The calculation of T exp wall and ϕ meas is then computed using values of temperatures taken at the same instant. It would be better to have directly synchronous measurements from the different thermocouples.

All those reasons made necessary a deep modification of the test sample and of its instrumentation concerning the heat transfer monitoring.

No direct correlation between visualization and thermal measurements:

The acquisition system used with the facility presented in Chapter 2 does not enable the synchronization between the high-speed camera and the thermal measurements. In fact, these two distinct aspects of the instrumentation are parts of two acquisition lines without any connection. Moreover, the ranges of acquisition frequencies possible for the visualization and for the thermal analysis are not compatible.

These four observations constituted strong motivations for a massive overhaul of the experimental facility.

Overall view of the improved setup

As shown on Fig. 5.1, the improved version of the setup keeps the same structure as the original one by including the same vessel, high-speed camera and lighting device. Changes concern only three elements:

1. A new thermal probe was added to measure the liquid temperature in different locations;
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3. A new acquisition system was designed and implemented in order to fit the use of the new sensors and to enable the synchronization of those acquisitions with the video recordings. 

A new thermal probe

In order to know the environment where bubbles are created and grow better, the bulk liquid temperature has to be measured for several heights. A new thermal sensor which consists of a 500 mm-long and 6 mm-diameter vertical multipoints probe along which the temperature is measured with ten distinct K-type thermocouples was hence added to the boiling pool.

The arrangement of the ten thermocouples (labeled from T 1 to T 10 , starting from the probe's tip) is customized by the manufacturer (PROSENSOR) according to the diagram given in Fig. 5.2b so that they occupy the last 15 cm of the probe. The probe is settled to the chamber so as its tip (i.e. thermocouple T 1 ) is located at the same level as the heated surface. As the two other K-type thermocouples T vap and T liq aimed at being placed in the vapor and liquid phase respectively are not removed when adding the multipoints probe, twelve thermocouples are finally used to measure the working fluid temperature distribution. One is always located in the vapor phase (T vap ), while the others can be either in the liquid or in the vapor phase depending on the liquid height H l over the heated surface. The positions (with their uncertainties) of all the twelve thermocouples in terms of distance to the heated wall (along the Z-axis1 ) are given in Table 5.1.

Horizontally, this probe is (as well as the two other thermocouples by the way) placed far enough from both the boiling area and the vessel's wall so that it can measure the bulk fluid temperature without being too much influenced by the presence of bubbles nor by the cold wall whose temperature depends on the circulation of the cooling fluid inside the vessel jacket. 

A new sample equipped with a new sensor

A new sample was designed in order to reach a higher air-tightness. This new test heater was afterwards equipped with an original sensor to improve the thermal measurements' quality. The heater's geometry is detailed in Section 5.1.4.1, followed by the description of the new sensor in Section 5.1.4.2. Consequences of the use of this new sample on the whole facility are finally exposed in Section 5.1.4.3.

Geometry of the new test heater

As it can be seen on Fig. 5.3 and similar to the previous sample, the main part of the new test heater is a copper cylinder. Two cartridge heaters (450 W maximum power) are inserted at the bottom of this cylinder to impose the heat flux to the block whereas a thin fin is machined at its top to limit peripheral boiling and to promote nucleation of bubbles on the surface. The dimensions and geometry of the copper block are different than in the previous sample. The copper cylinder is now indeed 50 mm in diameter and 80 mm high while the fin is larger (78 mm diameter instead of 50 mm). The size of the fin is increased in order to extend the surface on which boiling takes place with the aim of solving two problems observed with the previous sample:

• Some bubbles are so large that their feet are almost in contact with the boundary of the heated wall.

• The contact between the fin and the insulation part of the sample is not good enough to get a sufficient tightness.

However, enlarging the fin requires to increase its thickness to resist to mechanical stresses during machining but also when the sample is assembled. This may intensify heat losses through the fin and subsequently engender more undesired peripheral boiling. To prevent this unwanted effect, the fin is manufactured with a variable thickness (between 2.45 mm and 4 mm) within the limits of mechanical resistance as shown on Fig. 5.3). Insulation of the copper block is provided by a PEEK part and the copper/PEEK block is associated with a PEEK flange through a clamping screw to make the test heater tight. The obtained set is afterwards linked to a stainless steel flange to make the connection with the vessel possible. Seals between its different parts ensure a high tightness to the heater.

The new sensor

As bubbles show specific shapes and large size at low pressure, the bubble foot diameter is constantly varying. The local heat transfer at the wall is therefore an essential parameter to study to be able to make the link between thermal conditions, bubble dynamics and forces acting on a growing bubble under such pressure conditions. Based on the concept of the heat flux sensor used by Barthès [7], the new test sample was equipped with a thin customized heat flux transducer.

Principle of a heat flux sensor

The aim of using a heat flux sensor is to measure the local heat flux on a surface. In this study, the surface of interest is the heated wall on which boiling occurs and the considered heat flux sensor uses the tangential gradient method of measurement. This method, used from few decades now [START_REF] Thery | Thermoelectric properties of thin electroplated foils. Application to the measurement of heat fluxes[END_REF][START_REF] Thureau | Fluxmètres thermiques[END_REF], is based on the Fourier's conduction law according to which the heat flux is proportional to both the thermal conductivity and the temperature gradient. In such a heat flux transducer (also called "Théry-type heat flux sensor"), series of multiple junctions between metals having different thermoelectric powers (usually copper and constantan) are deposited on a thin insulant layer (generally made of Kapton). An asymmetry of the deposits of the two metals (illustrated on Fig. 5.4) then induces a distortion of heat flux streamlines, which engenders a tangential gradient of temperature. The presence of this temperature gradient induces afterwards a electromotive force between each terminal of each junction which is proportional to the heat flux crossing the sensor. Measuring this electromotive force and knowing the transducer sensitivity finally enable the measurement of the local heat flux crossing the sensor.

Legend:

Cu: copper Cn: constantan A: asymmetry due to the presence of an engraved borehole in the coppered constantan Details of the principle of working of that type of heat flux sensors are available -for instance -in [START_REF] Thery | Thermoelectric properties of thin electroplated foils. Application to the measurement of heat fluxes[END_REF][START_REF] Thureau | Fluxmètres thermiques[END_REF] and [START_REF] Yala-Aithammouda | Étude et réalisation de microcapteurs de flux thermique en technologie silicium[END_REF]. Yala-Aithammouda [START_REF] Yala-Aithammouda | Étude et réalisation de microcapteurs de flux thermique en technologie silicium[END_REF] focuses in particular on the design of the sensors sold by the company CAPTEC which produced the sensor used in this work.

Design of the heat flux sensor used as the heated surface

The customized heat flux sensor is aimed at being glued on the top of the heater and at being used as the heated wall. As a consequence, this sensor is circular and has the same size as the fin of the copper block (i.e. of 78 mm in diameter). In order to estimate the local heat flux under a (supposed) centered bubble and to follow the evolution of this variable as the bubble is growing (i.e. as the bubble foot is moving on the wall), the heat flux sensor is discretized into several concentrical zones of measurement. Seven areas of measurement -each one being matched to an independent heat flux sensor -are thus created inside the transducer according to the diagram shown on Fig. 5.5a. As clearly visible on Fig. 5.5b, a portion of the sensor's border is occupied by a ribbon cable containing two pins per measurement zone. Wires are soldered on those pins to take the signals out of the sensor. Fourteen wires (yellow and blue) are then associated with the seven measured heat fluxes. In addition, another pair of wires is used to measure the temperature difference ∆T which exists between the connection ribbon cable and the center of the sensor. The temperature T co on the connection cable being measured with a T-type thermocouple, the temperature T center at the center of the heated wall is evaluated according to Eq. 5.1: In addition to the customization in terms of number of zones and temperature measurement, the sensor is adapted to its peculiar conditions of use:

T center = T co + ∆T (5.
A heated surface structure: To be used as a heated wall, the sensor's top surface had to be prepared similarly as the heated surface of the previous experimental setup (limited roughness, creation of an artificial and centered nucleation site). For that, it had to be thick enough to allow -without any deterioration of the measuring parts -a mechanical polishing of its top surface as well as a mechanical indentation (of about 100 µm deep) at its center. This is why the copper coating usually put on the top surface of such a sensor by CAPTEC (about 0.1 mm thick) was here replaced by a copper foil of 0.3 mm. The thickness of the transducer is finally of 0.5 mm.

A liquid medium: Most of the time, heat flux transducers are used between two solid parts or between a solid part and the air. In the case of this work, it is used between a solid part and a liquid (and vapor) environment. To avoid any degradation of the sensor due to penetration of liquid inside it, its gluing on the copper block was provided by CAPTEC before the manufacturer added an additional layer of an acrylic clearcoat on the side surface of the fin. The same varnish was used on the ribbon connection cable in order to (electrically) insulate the wires welds from the working fluid but also to prevent any air from penetrating into the vessel through the small space that exists between the wires and their PTFE-sheaths.

A subatmospheric pressure environment: The sensor has to be used at low pressure. Under this condition, the air usually present inside such a sensor can induce deformations of the heated surface. To prevent this phenomenon, the transducer was filled with an epoxy resin.

Sensitivities of the sensor, temperature and heat fluxes determination

The sensor was calibrated properly by CAPTEC after having been glued on the copper block (the copper part shape and the glue layer have indeed an influence on the measurements that can be made with the sensor). Sensitivities of heat fluxes measurements are given for each zone in Table 5.2. Based on those sensitivities values, heat fluxes are calculated as follows:

For a given zone: The heat flux of the n th zone HF n is obtained by dividing the corresponding voltage output u n by the associated sensitivity s n :

HF n = u n s n (5.2)
For an association of zones: The heat flux ϕ jk associated with the set of zones # j to # k is simply the average of the individual heat fluxes weighted by the areas A n of the concerned zones:

ϕ jk = k n=j HF n A n k n=j A n
where j and k ∈ 1, 7 with j ≤ k (5.

3)

The overall heat flux ϕ meas can subsequently be estimated by taking into account all the seven zones in Eq. 5.3.

Regarding the sensitivity of the temperature difference ∆T between the connection zone and the center of the heated wall, it is estimated to s ∆T = 32 µV • K -1 . The temperature difference is then calculated by dividing the corresponding signal output u ∆T by this sensitivity: ∆T = u ∆T s ∆T (5.4)

Preparation of the heated surface and surface condition

As the heated wall of the first version of the experimental facility, the new heated surface is mirror-polished with diamond paste before a mechanical indentation is operated at its center to create an artificial nucleation site.

During the preparation of the surface, two critical features have to be taken into account in order not to degrade the sensor and its measurements:

• The acrylic clearcoat put on the side surface of the fin which is a little extended on the periphery of the sensor should not be removed during polishing. Otherwise, the transducer may be no more tight to the working fluid.

• The artificial nucleation site should not be deeper than the thickness of the copper foil.

The surface condition of the sensor is afterwards carefully analyzed using the confocal microscope. This analysis is required to verify that the new heated wall is comparable (in terms of roughness and cavity's size) to the heated surface of the previous test sample. The study of the surface condition is carried out in three steps:

(i) The full sensor is analyzed with a quite low spatial resolution in order to check the largescale uniformity of the whole surface. The spatial step p is chosen to obtain a relatively good trade-off between the measurement time and the spatial resolution.

(ii) Several zones of the surface of different sizes are randomly analyzed with the microscope using an intermediate spatial step value. This is aimed at verifying -with a better spatial resolution -if the surface looks uniform or not.

(iii) A central zone is accurately (low spatial step) analyzed to evaluate the surface roughness and the size of the artificial nucleation site.

Hereafter, only the main results of this surface condition investigation are given (more details are available in Appendix A.2):

• The heated surface constituted of the heat flux sensor is homogeneous and smooth. Its root mean square roughness S q is indeed lower than 0.4 µm which is comparable to the roughness of the heated wall of the first test sample (refer to Section 2.1.3.2).

• The artificial nucleation site is characterized in terms of position, shape and size. With a diameter of 100 µm, a depth of 110 µm, a conical shape and a centered position, this cavity is similar to the one of the first test heater.

Consequences of the use of the new test sample on the setup

As it can be inferred from Fig. 5.5b, seventeen wires (7 pairs for heat fluxes, 1 pair for temperature difference and 1 T-type thermocouple) have to be taken from the sensor to the acquisition system. Contrary to what happened with the previous test heater, these wires cannot cross through the vessel's enclosure through the bottom of the sample itself. As a consequence, a viewport which is used neither for lighting nor for video recording was changed to a home-made feedthrough. This borehole is subsequently not available anymore for any kind of visualization (naked-eyed or with a camera). In order to prevent the wires from being visible in the imaging field during experiments, they are weighted down with small stainless steel parts inside the vessel.

A new acquisition system

As the new instrumentation is very different from the one used with the former version of the experimental facility, a new acquisition system had to be developed. This one is aimed at:

• Acquiring all the signals from the new sensors;

• Remediating to some acquisition limits observed with the precedent version of the test setup by:

-acquiring the signals synchronously;

-increasing the acquisition speed;

-enabling the synchronization between the measurements and the video recordings.

Concerning the high-speed camera, it was decided -for the sake of easier and quicker implementation -to continue to acquire the data with its own acquisition software (PFV). The camera is consequently still connected to a computer (P C 1 ) through an acquisition card. PFV software and the acquisition card enable the synchronization of the camera with other systems by putting the digital signals of beginning and end of video recording at disposal for such systems.

Other signals (from the thermocouples or the heat flux sensor in particular) have to be conditioned before being acquired. A customized box containing all the electronics for measurement signals conditioning was designed at the laboratory in this aim. This conditioning module includes the following elements:

The different acquisition cards are finally plugged into a NI cDAQ-9178 chassis which is connected to a second computer (P C 2 ) for the control, display and saving of the measurements through a home-made LabVIEW program.

A synthetic diagram representing the new acquisition system is given on Fig. 5.6. As for thermocouples of the former setup, a calibration was carried out for the twelve K-type thermocouples used here with their entire acquisition line. The thermal probe as well as T liq and T vap thermocouples were then immersed in a stirred thermostatic bath with a reference temperature probe (a calibrated Pt100) to measure their electromotive forces for several temperatures between 0 • C and 100 • C. Their calibration curves were consequently obtained and the uncertainty on their measurements was evaluated to ± 0.15 K. This uncertainty seems acceptable in comparison with the one of the former facility's thermocouples (estimated to ± 0.10 K, see Section 2.1.4.1), especially when considering that a much quicker acquisition is now possible (up to 1000 Hz instead of about 0.33 Hz previously). The T-type thermocouple T co located on the ribbon cable of the heat flux transducer was unfortunately not calibrated for practical reasons.

SENSORS

The heat flux sensor, already calibrated by CAPTEC, was not recalibrated. As a consequence, measurement bias that may be induced by the acquisition chain would not be corrected. However, those bias are supposed to be small and should not prevent from making -at least -a qualitative analysis of the measurements to demonstrate the added-value of using such a sensor when studying the boiling phenomenon.

A LabVIEW program was finally developed to acquire and save all the data. This one works with the high-speed camera software according to the following modes:

1. Without synchronization: As with the previous setup, the acquisition works as if there were two independent acquisition chains. The LabVIEW program acquires the measurements at a given frequency until the experimenter stop it while several videos of the bubble dynamics are recorded manually with the trigger mode "END".

2. With synchronization: In this case, the acquisition of pictures and of the other measurements are synchronized. The "START" trigger mode must then be set for the camera while acquisition frequencies set in PFV and in LabVIEW should be equal. The Lab-VIEW program is launched first and starts by waiting for the video recording to begin before starting the acquisition. The images recording and the measurements acquisition begin therefore at the same time (when the experimenter clicks to activate the video in PFV) and -at any instant -a picture is associated with an instantaneous measurement point for all the sensors. As the camera memory is of limited size, the video recording is limited in time. Subsequently, two ways exist to stop the acquisition:

2.a. The measurements and the pictures recording end simultaneously.

2.b. The measurements continue after the end of video recording until the experimenter stops the LabVIEW home-made program. In this case, the additional data are no longer correlated with images.

As the acquisition frequencies that can be accessed with the high-speed camera take only some discrete values, only six frequencies are programmed in the LabVIEW software1 : 1000 Hz, 500 Hz, 250 Hz, 125 Hz, 60 Hz and 1 Hz. All those values but the last one (1 Hz) correspond to the frequencies that can be set for the camera with the largest image size (i.e. 1024×1024 pixels). Being able to acquire data at the low frequency of 1 Hz gives the possibility of monitoring the establishment of the steady state condition between two different experiments and of conducting longer2 tests in mode 1.

Experimental procedure

The experimental procedure implemented with this improved facility is very close to the one used previously and described in Section 2.2. The only differences are related to the acquisition method.

Each test corresponds here to the study of the steady state of one operating point defined by the 4-tuple associating a working fluid, a liquid height H l , a vapor pressure P v and an imposed heating power HP input . The heating energy input related to an experiment was previously cited through the value of the input heat flux ϕ input calculated by dividing the heating power HP input by the area of the cross section of the copper block (neglecting the fin). With the new heater, the influence of the presence of the fin may not be negligible anymore because of its size and thickness (refer to Section 5.1.4.1). This is why the heat flux input value ϕ input does not characterize an experiment anymore and is substituted by the heating power HP input .

Each operating point is studied successively in acquisition modes 1 and 2:

Mode 1: An acquisition frequency is chosen for signals measurements and kept during the whole test. Meanwhile, several videos of the phenomenon can be made, possibly with different frequencies in order to catch one or more bubble(s). In this case -which is very similar to the former setup procedure -the frequency set for pictures acquisition is generally higher than the frequency set for measurements, so that the time resolution for the bubble dynamics analysis can be high.

Mode 2:

A same frequency is defined for the two types of acquisition. As it is more complicated to catch bubbles with the camera trigger mode "START" than with the trigger mode "END", the chosen frequency is generally taken lower in this case (mode 2) than in acquisition mode 1. The decision about the way to end the acquisition -between mode 2.a. and 2.b. -has also to be made before starting the recording.

Experimental results

Due to time spent to develop and test the new acquisition system, a limited number of experiments were conducted with the improved setup. The purpose of this section is thus to present them as well as the difficulties encountered and to show what the contributions of such an experimental facility to the understanding of low pressure boiling in a fundamental approach can be.

Difficulties encountered while using the improved setup

The issues that can be faced during the implementation of the setup for a new test campaign are related to three main concerns: the tightness, the presence of boiling on the periphery of the heated surface and the activation of the nucleation site. In this section, details are given on how the new test sample is (or not) affected by those problems.

Tightness: At low pressure (and in particular at subatmospheric pressure), the tightness of the vessel is essential in order to study boiling of pure and degassed fluids: no air should enter the vessel. With the previous heater, this condition was very difficult to reach (addition of a glue seal and conservation of a low heating power to keep the copper expanded). This new test sample enables to obtain a sufficient level of tightness much easier. Once the home-made feedthrough to get out the wires set and the heater assembled, only negligible leaks were indeed observed through the space existing between the wires and their PTFEsheaths (despite the presence of the acrylic varnish).

Peripheral boiling:

In order to study boiling at low pressure from a fundamental point of view, the isolated bubbles regime is chosen as the regime of interest for this work. As a consequence, peripheral bubble nucleation should be avoided. Unfortunately, despite its variable thickness (refer to Section 5.1.4.1), the fin located at the top of the new heater constitutes a place of heat losses intense enough to engender undesired peripheral boiling. In fact, during the very first tests, no bubble was created on the surface because almost all the power input was dissipated through the side surface of the fin rather than by the heated wall itself. To counter this outcome, a layer of epoxy resin was added on the lateral surface of the fin. The local insulation thus created managed to reduce the heat losses through the fin to less than 40 % of the heating power input. Even if this was not perfect, this was sufficient to stop the peripheral boiling and to obtain bubbles on the heated surface.

Nucleation site activation:

To reap the full benefits of the improved setup (and especially of the concentrical multizone heat flux sensor), the artificial nucleation site made at the center of the heated wall should be activated. However, even with a high heating power, the site was impossible to activate: bubbles were nucleating from several places on the surface but never from an area corresponding to about one sixth of the surface which includes the artificial cavity. As the nucleation site is quite large (compared to other defects that exist on the heated surface) with a diameter of 100 µm and a depth of 110 µm (refer to 123 Section 5.1.4.2.4 and to Appendix A.2), its activation should not be so difficult to obtain. A large defect in the gluing of the heat flux sensor on the copper block in the zone where no nucleation occurs appears as the most probable reason for such a behavior by creating locally a huge thermal contact resistance. This hypothesis was confirmed after conducting the experiments which are presented hereafter.

Finally, the new test sample constitutes an improvement to get the tightness (compared to the former heater) but it is still perfectible concerning the heat losses and the thermal contact between the copper fin and the heat flux sensor in order to avoid peripheral boiling and to make the centered artificial nucleation site activated. These first tests especially highlight that a particular care must be taken during the gluing operation of the heat flux sensor on the copper block in the aim of having a good and uniform thermal contact between these two parts. Such a contact would also be a key point to reduce the heat losses.

Operating conditions and acquisition settings

In the following, the experimental conditions are as follows:

Working fluid: The test is conducted with pure, distilled and degassed water.

Liquid height H l : The liquid height is arbitrarily set to H l = 15 cm. Vertical distances to the free surface (along the z-axis1 ) being calculated in function of Z and H l through Eq. 5.6, positions of thermocouples in the fluid are deduced from data given in Table 5.1 in Table 5. [START_REF] Arya | Pool boiling of water on nano-structured micro wires at sub-atmospheric conditions[END_REF]. Vapor pressure P v : The vapor pressure is set to P v = 5.2 kPa which corresponds, for water, to the saturation vapor temperature of T v = 33.6 • C [START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 9.1[END_REF]. For this point of the saturation curve and for this liquid height, the static head P static H l =15 cm is not negligible in comparison with the vapor pressure P v since it is equal to:

z H l =15 cm = H l -Z (5.6)
P static H l =15 cm = ρ v (T l, bulk )gH l ≈ 1.5 kPa (5.7)
Heating power input HP input : The heating power is set to HP input = 125.9 W. This value is chosen as it is the lowest one for which a given nucleation site located on the heated wall (unfortunately not centered because of the gluing defect) is active: a bubble is regularly growing from this place.

Concerning the acquisition settings, this experiment is made in mode 2.a., i.e measurements and pictures recording are synchronized and end simultaneously. The maximum image size (1024 × 1024 pixels) is still selected while the frequency is chosen equal to 250 Hz. This leads to an acquisition duration of 6.15 s (with respect to the memory size of the camera) with a time step of ∆t = 0.004 s between two successive recorded pictures and measurements.

Boiling environment

As explained in Section 5.1.1, the boiling environment is poorly defined: if the occurrence of a stratification in the fields of local pressure P (z), saturation temperature T sat (z) and subcooling ∆T sub (z) due to the importance of the static head P static is known, the fact that the bulk liquid is homogeneous in temperature is still an hypothesis which needs to be validated. The addition of the new thermal probe precisely aimed at confirming or rebutting this assumption.

Figure 5.7 shows the temperatures measured in the fluid during the experiment by the twelve thermocouples whose positions are given in Table 5.4. According to this graph, the temperature in the liquid is steady and can be considered as homogeneous whatever the vertical position as all the thermocouples located in the liquid (T 1 to T 9 and T liq ) are included in their mutual uncertainty ranges. The assumption of a homogeneous bulk liquid temperature T l, bulk is hence corroborated. In the present case, the bulk liquid temperature T l, bulk can be defined as the mean value of T 1 to T 9 and T liq . This calculation gives T l, bulk = (34.38 ± 0.15) • C which is higher than the imposed vapor temperature T v = 33.6 • C measured by T vap because the power dissipated through the heater contributes to heat up the liquid. T 10 presents an intermediate value between T vap ≈ T v and T l, bulk which constitutes a particular case. Actually, this thermocouple is located at the free surface level and is thus affected both by the liquid bulk and the vapor.

As it is confirmed that the bulk liquid temperature does not change with the depth z, the local subcooling degree ∆T sub (z) of the liquid which corresponds to the local deviation of the liquid from the saturation state is defined as:

∆T sub (z) = T sat (P (z)) -T l (z) = T sat (z) -T l, bulk (5.8) and its variations are only related to variations of the local saturation temperature T sat (z) induced by the pressure stratification according to z.

Displayed on Fig. 5.8, the local subcooling associated with the current experiment appears as almost linear with the depth z and equal to about 4 K at the level of the heated surface. On the contrary, close to the free surface, the liquid is superheated of almost 1 K (negative subcooling value), which is in agreement with the temperature difference observed between the liquid and the vapor temperatures in the fluid. In low pressure pool boiling, the bulk liquid (i.e. the liquid far from the bubbles) is finally superheated close to the free surface and subcooled close to the heated wall level just because of the non negligible influence of the static head P static . From this observation, one can easily understand how complicated the boiling environment is. The region where bubbles are growing is indeed affected simultaneously by the subcooling effect of the static head and by the superheating effect of the heater. As a consequence, the temperature -and subsequently the thermophysical properties -of the working fluid in this region is still poorly known and is probably varying along the bubble interface.

Study of a bubble

During the 6.15 s that lasts the present test, only one bubble nucleates on the wall. Its nucleation site is located at approximately 25.8 mm from the center of the heated surface. As schematically shown on Fig. 5.9, the bubble is thus growing from a place situated on the fifth measurement zone of the heat flux sensor and relatively close to the sixth one. Active nucleation site As visible on Fig. 5.10, the bubble has an oblate spheroid shape and -as it can be inferred from its comparison with the width (86.5 mm) of the images area reported on the first picture (IMG 1 ) -is of a few centimeters diameter. These observations about a long waiting time τ wait between successive bubbles, a large size and a specific shape of the bubble are consistent with the results obtained for water boiling in this range of subatmospheric pressures given in Chapter 3 and also, with the literature interested in low pressure boiling which includes for example the works of Van Stralen et al. [START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF] or Yagov et al. [START_REF] Yagov | Experimental study of heat transfer in the boiling of liquids at low pressures under conditions of free motion[END_REF]. Unluckily, the position of the active nucleation site and the large size of the bubble do not enable the extraction of any characteristic of the bubble dynamics (such as the instantaneous volume V ) from the recorded pictures. The bubble is indeed too eccentric to the center of the heated surface to be image processed, even with a manual treatment: the bubble's right hand side interface cannot be discerned from the viewport shadow (neither with the algorithm or with the naked eye). As a consequence, only a qualitative analysis of the images can be realized from Fig. 5.10. First, the bubble nucleates (between IMG 1 and IMG 2 ) and grows with a hemispherical shape until reaching a size of a few centimeters (to IMG 12 ). Afterwards, slowly at first and then even more quickly, the bubble foot diameter decreases which results in the departure of the bubble (between IMG 22 and IMG 23 ). Then, a liquid jet penetrates into the volume of the detached bubble during its early rise (to IMG 30 ) before the bubble starts to collapse because of the subcooling degree of the surrounding liquid.

The heat fluxes measured from the seven zones of the heat flux sensor during the entire test are plotted on Fig. 5.11a. Before the bubble nucleation, all the seven heat fluxes are constant. Depending on the zone, different values are measured because:

• Each zone has a different area.

• The shape of the copper block (with its fin of variable thickness) affects the heat diffusion.

• Some zones are more affected by the gluing defect (suggested in Section 5.2.1 and confirmed at the end of the experiments) than others.

• The calibration used here (provided by CAPTEC) does not correct the bias effect that can be induced by the acquisition line of the sensor (refer to Section 5.1.5).

The analysis of the heat fluxes remains therefore qualitative in terms of measured values (only trends can be observed) but can still be quantitative concerning the time evolution.

To analyze heat fluxes variations during the moments when the bubble is visible (i.e. associated with the pictures from Fig. 5.10), a zoom on this period of time is displayed on Fig. 5.11b. 128 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf

As soon as the bubble nucleates on Zone # 5, the local improvement of the heat transfer results in an increase of the local heat flux HF 5 . The sensor appears very reactive and sensitive as the increase is instantaneously visible whereas the bubble is then occupying only a small part of the annular zone. These sensitivity and reactivity make the multizone heat flux sensor able to follow the motion of the triple line on the heated wall. In fact, as the bubble continues to grow and to reach the other areas of measurement, the other heat fluxes progressively start to increase too:

• At t = 3.812 s (IMG 2 ), the heat flux of the zone the closest to the nucleation site (i.e. Zone # 6) starts to rise. The delay τ delay 6 ≈ 2 ms corresponds to the time needed for the bubble to grow enough from Zone # 5 to Zone # 6.

• At t = 3.820 s (IMG 4 ), Zones # 4 and # 7 are simultaneously reached by the bubble.

HF 4 and HF 7 start to increase with a delay τ delay 4 = τ delay 7 ≈ 10 ms.

• At t = 3.828 s (IMG 6 ), Zone # 3 is also affected by the presence of the bubble. HF 3 augments with a delay τ delay 3 of about 18 ms.

• At t = 3.840 s (IMG 9 ), HF 2 increases after a delay τ delay 2 approximately equal to 30 ms since the bubble is then in contact with Zone # 2.

• At t = 3.856 s (IMG 13 ), the bubble reaches finally Zone # 1 and HF 1 rises with a delay τ delay 1 ≈ 46 ms.

Later on, the bubble foot diameter decreases. Except for Zone # 7 which presents a specific behavior, heat fluxes reach a maximum before they decrease as the contact line between the bubble and the surface is moving back towards the activated nucleation site. HF 1 , HF 2 , HF 3 , HF 4 , HF 6 and finally HF 5 get indeed a maximum value precisely during the very last stages of the bubble growth -between the instants t = 3.888 s (IMG 21 ) and t = 3.896 s (IMG 23 ) -and decrease afterwards. The fact that HF 7 continues to rise after the bubble detachment may be explained by the nucleation of another (smaller) bubble on this zone that can be seen on IMG 22 to IMG 28 .

After the bubble departure (refer to Fig. 5.11a), all the heat fluxes decrease slowly and tend to their initial value. The present acquisition is actually too short to confirm this but it would be in agreement with the long waiting time between successive bubbles usually observed at low pressure [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF][START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF][START_REF] Yagov | Experimental study of heat transfer in the boiling of liquids at low pressures under conditions of free motion[END_REF]. HF 1 , HF 2 and HF 3 show large peaks between the bubble detachment and this slow decrease. Those peaks may be explained by some liquid motion and agitation, by the free surface movements induced by the departure and collapse of a such large bubble or by some convective motion and heat diffusion which could be caught by the sensor. The video recording does not help conclude on those hypotheses, but this observation is corroborated by the analysis of the time evolution of the system wall superheat ∆T sys wall defined as:

∆T sys wall = T exp wall -T l, bulk = T center -T l, bulk (5.9)

The temperature T l, bulk of the bulk liquid being constant during the experiment (Fig. 5.7), variations of the system wall superheat ∆T sys wall is only due to variations of the wall temperature. However, the wall temperature T center and the system wall superheat ∆T sys wall are here not directly representative of the effect of the presence of bubble since nucleation does not take place at the center of the heated surface. As shown on Fig. 5.12, T center (and consequently ∆T sys wall ) is indeed almost non-affected by the bubble's growth and departure. On the contrary, the liquid motions greatly induce a large drop (of about 5 K) of T center and of ∆T sys wall , which corresponds to the peaks on the local heat fluxes HF 1 to HF 3 .

The peaks on HF 1 to HF 3 and the drop of T center and ∆T sys wall are wide (they last longer than the bubble growth duration) and happen with a relatively large delay after the departure of the bubble (still in comparison with the bubble growth duration). These observations highlight that a preceding bubble has a huge and long influence on the boiling environment. Its departure engenders some liquid and convective motion which makes -not instantaneously -the liquid close to the heated wall cooler by a few Kelvins. As a consequence, a long time is afterwards required to heat this amount of liquid up again enough to make a new nucleation possible. The motion induced by the detachment and rise of a preceding bubble is thus responsible for the long waiting time τ wait between successive bubbles at low pressure. Finally, one result of this preliminary test is that the influence of what happens in the pool before the growth of a given bubble (preceding bubbles, liquid motion...) cannot be neglected when studying a single bubble. Siedel et al. [START_REF] Siedel | Bubble dynamics and boiling heat transfer: a study in the absence and in the presence of electric fields[END_REF][START_REF] Siedel | Experimental analysis of bubble growth, departure and interactions during pool boiling on artificial nucleation sites[END_REF] came to the same conclusion when studying the bubble dynamics of saturated n-pentane boiling at atmospheric pressure from artificial cavities as they detected and quantified oscillations of growing bubbles induced by the departure of a preceding bubble.

Despite the perfectible aspects of the implementation of this improved setup (gluing defect, non centered bubble, qualitative measurement only...), this experiment demonstrates the advantages of using such sensors in a fundamental study of boiling at low pressure among which:

• The ability to investigate the bulk fluid temperature at different altitudes in order to know a bit better about the complicated boiling environment encountered at low pressure;

• The ability to follow the motion of the triple line by correlating variations of local heat fluxes with the high-speed visualization;

• The highlighting of the huge influence of the history of preceding bubbles on the boiling environment and hence on the waiting time τ wait between two successive bubbles.

Conclusions

Investigating the phenomenology of boiling requires to study both the heat transfer and the bubble dynamics. As a consequence, an experimental apparatus that enables the synchronization of a visualization system with a thermal measurements system clearly appears as a good tool for such studies.

In the present work, a multizone heat flux sensor was chosen for measurements related to the heated surface to be synchronized with a high-speed camera. However, other solutions exist and are used in the literature. For instance:

Moghaddam and Kiger [START_REF] Moghaddam | Physical mechanisms of heat transfer during single bubble nucleate boiling of FC-72 under saturation conditions -I. Experimental investigation[END_REF] used a silicon membrane coated with a multi-layer benzocyclobutene film as a heated surface to study boiling of FC-72 at saturated conditions. Within and on this composite wall, numerous temperature sensors radially arranged in arrays were located around artificial cavities to measure the temperature of the heated surface beneath the bubble and to calculate the surface heat flux. With this device, the 130 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf authors managed to observe the thermal field underneath a bubble with a very high spatial resolution (spatial step of the order of few ten micrometers) and to characterize the different mechanisms of heat transfer from the surface to the bubble (microlayer, transient conduction and microconvection) and their contributions.

Chen et al. [START_REF] Chen | Detailed structure of microlayer in nucleate pool boiling for water measured by laser interferometric method[END_REF] used a laser interferometric method to observe the structure of the microlayer during a bubble cycle in nucleate water pool boiling. This enabled them to measure accurately the microlayer thickness depending on its distance the bubble inception site.

With their areas of measurement of only a few square millimeters and a spatial step of the order of the micrometer, the two cited techniques seem very accurate. However, they seem not to be adapted to the investigation of low pressure boiling. Under such condition, bubbles are indeed centimeter sized. Using such devices would then require to increase considerably their size which would even more increase their complexity. Moreover, compared to normal pressure condition, other stresses occur (tightness, higher wall superheat required to activate a nucleation site...) that need to be handled by those systems.

An instrumentation like the one described in this chapter finally constitutes a good trade-off between those cited techniques and the features of low pressure boiling. It is therefore a promising solution to get a further understanding of low pressure boiling.

In addition, due to the large bubble size at low pressure, observing the motion of the triple line and of the microlayer should be easier then than under normal pressure conditions. As a consequence, studying the phenomenology of low pressure boiling with such efficient sensors may be an interesting track to improve the knowledge and understanding of boiling in a more general manner.

Starting from observations made on the experimental facility presented in Chapter 2, some improvements were brought to the setup:

• Original sensors were added to get a better knowledge of the boiling environment and to measure locally the heat flux underneath a growing bubble;

• An adapted acquisition system was developed in order to be able to synchronize the thermal measurements with the high-speed visualization.

Experiments were conducted afterwards. In spite of some limitations mainly due to a manufacturing defect, these tests demonstrate the added-value of using such an improved setup in boiling (and especially in low pressure boiling):

• The hypothesis of a homogeneous bulk liquid temperature is confirmed while the complexity of the boiling environment is highlighted;

• The motion of the triple line during the bubble growth can be characterized;

• The long time effect of a preceding bubble on the boiling environment is made visible.

In the future, this work would deserve to be continued by perfecting the new facility and by conducting new experiments with various operating conditions (different fluids, liquid heights, vapor pressures and heating powers).

Conclusion and perspectives

Synthesis

Among the various conditions under which boiling can occur, low imposed pressure constitutes an unconventional condition that has gained some renewed scientific interest during the last decade because of its practical importance. In a context where new environmental regulations are settled while the need of efficient low temperature systems for electronic cooling keeps increasing, some systems may indeed require a fluid to boil at a low pressure. To date, the design of such systems -evaporators for sorption chillers or some thermosyphons for example -remains mostly empirical since these systems experience unusual boiling behaviors that cannot be predicted from the general knowledge about boiling heat transfer. The present thesis was therefore focused on low pressure pool boiling from a fundamental point of view.

First, the fundamental concepts related to pool boiling were recalled before the already-reported features of low pressure pool boiling were detailed. The low pressure bubble dynamics is thus mainly characterized by bubbles of large volume, of specific mushroom shapes and separated by a long waiting time. On the other hand, the thermal performance is known to be degraded (compared to that observed under normal or higher pressures), so that the usual boiling correlations do not apply. Significant variations of the wall temperature with time are also sometimes reported. Recently, the high degree of complexity of the low pressure boiling environment due to the non negligible influence of the static head (related to the liquid column) on the pressure and subcooling fields was also highlighted. Moreover, the diverse operating conditions used in all the previous studies (fluids, heated surfaces, orientations, liquid levels and pressure ranges) made the comparative analysis of the existing literature rather inconclusive. The need of a precise definition of "low pressure" in boiling as well as of new experimental results obtained under "well-defined" operating conditions was thus emphasized.

An experimental facility, already proven by Giraud during her thesis [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF], was then used to conduct several experiments. This facility enables the production of isolated bubbles from a single artificial nucleation site under controlled pressure conditions, the high-speed visualization of these bubbles and the time-monitoring of the wall temperature, the wall superheat and the heat flux released to the working fluid through the heated surface. In addition, an image processing tool was developed in order to provide some of the quantitative and reliable data about the bubble dynamics that were necessary to get a better knowledge of boiling at low pressure.

A first test campaign was carried out with water for a large range of subatmospheric pressures.

In order to observe only the influence of the imposed pressure, the other parameters of importance (namely, the liquid height and the imposed heat flux) were kept constant during all the experiments. Depending on the pressure, four regimes of bubble dynamics were then identified. The state conditions at which the thermophysical properties involved in heat transfer correlations should be evaluated were discussed and carefully defined so that the presence of the subcooling degree induced by the non negligible static pressure is taken into account. Some of the usual models of wall superheat were used with the thermophysical properties defined from Conclusion and perspectives this adapted method. The results of these models were afterwards compared to the superheat measurements. For the lowest range of investigated pressures, some properties of the bubble dynamics (among which the growth duration, the waiting time, the bubble frequency or the instantaneous volume) were evaluated, yielding a general confirmation of the trends reported by previous authors. However, the establishment of a new experimental law of bubble growth raises questions about the involved mechanisms, since it differs from the classical theories that were mostly established for higher pressures.

In agreement with the main conclusions of the literature review, it appeared necessary to define more accurately what "low pressure" means in boiling. Conducting experiments with another fluid than water in this state of "low pressure" under well-identified operating conditions seemed also required to get a better insight of the phenomenon. As a consequence, the concept of mockup fluids was developed. This led to the selection of a given fluid (namely, the cyclohexane) and to the determination of an adapted design of experiments according to the test bench abilities and to the fluid thermophysical properties. A second experimental session was then performed: three of the four bubble dynamics regimes already identified in water were observed in cyclohexane while differences between the two fluids' behaviors were noticed -sometimes quantified -and discussed. Finally, this discussion demonstrated that if the local subcooling degree is a parameter of importance in low pressure boiling, it does not constitutes a sufficient governing parameter by itself. In addition, the calculation of the Robinson and Judd criterion showed that inertia cannot be neglected in the very low pressure range, so that inertia may be considered as (partly) responsible for the deviation of the bubble dynamics from what is usually encountered at higher pressure. The influence of the wettability of the fluid/surface pair was also highlighted.

Finally, the experimental facility was modified to enable the use of original sensors. The main feature of the improved setup is to make the synchronization of the monitoring of the local thermal effect of a bubble growing on the wall with the high-speed visualization possible. Although some manufacturing defects occurred, the first results obtained with water as the working fluid display promising perspectives for a better understanding of the specific behaviors of boiling at low pressure. In particular, the motion of the triple line during the bubble growth could be followed while the long time influence of a preceding bubble on the boiling environment was brought to light.

Perspectives

All the results presented in this thesis were obtained for low pressure boiling occurring from a plain smooth surface provided with a single artificial nucleation site. Yet, as mentioned in the literature review (Chapter 1), the nature and geometry of the heated surface is known to have a significant influence on the boiling phenomenology. As a consequence, one can expect that low pressure pool boiling from heated surfaces closer to what can be encountered in real systems (such as in evaporators) will exhibit differences compared to the observations made in the present work. The effect of such system-like surfaces on low pressure pool boiling therefore deserves to be investigated. As part of a new collaboration between CETHIL (France) and Wrocław University of Science and Technology (Poland), Halon et al. [START_REF] Halon | Experimental study of low pressure pool boiling of water from narrow tunnel surfaces[END_REF][START_REF] Halon | Enhanced tunneled surfaces for water pool boiling heat transfer under low pressure[END_REF] performed some experiments in that goal.

Using the experimental apparatus described in Chapter 2 with a modified test heater enabling the insertion and heating of the surfaces to be tested, Halon et al. [START_REF] Halon | Experimental study of low pressure pool boiling of water from narrow tunnel surfaces[END_REF][START_REF] Halon | Enhanced tunneled surfaces for water pool boiling heat transfer under low pressure[END_REF] conducted an experimental study under the following operating conditions:

Working fluid: pure, distilled and degassed water;

Heat flux input ϕ input : varying from 0.25 up to 3.00 W • cm -2 ;

Vapor pressure P v : ranging from 0.75 to 4.00 kPa (i.e. corresponding to saturation temperatures ranging from 2.8 to 28.9 • C);

Liquid height H l : varying from 0.50 to 8.62 cm.

Six samples forming complex tunneled surfaces were investigated. As visible on Fig. a, all these copper structures display a similar geometry consisting of three rows of fins located on a square base. Two types of samples must however be distinguished: the Narrow Tunnel Structures (NTS) and the Tunnel Structures (TS). The main difference between these two kinds of tunneled surfaces is the absence (in NTS) or the presence (in TS) of bridges between the fins belonging to a given row, so that the liquid can or cannot flow between the channels. In addition, some of the samples are covered with a thin (0.1 mm thick) perforated copper foil which creates subsurface tunnels. Such structures are supposed to improve the thermal performances of low pressure boiling (compared to the plain surface case) as a consequence of their complex shapes that, at once:

• Increase the heat exchange surface's area;

• Increase the active nucleation sites density;

• Improve the fluid circulation and the feeding of the active nucleation sites.

In order to analyze the influence of the pitch and width of the tunnels on the heat transfer, those geometrical parameters vary from one sample to another according to the data displayed on 

Conclusion and perspectives

Depending on the liquid level, different behaviors were reported:

• At H l = 0.50 cm, the free surface level was corresponding to the top of the fins. Bubbles were therefore growing above it, engendering double vapor-liquid-vapor interface that finally bursted or collapsed.

• At H l = 2.87 cm, intermittent boiling occurred. Natural convection took place between the growths of large mushroom shaped bubbles (i.e. during waiting periods). These large bubbles were generally formed at the periphery of the sample (i.e. at the junction between the sample and its assembly with the rest of the heater) and were thus fed in vapor by tunnels. As in the case shown on Fig. c, the departure of such peripheral bubbles occasionally triggered a secondary boiling phase from the horizontal tunnels. In such a case, this secondary boiling phase is characterized by a high departure frequency and intense bubble coalescence. • At H l = 8.62 cm, most of the bubbles were reaching large volumes but usually collapsed while remaining attached to the heated surface. The few bubbles that were able to depart from the sample were actually small.

Halon et al. [START_REF] Halon | Experimental study of low pressure pool boiling of water from narrow tunnel surfaces[END_REF][START_REF] Halon | Enhanced tunneled surfaces for water pool boiling heat transfer under low pressure[END_REF] finally confirmed that the introduction of enhanced tunnel and/or narrow tunnel structures is able to reduce the negative effect of the low pressure condition on the boiling heat transfer coefficient (with respect to the plain surface). This appeared to be especially the case in presence of the perforated foil. According to them, this improvement can be attributed to the mechanism schematically represented on Fig. d. The pumping action of the growing and departing bubbles from the fins' ends contributes to suck the liquid into the tunnels through the holes made in the foil, evaporation of the liquid then takes place in the tunnels, so that the generation and motion of bubbles can continue. With regards to the plain surface configuration, this feeding mechanism is consequently supposed to improve the boiling heat transfer (i.e. to reduce the low pressure influence) owing to two simultaneous effects: the reduction of the wall superheat and the increase of the boiling process stability.

The few pieces of information exposed just above emphasize the need to perform additional low pressure boiling experimental studies on system-like heated surfaces with a fundamental approach before implementing them in real systems. The boiling phenomenology can indeed be totally changed by the heated surface geometry. However, the involved processes may rapidly become too complicated to achieve the analysis -especially when using complex surfaces such as TS or NTS. In that context, a rather precise understanding of the low pressure boiling phenomenon in simpler configurations (like from horizontal upward-facing plain surfaces) remains finally a key point.

Several actions that should be given priority for future works are therefore suggested hereafter.

In the continuity of this thesis, all of them are aimed at getting a better knowledge and understanding of low pressure pool boiling at the bubble scale.

• As it was demonstrated that a particular attention should be paid to the wettability (both to its influence on low pressure boiling and to its dependence on the operating conditions), and as this property -characterized by the contact angle θ -is related to the surface/fluid pair, two complementary parametric studies could be undertaken:

-For a given surface/fluid pair: the dependence of the apparent contact angle θ of a growing bubble on the heat flux, the liquid level and more particularly on the vapor pressure should be investigated1 . Variations of this parameter with operating conditions may indeed explain some of the observed changes in the bubble dynamics behaviors.

-For a given set of operating conditions (i.e. imposed heat flux, liquid height and vapor pressure): changing the fluid and/or the heated surface may enable to identify some of the driving parameters related to wettability and to get a better understanding of the nucleation process in low pressure boiling. Heaters made of different materials, with different roughnesses and presenting or not one or several artificial cavities of various sizes and shapes could for example be tested with a few fluids.

• Based on the results obtained during this thesis, the study of the isolated bubble regime deserves to be taken forward in order to:

-Measure and take into consideration the bubble's velocity whose importance has been brought to light when the non negligible effect of inertia on the bubble growth at low pressure was confirmed.

-Establish the interest of the concept of "mock-up fluids" and reap all the benefits of it. New and numerous experimental data are then required so that the mapping of the bubble dynamics behaviors according to the parameters governing low pressure boiling could be refined. Experiments should therefore be conducted at various pressure levels with several fluids and/or liquid heights such as a "similar state of low pressure" could always be reached and observed. In particular, setting conditions which lead to an identical subcooling degree in different fluids seems to present some interest for purpose of fluids' behaviors comparison since this makes the analysis free from the influence of differences in this boiling environment property from one fluid to another.

Conclusion and perspectives

-Improve the knowledge and understanding of the link that exists between the bubble dynamics and the boiling heat transfer through the use of the modified version of the experimental facility. A first step aiming at characterizing properly the new heater (provided with the multizone heat flux sensor and connected with the new acquisition system) would beforehand be required. The sensitivies of measurement provided by CAPTEC have indeed to be adjusted due to the effect of the in-house acquisition line that was implemented. In the same vein, the response times associated with all the measurement zones can be cited -for instance -as critical parameters to be known for the quantitative exploitation of the heat flux sensor outputs. Afterwards, the synchronization of the multizone heat flux sensor with the camera would make possible the high-speed monitoring of the triple line motion and of its consequences on the local heat transfer during a bubble growth. A study of the evolution of the microlayer geometry (size, shape and thickness) in relation with the heat transfer rate in this region may therefore be carried out (this would require to reduce the imaging area to the bubble foot zone in order to increase the spatial resolution). The amount of heat transferred from the wall to the fluid by evaporation of the microlayer might thus be estimated. Finally, the evaluation of the relative contribution of the microlayer evaporation to the total heat transfer could indicate if this subprocess is of major importance or not in low pressure pool boiling (depending on the working fluid and on the other operating conditions).

• In the future, the effect of the heated surface orientation and inclination may also deserve to be studied since real systems would certainly impose different configurations of use than the basic horizontal upward-facing situation.

A long-term goal of all these perspectives could be to identify the parameters governing the fundamental phenomena involved in low pressure pool boiling and in its subprocesses, so that the predominant forces acting on a growing bubble could be properly estimated and an adapted bubble growth model developed.

observation of the shape and depth of the nucleation site. Despite this issue, the diameter of the nucleation site is estimated to 110 µm which corresponds to the size evaluated by Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF]. As a consequence, the nucleation site is assumed unchanged, i.e. it is still conical and 70 µm deep. According to Fig A .2b, the rest of the surface appears to be very smooth.

(a) 3D-view. 

Zones b and c -analysis of non-centered zones

According to Fig. A.3 and A.4, the heated surface seems to be uniformly smooth. The spatial resolution of the measurement being high enough to be representative, the root mean square roughness S q can be evaluated through the usual relation given as Eq A.1:

S q = 1 M xM ỹ M x-1 k=0 M ỹ -1 l=0 [z(x k , ỹl ) -μ] 2 (A.1)
where M x and M ỹ are the numbers of points for which the altitude is measured along respectively the x and ỹ-axis while μ is equal to the mean value of the altitude z on the considered area.

(a) 3D-view. 140 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf (a) 3D-view. Averaging the results of the calculations performed on Zone b and c respectively yields a surface roughness of S q = 0.32 µm. This value is in agreement with the one given by Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] (S q < 0.4 µm).

A.1.3 Conclusion

According to the measurements made with the confocal microscope, the heated surface condition and the geometry of the artificial nucleation site are still close to the one used by Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF].

A.2 The heat flux sensor used as a heated surface

A.2.1 Introduction

As mentioned in Chapter 5, the surface condition of the sensor was also carefully analyzed using the confocal microscope in order to verify that it was comparable to the one of the heated wall of the previous test sample. This was done by following the three following stages:

i) The full sensor was analyzed with a quite low spatial resolution in order to check the largescale uniformity of the whole surface. The spatial step p was chosen to obtain a relatively good trade-off between the measurement time and the spatial resolution.

ii) Several zones of the surface of different sizes were randomly analyzed with the microscope using an intermediate spatial step value. This was aiming at verifying -with a better spatial resolution -if the surface looked uniform or not.

iii) A central zone was accurately (low spatial step) analyzed to evaluate the surface roughness and the size of the artificial nucleation site.

Similar to what was done for the heated surface from the first version of the sample, the spatial step p is the same for the two directions of the horizontal plane of the microscope (i.e. along the x and ỹ-axes).

A.2.2 Surface analysis

Stage i) -analysis of the whole sensor

The entire surface was observed with the spatial step set to p = 35 µm which led to a measurement duration of 12 h because of the large size of the sensor.

As shown on Fig. A.5, there is no major defect on the surface: except for some isolated points close to the edges, the vertical distance between the highest and the lowest points can be estimated as smaller than 50 µm, which is negligible compared to the surface's size.

However, the surface's roughness cannot be calculated from this measurement because of the low spatial resolution which makes this computation not representative. ). Actually, they correspond to small grooves made on the bottom face of the copper foil to ensure a good working of the sensor (by contributing to the creation of the asymmetry between copper and constantan, refer to Section 5.1.4.2.1) as well as a satisfying gluing between the foil and the rest of the sensor. However, the difference of height between the ridges and the valleys is still of only a few micrometers which is comparable to variations in the other investigated zones.

Stage iii) -analysis of a small centered zone

Finally, a small centered zone (x, ỹ ∈ [-0.75 mm ; 0.75 mm]) was investigated with a very high resolution (p = 1 µm). This measurement lasted then 2 h 30 min.

The acquired data were treated afterwards in two distinct phases aiming at:

1. Locating the nucleation site and measuring its size;

2. Estimating the surface roughness.

In phase 1, all the visualization was used while in phase 2 only a part of it was used in order to avoid any disturbance of the roughness estimation due to the presence of the artificial cavity (which is supposed to be the largest defect of the full surface).

Phase 1

The mechanical indentation made to create the artificial nucleation site also induced a local elevation of the copper around the cavity itself as it can be seen on 

Phase 2

To estimate the surface roughness, only the bottom-left quarter of the centered zone is investigated. The nucleation site is thus excluded from the calculation. 144 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf 

As visible on

A.2.3 Conclusion

According to the measurements made with the confocal microscope and presented in this appendix, the heated surface constituted of the heat flux sensor is homogeneous and relatively smooth. Its roughness being equal to S q = 0.28 µm, it is lower than 0.4 µm which is comparable to the roughness of the heated wall of the first test sample (refer to Section A.1).

The artificial nucleation site is also characterized in terms of position, shape and size. With a diameter of 100 µm, a depth of 110 µm, a conical shape and a centered position, the geometry of the cavity is similar to the one of the first test heater's nucleation site.

According to Fig. B.1, despite the small noise linked to their calculation method (through the derivative of a linear fit as explained in Section 2.3.1), measured values of heat flux are constant with time for all the investigated pressures. It appears yet that the measured values overestimate the input value. As this is not consistent even if there is no heat loss (since there is no storage of heat), the question of the uncertainties on the heat flux arises.

Uncertainty on the imposed heat flux ϕ input : The imposed heat flux ϕ input is evaluated through Eq. B.2:

ϕ input = u input i input A (B.2)
where u input and i input are the voltage and current delivered by the power supply (in Volts and Amperes respectively) while A (in square meters) is the area of the cross section of the copper block (the influence of the fin is not considered).

The uncertainty on this parameter is therefore obtained through:

∆ϕ input ϕ input = ∆u input u input + ∆i input i input + ∆A A (B.3)
In the present case, with the uncertainties on the voltage, the current and the diameter of the cross section of the copper block estimated to ± 0.1 V, ± 0.01 A and ± 0.5 mm respectively, the calculation of the error on the imposed heat flux leads to:

∆ϕ input ϕ input = 4.1 % (B.4)
Uncertainty on the measured heat flux ϕ meas : The measured heat flux is obtained according to the method detailed in Section 2.3.1. The uncertainty on it is evaluated through Eq. 2.8 where the error on the thermal conductivity of copper can be neglected, so that the relation becomes: 

B.2 Calculation of the heat transfer coefficient h

The heat transfer coefficient h can finally be evaluated through Eq. B.1 where the considered value for heat flux ϕ is either the imposed heat flux value ϕ input (h ϕ input ) or the measured heat flux value ϕ meas (h ϕmeas ).

Depending on the case, the uncertainty on the heat transfer coefficient is given by: ∆h Whatever the vapor pressure P v imposed during this experimental campaign, the heat transfer coefficient h is low and ranges from h = 1000 to 2100 W • m -2 • K -1 . This is in agreement with the literature since, at low pressure, heat is mainly transferred by natural convection rather than by phase change. However, close to the atmospheric pressure (P v ≈ P atm = 101.4 kPa) the heat transfer coefficient could have been expected to be higher. This is related to the influence of the low heated surface roughness on the heat transfer: only a few cavities are activated at this imposed heat flux resulting in a high wall superheat at nucleation. [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] does not corresponds to our experimental measurements of the waiting time with a good agreement. At the lowest pressures (P v < 12.4 kPa), this can still be explained by the linearization performed on the transient conduction model which is not valid there (since the waiting period is then not short). At higher pressures, the simplest model of critical wall superheat (i.e. the one originally used by McGillis et al. which is based on the static equilibrium of a vapor nucleus and on the Clausius-Clapeyron equation) yields the best agreement.

Consequently to this short study, the approach developed by McGillis et al. in [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] is not extended further in Chapter 3 and a fit of our experimental data is simply performed depending on the pressure at the heated surface level P wall . L'ébullition est un mode de transfert de chaleur intervenant dans de nombreux systèmes thermiques ou énergétiques en raison de son efficacité. Dans certains systèmespar exemple les évaporateurs des machines frigorifiques à sorption ou certains thermosiphons -l'ébullition se produit sous de faibles pressions. Dans ces conditions, la pression statique induite par la colonne de liquide au-dessus de la surface où les bulles de vapeur se forment n'est pas négligeable devant la pression de saturation prévalant au niveau de la surface libre, la pression locale dans le liquide étant alors la somme de la pression de saturation et de la pression statique. Dès lors, la pression et le sous-refroidissement induit par la pression ne peuvent plus être considérés comme homogènes autour des bulles, ce qui conduit à des inhomogénéités des propriétés thermophysiques dans le fluide. En conséquence, les influences relatives des différentes forces s'exerçant sur une bulle lors de sa croissance ne sont plus les mêmes que dans des conditions de pressions normales ou hautes, ce qui implique une dynamique de bulles différente : la taille, la forme ou encore la fréquence des bulles sont modifiées. Les transferts thermiques sont également affectés par ces conditions particulières.

Afin d'observer l'influence de la pression sur l'ébullition en vase d'un point de vue fondamental, ce travail s'est restreint à l'étude expérimentale de l'ébullition en site unique en régime de bulles isolées. L'eau a d'abord été testée à flux imposé et hauteur de liquide constants pour une large gamme de pressions subatmosphériques. En termes de dynamique de bulles, quatre comportements ont alors pu être identifiés grâce à la visualisation par caméra rapide. Pour certains de ces régimes, l'emploi d'un outil de traitement d'images adaptédéveloppé dans le cadre de cette thèsea alors permis la quantification de plusieurs paramètres de la dynamique (temps de croissance, fréquence de détachement, volume instantané, etc.) à partir de l'exploitation des séquences vidéo enregistrées. Afin de généraliser le concept d'ébullition en vase à « basse pression » et de mieux en appréhender les phénomènes fondamentaux, de nouveaux essais ont été réalisés avec un second fluide, le cyclohexane, choisi en respectant des critères de similitude thermodynamique vis-à-vis de l'eau bouillant à des pressions inférieures à la pression atmosphérique. L'étude comparative des comportements des deux fluides a permis d'identifier un certain nombre de paramètres responsables des phénomènes spécifiques de l'ébullition à basse pression.

Au-delà de ces résultats, le dispositif expérimental a été amélioré afin de lui conférer de nouvelles fonctionnalités. Il s'agit notamment d'effectuer la mesure rapide de la densité de flux transférée localement sous la bulle au cours de sa croissance, de rendre ces mesures thermiques synchrones avec l'acquisition par caméra rapide et enfin d'étudier l'ébullition à basse pression sur des surfaces structurées (agencement de tunnels perforés). Les résultats obtenus ouvrent des perspectives encourageantes pour mieux analyser les comportements spécifiques de l'ébullition à basse pression afin de pouvoir les exploiter dans des applications pratiques.

MOTS-CLÉS : Ébullition en vase, basse pression, essais expérimentaux, visualisation, dynamique de bulles, comparaison de fluides, similitude thermodynamique. 
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 111 Figure 1.1 -Saturated boiling curves at (a) imposed heat flux; (b) imposed temperature.

Figure 1 . 2 -

 12 Figure 1.2 -Schematic Clapeyron diagram of a pure substance.

Figure 1 . 3 -

 13 Figure 1.3 -Schematic of a bubble nucleating on a flat smooth solid surface with the related contact angle θ.

Figure 1 . 6 -

 16 Figure 1.6 -Schematic cycle of a bubble formed at an active cavity site (adapted from [13]).

Figure 1 . 7 -

 17 Figure 1.7 -High-velocity liquid jet penetrating into a large departed bubble (water boiling from an artificial

1. 2 Figure 1 . 8 -

 218 Figure 1.8 -(a) Elongated vapor filament connecting the heated surface and the departed bubble (water boiling

Figure 1 . 10 -

 110 Figure 1.10 -Schematic representation of (a) the thermal fluctuations at the wall; (b) the instantaneous boiling curves during the cyclic boiling regime (and comparison with single phase convection and continuous boiling regimes; based on [46]).

Figure 2 . 1 -

 21 Figure 2.1 -Experimental apparatus.

→

  Evacuation with vacuum pump ⇄ Filling and emptying with working fluid

Figure 2 . 2 -

 22 Figure 2.2 -Boiling pool.

Figure 2 . 3 -

 23 Figure 2.3 -Detail of the heater: (a) the copper block; (b) the whole test sample.

Figure 2 . 4 -Figure 2 . 5 -

 2425 Figure 2.4 -Heated surface condition.

Figure 2 . 6 -

 26 Figure 2.6 -Liquid height H l measurement: reading of (a) the liquid level height H1; (b) the heated surface height H2.

Figure 2 . 7 -

 27 Figure 2.7 -Example of temperatures measured by a row of thermocouples of the test sample.

Figure 2 . 8 -

 28 Figure 2.8 -Illustration of the uncertainty estimation through the Monte Carlo technique introduced by Kempers et al. [63] on the set of measurements displayed on Fig. 2.7.

Figure 2 . 9 -

 29 Figure 2.9 -Features of the pictures limiting the detection of bubble nucleation and departure and the localization of its edges (illustrated on an image of bubble obtained with water at Pv = 5.6 kPa (Tsat = 35 • C) with H l = 17.3 cm and ϕinput = 2.7 W • cm -2 ).

Figure 2 . 10 -

 210 Figure 2.10 -Vertical division of a picture into domains A and B, subdivision of domain B into regions B1 and B2 and horizontal division into areas of research of the left and right interfaces (with the chosen orientation of the pixels profiles in those areas).

Figure 2 . 11 -

 211 Figure 2.11 -Example of an oriented line of pixels (stretched vertically), intensity of pixels along the profile I(x) and its gradient dI dx when (a) there is a bubble but no reflection effect; (b) there is only liquid and (c) there is a bubble and a reflection.

Figure 2 . 12 -

 212 Figure 2.12 -Schematic representation of implemented solutions to the shadow zone problem: case (i) on the left hand side and case (ii) on the right hand side.

Chapter 2 .Figure 2 . 13 -

 2213 Figure 2.13 -Schematic representation of implemented solutions to the viewport problem depending on the situation encountered in domain B: case (i) on the left hand side and case (ii) on the right hand side.

Figure 2 . 14 -

 214 Figure 2.14 -Results of image processing (illustrated on an image of bubble obtained with water at Pv = 9.6 kPa (Tsat = 45 • C) with H l = 17.3 cm and ϕinput = 2.7 W • cm -2 ): (a) original picture; (b) automatic treatment and (c) manual treatment.

Figure 2 .

 2 Figure 2.15 -(a) Absolute and (b) relative error between volume calculated through automatic treatment and volume estimated through manual processing (illustrated on a video file obtained with water at Pv = 9.6 kPa (Tsat = 45 • C) with H l = 17.3 cm and ϕinput = 2.7 W • cm -2 ).

Figure 3 . 1 -

 31 Figure 3.1 -Static head in water P static H l =17.3 cm depending on the vapor pressure Pv (H l = 17.3 cm).

Figure 3 . 2 -

 32 Figure 3.2 -Local subcooling ∆T sub depending on the depth z in the water for the different investigated vapor pressures Pv (H l = 17.3 cm).

Figure 3 . 3 -

 33 Figure 3.3 -Images of video recordings showing the time evolution of selected bubbles under the lowest investigated vapor pressures (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ): (a) Pv = 4.2 kPa (Tv = 30 • C); (b) Pv = 5.6 kPa (Tv = 35 • C); (c) Pv = 7.4 kPa (Tv = 40 • C); (d) Pv = 9.6 kPa (Tv = 45 • C); (e) Pv = 12.4 kPa (Tv = 50 • C); (f) Pv = 15.8 kPa (Tv = 55 • C).

73. 3 mmFigure 3 . 4 -

 334 Figure 3.4 -Images of video recordings showing the time evolution of selected bubbles at Pv = 20.0 kPa (Tv = 60 • C) (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

Figure 3 . 5 -

 35 Figure 3.5 -Images of video recordings showing the time evolution of selected bubbles under the intermediate range of vapor pressure (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ): (a) Pv = 25.1 kPa (Tv = 65 • C); (b) Pv = 31.2 kPa (Tv = 70 • C); (c) Pv = 38.6 kPa (Tv = 75 • C); (d) Pv = 47.4 kPa (Tv = 80 • C); (e) Pv = 57.9 kPa (Tv = 85 • C); (f) Pv = 70.2 kPa (Tv = 90 • C).

Figure 3 . 6 -

 36 Figure 3.6 -Images of video recordings showing the time evolution of selected bubbles at (a) Pv = 84.6 kPa (Tv = 95 • C); (b) Pv = Patm = 101.4 kPa (Tv = 100 • C) (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

  On the contrary, in the present study, a secondary bubble is observed only for vapor pressures ranging from P v = 20.0 kPa (T v = 60 • C) up to P v = 70.2 kPa (T v = 90 • C) (i.e. on cases associated with Fig. 3.4 and Fig.3.5

Figure 3 . 7 -

 37 Figure 3.7 -Time evolution of the wall temperature T exp wall for the different investigated vapor pressures Pv (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

Figure 3 . 8 -

 38 Figure 3.8 -Configuration at nucleation in absence of subcooling: (a) geometry; (b) schematic phase diagram.

Figure 3 . 9 -

 39 Figure 3.9 -Configuration at nucleation in presence of subcooling: (a) geometry; (b) schematic phase diagram.

Figure 3 . 10 -

 310 Figure 3.10 -Iterative process used for the determination of T crit wall .The determination of this critical wall temperature enables the definition of another critical wall superheat ∆T crit, 0 wall as:

Figure 3 . 11 -

 311 Figure 3.11 -Comparison of the critical equilibrium radius R crit and the radius of the artificial nucleation site rcav depending on the vapor pressure Pv.

Figure 3 . 12 -

 312 Figure 3.12 -Measured wall superheat ∆T exp wall vs the vapor pressure Pv and comparison with the theoretical minimal wall superheats required to activate boiling ∆T crit, 0 wall , ∆T crit, 1 wall , ∆T crit, 2 wall , ∆T crit, 3

  (A) P v ≤ 15.8 kPa (T v ≤ 55 • C): In agreement with the evolution of the theoretical minimal values, the measured wall superheat decreases rapidly with the pressure. As ∆T crit, 0 wall , ∆T crit, 1 wall , ∆T crit, 2 wall and ∆Tcrit, 4 wall are smaller than the experimental values, relations given in Eq. 3.31, Eq. 3.8, Eq. 3.10 and Eq. 3.12 still seem valid in this range of pressure. On the contrary, the superheat ∆T crit, 3 wall calculated through Eq. 3.11 is larger than ∆T exp wall : this correlation may be not adapted to water boiling at such low pressure levels and heat flux. (B) 20.0 kPa ≤ P v ≤ 70.2 kPa (60 • C ≤ T v ≤ 90 • C): Contrary to the decreasing evolution of the correlations, the wall superheat experimentally measured ∆T exp wall slowly increases with the vapor pressure P v . (C) P v > 70.2 kPa (T v > 90 • C): The measured wall superheat decreases slowly as the pressure P v increases.

Figure 3 . 13 -

 313 Figure 3.13 -Representative processed images after (a) an automatic treatment for a bubble of water obtained at Pv = 9.6 kPa (Tsat = 45 • C) or after a manual treatment for (b) a primary or (c) a secondary bubble of water obtained at Pv = 20.0 kPa (Tsat = 60 • C) (H l = 17.3 cm and ϕinput = 2.7 W • cm -2 ).

Figure 3 . 14 -

 314 Figure 3.14 -Dependence of bubble growth duration τ growth on the vapor pressure Pv (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

Figure 3 . 15

 315 Figure 3.15 1 then shows the experimental data depending on the pressure considering either the vapor pressure P v or the pressure at the wall level P wall . McGillis correlation is reported as well as a new one. The latter is actually a fit made on our experimental points which has the same model as the relation given by McGillis but considers the pressure at the wall P wall instead of the vapor pressure P v :

Figure 3 . 15 -

 315 Figure 3.15 -Dependence of bubble growth duration τ growth on the pressure, including or not the static head (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

Figure 3 . 16 -

 316 Figure 3.16 -Dependence of waiting period between successive bubbles τwait on the vapor pressure Pv and on the subcooling degree evaluated at the level of the heated wall ∆T sub, wall (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

Figure 3 . 17 -

 317 Figure 3.17 -Dependence of waiting period between successive bubbles τwait on the pressure at the heated surface level P wall (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

Figure 3 . 18 -

 318 Figure 3.18 -Dependence of the bubble departure frequency f on the pressure at the heated surface level P wall (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

Figure 3 . 19 -

 319 Figure 3.19 -Typical dimensional growth curve of a bubble (water, Pv = 5.6 kPa (Tv = 35 • C), H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

Figure 3 . 20 -

 320 Figure 3.20 -Non dimensional growth curves of selected bubbles obtained at Pv = 5.6 kPa (Tv = 35 • C), Pv = 7.4 kPa (Tv = 40 • C), Pv = 12.4 kPa (Tv = 50 • C) and Pv = 20.0 kPa (Tv = 60 • C) (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

Figure 3 . 21 -

 321 Figure 3.21 -Comparison of usual laws of growth with the experimental measurements associated with the 102 recorded and processed bubbles (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 , 4.2 kPa ≤ Pv ≤ 20.0 kPa (30 • C ≤ Tv ≤ 60 • C)).
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Figure 3 . 22 -

 322 Figure 3.22 -Time evolution of the ratio ln(V * ) ln(t * ) associated with the 102 recorded and processed bubbles (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 , 4.2 kPa ≤ Pv ≤ 20.0 kPa (30 • C ≤ Tv ≤ 60 • C)).

Figure 3 . 23 -

 323 Figure 3.23 -Comparison of new models of growth with the experimental measurements associated with the 102 recorded and processed bubbles (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 , 4.2 kPa ≤ Pv ≤ 20.0 kPa (30 • C ≤ Tv ≤ 60 • C)).

Figure 3 . 24 -

 324 Figure 3.24 -Dependence of the bubble volume on its growth duration: (a) Maximum volume Vmax; (b) Volume at departure V departure (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).
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 3325 Figure 3.25 -Relationship between bubble frequency f and equivalent diameter at departure D departureeq .

1

  The cited thermostatic bath is a LAUDA WK class WK 4600 circulation chiller working with the Kryo 30 coolant in the temperature range [0 • C, 40 • C]. The cooling power of this system is high (4.6 kW at 20 • C) which suits well to the study of low pressure boiling with the current vessel where the amount of fluid to cool is important while the pressures of interest can yield temperatures close to 0 • C. For the test campaign conducted with water up to the atmospheric pressure (i.e up to (Pv max = 101.4 kPa, Tv max = 100 • C), see Chapter 3), this thermostatic bath was temporarily substituted by a LAUDA ECO SILVER RE 1050 S recirculating chiller working with the Kryo 51 coolant in the temperature range [-50 • C, 120 • C]. The relatively low cooling power of this second chiller (0.7 kW at 20 • C) is an additional cause of the restriction of the test session of Chapter 3 to (Pv min = 4.2 kPa, Tv min = 30 • C).

Figure 4 . 1

 41 Figure 4.1 -Ratio Pv P t depending on the saturation temperature Tv for different fluids [71]. -The zone colored in green corresponds to the temperature range permitted by the experimental facility.

Figure 4 . 2 -

 42 Figure 4.2 -Ratio ρ l ρv depending on the saturation temperature Tv for different fluids [71]. -The green zone still corresponds to the temperature range permitted by the experimental facility.

Figure 4 . 3 -

 43 Figure 4.3 -Schematical identification of the local subcooling degree on the saturation curve: (a) geometry; (b) schematic phase diagram.

Chapter 4 .Figure 4 . 4 -

 444 Figure 4.4 -Geometry: distinction between the vertical axes z and Z.

Figure 4 . 5 -

 45 Figure 4.5 -Correspondence between saturation states of water and cyclohexane according to Eq. 4.28. -The green zone still corresponds to the temperature range permitted by the experimental facility.

Figure 4 . 6 -

 46 Figure 4.6 -Example of matching local subcooling obtained in water and cyclohexane and comparison depending on the liquid height -(Pv water = 7.4 kPa, Tv water = 40 • C), (Pv cyclohexane = 6.0 kPa, Tv cyclohexane = 9.0 • C).

Figure 4 . 7 -

 47 Figure 4.7 -Local subcooling degrees in water and cyclohexane with liquid heights adapted to get identical subcooling degrees at the level of the heated wall -Example at Pv P t = 3 (Pv water = 1.8 kPa (Tv water = 15.9 • C) and Pv cyclohexane = 15.7 kPa (Tv cyclohexane = 29.3 • C)).

Figure 4 . 8 -

 48 Figure 4.8 -Static head in cyclohexane P static H l =17.8 cm depending on the vapor pressure Pv (bottom x-axis) and on the pressure ratio Pv P t (top x-axis) (H l = 17.8 cm).

Figure 4 . 9 -

 49 Figure 4.9 -Local subcooling ∆T sub depending on the depth z in the cyclohexane for the different investigated vapor pressures Pv and pressure ratios Pv P t (H l = 17.8 cm).
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 410 Figure 4.10 -Images of a video recording showing the time evolution of selected bubbles at Pv = 7.9 kPa (Tv = 14.3 • C, Pv P t = 1.50) (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ).

Figure 4 . 11 -

 411 Figure 4.11 -Probability density function (PDF) of the growth duration τ growth for 7.9 kPa ≤ Pv ≤ 10.5 kPa (14.3 • C ≤ Tv ≤ 20.5 • C, 1.50 ≤ Pv P t ≤ 2.00) (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ).

Figure 4 . 12 -

 412 Figure 4.12 -Probability density function (PDF) of the waiting period τwait for 7.9 kPa ≤ Pv ≤ 10.5 kPa (14.3 • C ≤ Tv ≤ 20.5 • C, 1.50 ≤ Pv P t ≤ 2.00) (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ).

Figure 4 . 13 -

 413 Figure 4.13 -Probability density function (PDF) of (a) the bubble maximum volume Vmax and of (b) the volume at departure V departure for 7.9 kPa ≤ Pv ≤ 10.5 kPa (14.3 • C ≤ Tv ≤ 20.5 • C, 1.50 ≤ Pv P t ≤ 2.00) (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ).

Figure 4 . 14 -

 414 Figure 4.14 -Comparison of usual laws of growth with the experimental measurements associated with the 173 recorded and processed bubbles (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 , 7.9 kPa ≤ Pv ≤ 10.5 kPa (14.3 • C ≤ Tv ≤ 20.3 • C, 1.50 ≤ Pv P t ≤ 2.00)).

Figure 4 . 15 -

 415 Figure 4.15 -Time evolution of the ratio ln(V * )

Figure 4 . 16 -

 416 Figure 4.16 -Comparison of new models of growth with the experimental measurements associated with the 173 recorded and processed bubbles (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 , 7.9 kPa ≤ Pv ≤ 10.5 kPa (14.3 • C ≤ Tv ≤ 20.3 • C, 1.50 ≤ Pv P t ≤ 2.00)).

Figure 4 . 17 -

 417 Figure 4.17 -Images of a video recording showing the time evolution of selected bubbles at Pv = 11.8 kPa (Tv = 22.8 • C, Pv P t = 2.25) (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ).

  4.18 for P v = 17.0 kPa (T v = 31.1 • C, Pv Pt = 3.25), successive bubbles are no more interacting despite a high detachment frequency.

Figure 4 . 18 -

 418 Figure 4.18 -Images of a video recording showing the time evolution of selected bubbles at Pv = 17.0 kPa (Tv = 31.1 • C, Pv P t = 3.25) (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ).

Figure 4 . 19 -

 419 Figure 4.19 -Comparison of the critical equilibrium radius R crit and the radius of the artificial nucleation site rcav depending on the vapor pressure Pv and on the pressure ratio Pv P t .

Figure 4 . 21 -

 421 Figure 4.21 -Heat transfer coefficient based of the measured (hϕ meas ) and imposed heat flux (hϕ input ) for the different investigated vapor pressures Pv and pressure ratios Pv P t (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ).

4. 3 Comparison of the two fluids 4 . 3 . 1

 3431 Similarities and differences in terms of bubble dynamicsAccording to Chapter 3 and Section 4.2, the two test sessions conducted with water and cyclohexane during this work -with close liquid levels: H l water = 17.3 cm ≈ H l cyclohexane = 17.8 cm and imposed heat flux values ϕ input determined following an identical procedure (refer to Section 4.1.3) -exhibit similarities in terms of bubble dynamics.
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 422 Figure 4.22 -Schematic comparison of the bubble dynamics observed in water and cyclohexane.
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 43 Schematic illustration of the possible effect of the wettability of the fluid on the bubble shape.

Figure 4 . 23 -

 423 Figure 4.23 -Non dimensional growth measurements and models between water and cyclohexane.

Figure 4 . 24 -

 424 Figure 4.24 -Comparison between the local subcooling degrees ∆T sub (Z) in water and cyclohexane for the experiments leading to mushroom shaped bubbles.

Figure 4 . 25 -

 425 Figure 4.25 -Comparison of the transition points between bubble dynamics regimes and the associated "corresponding saturation states" in terms of local subcooling degree according to Eq. 4.28.

Figure 4 . 26 -

 426 Figure 4.26 -Jacob number Ja as a function of the pressure ratio Pv P t depending on the considered fluid and on the bubble dynamics behavior.

Figure 4 . 27 -

 427 Figure 4.27 -Robinson and Judd criterion IR as a function of the pressure ratio Pv P t depending on the considered fluid and on the bubble dynamics behavior.

Figure 4 . 28 -

 428 Figure 4.28 -Robinson and Judd criterion IR as a function of the pressure ratio Pv P t depending on the considered fluid and on the bubble dynamics behavior in a log-log scale.
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 51 Figure 5.1 -Improved experimental apparatus.

Figure 5 . 2 -

 52 Figure 5.2 -New thermal probe: (a) Photograph; (b) Schematic diagram.Table 5.1 -Positions of thermocouples in the fluid in terms of distance to the heated wall Z. Thermocouple Z (cm) T 1 0.0 ± 0.1 T 2 1.0 ± 0.1 T 3 2.0 ± 0.1 T 4 3.0 ± 0.1 T 5 4.0 ± 0.1 T 6 5.0 ± 0.1 T 7 7.5 ± 0.1 T 8 10.0 ± 0.1 T 9 12.5 ± 0.1 T 10 15.0 ± 0.1 T liq 11.3 ± 0.2 T vap 32.4 ± 0.2

Figure 5 . 3 -

 53 Figure 5.3 -Schematic diagram of the new test sample.

Figure 5 . 4 -

 54 Figure 5.4 -Cross-sectional view of a Théry-type heat flux sensor (adapted from [114]).
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 155 Figure 5.5 -(a) Diagram of the heat flux sensor; (b) Picture of the heat flux sensor glued on the test sample.

Figure 5 . 6 -

 56 Figure 5.6 -Schematic diagram of the developed acquisition system.

Figure 5 . 7 -

 57 Figure 5.7 -Measured temperatures in the fluid during the experiment made with water at Pv = 5.2 kPa (Tv = 33.6 • C), with H l = 15 cm and HPinput = 125.9 W.

Figure 5 . 8 -

 58 Figure 5.8 -Local subcooling ∆T sub depending on the depth z in the liquid (experiment with water at Pv = 5.2 kPa (Tv = 33.6 • C), with H l = 15 cm and HPinput = 125.9 W).
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 59 Figure 5.9 -Location of the active nucleation site.

Figure 5 . 10 -

 510 Figure 5.10 -Pictures of a bubble recorded at 250 Hz (experiment with water at Pv = 5.2 kPa (Tv = 33.6 • C), with H l = 15 cm and HPinput = 125.9 W).

6 delayFigure 5 . 11 -

 6511 Figure 5.11 -Measured heat fluxes (a) during the whole test; (b) during the period when the bubble is visible (experiment conducted with water at Pv = 5.2 kPa (Tv = 33.6 • C), with H l = 15 cm and HPinput = 125.9 W).
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 512 Figure 5.12 -(a) Temperature measured at the center of the heated surface Tcenter ; (b) Wall superheat ∆T wall (experiment conducted with water at Pv = 5.2 kPa (Tv = 33.6 • C), with H l = 15 cm and HPinput = 125.9 W).

Figure a -

 a Figure a-Picture of the six enhanced structures (adapted from[START_REF] Halon | Enhanced tunneled surfaces for water pool boiling heat transfer under low pressure[END_REF]).

  Fig. b.

  Figure b-Sketch of the samples (adapted from[START_REF] Halon | Enhanced tunneled surfaces for water pool boiling heat transfer under low pressure[END_REF]).

Figure c -

 c Figure c -Example of visualization of boiling from NTS-2 at Pv = 2.0 kPa (Tv = 17.5 • C) (water, H l = 2.87 cm, ϕinput ≥ 1.0 W • cm -2 ; adapted from [50]).

Figure d -

 d Figure d -Schematic diagram of the boiling mechanism inside the NTS (adapted from [50]).
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 2 Figure A.2 -Visualizations of the Zone a obtained with the confocal microscope (p = 10 µm).

  (b) Top-view.

Figure A. 3 -

 3 Figure A.3 -Visualizations of Zone b obtained with the confocal microscope (p = 10 µm).

Figure A. 4 -

 4 Figure A.4 -Visualizations of Zone c obtained with the confocal microscope (p = 10 µm).

Figure A. 5 -Figure A. 6 -

 56 Figure A.5 -Visualization of the whole surface with the confocal microscope (p = 35 µm).

Figure A. 7 -

 7 Figure A.7 -Visualization of the three zones made with the microscope (p = 20 µm).

  Fig. A.8a. Except this, the cavity is very clean with a very circular opening and an almost conical shape. The nucleation site thus machined is 110 µm deep with a diameter of 100 µm.

Figure A. 8 -

 8 Figure A.8 -Visualizations of the centrered zone obtained with the microscope (p = 1 µm).

Figure A.8b

  Figure A.8b reveals that the artificial cavity is not perfectly centered on the heated wall: its center is in fact located at the position (x = 0.184 mm, ỹ = 0.045 mm) instead of the expected location (x = 0, ỹ = 0).

  Fig. A.9b, there are only few small stripes on the surface. Equation A.1 applied on the area displayed on Fig. A.9 leads to the following result: S q = 0.28 µm.

Figure A. 9 -

 9 Figure A.9 -Visualizations of the bottom-left quarter of the centrered zone obtained with the confocal microscope (p = 1 µm).

5 )

 5 At the present low heat flux, the uncertainty calculation (with errors of ± 0.1 K and ± 0.4 mm on temperature and position of thermocouples in the heater) gives:∆ϕ meas ϕ meas = 45.0 % (B.6)At such low heat flux, the measured values through the rows of thermocouples inside the heater are then much less accurate than the evaluation of the imposed heat flux through the knowledge of the power input 1 . As no variation with time is observed in this study, imposed heat flux ϕ input can be considered for further analyses (calculation of the heat transfer coefficient for instance). Otherwise, only instantaneous measurements ϕ meas should be considered in spite of their high uncertainty. For the same reason, only time-averaged values are regarded hereafter.As visible on Fig.B.2, the imposed heat flux value is always included in the uncertainty range of the measured heat flux. The difference between the two quantities varies with the pressure: the associated relative error (with the imposed value as reference) is indeed about 19.0 % at low pressure (P v ≤ 20.0 kPa) whereas it is about 11.6 % at higher pressures (P v > 20.0 kPa).

Figure B. 2 -

 2 Figure B.2 -Measured heat flux ϕmeas and imposed heat flux ϕinput for the different investigated vapor pressures (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

Figure B. 3 -

 3 Figure B.3 -Heat transfer coefficient based on the measured (hϕ meas ) and imposed heat flux (hϕ input ) for the different investigated vapor pressures (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ).

τ wait = πλ l ρ l c p l 4ϕ 2 input ∆T crit wall + r eff ϕ input λ l 2 (C. 4 )

 224 On Fig.C.1, a comparison between our experimental results and the evaluation of Eq. C.4 considering the five wall superheat models detailed in Section 3.3.1.2 (∆T crit, 0 wall , ∆T crit, 1 wall , ∆T crit, 2 wall , ∆T crit, 3 wall and ∆Tcrit, 4 wall ) and an effective surface cavity size equal to the radius of the artificial nucleation site (r eff = r cav ) is performed. A last comparison is also conducted by injecting the experimental values of wall superheat ∆T exp wall in the McGillis correlation (still with the effective surface cavity size taken equal to the radius of the artificial nucleation site).

Figure C. 1 -

 1 Figure C.1 -Dependence of the waiting period between successive bubbles τwait on the vapor pressure Pv and comparison with McGillis correlation depending on the model considered for minimal wall superheat ∆T crit wall as well as with this correlation where the experimental wall superheat ∆T exp wall is considered (water, H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ). -The shaded domain corresponds to the domain of pressure where the linearization for the correlation is not valid according to the measured waiting time values.
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  Boiling enables the dissipation of high heat fluxes with low driving temperature differences, which makes it a highly efficient heat transfer mode. It is therefore implemented in many technologies or industries where either high heat transfer rates, homogeneous temperature

fields or high compactness of thermal components are critical features. Boiling is thus involved in various fields at different scales: from power plants to refrigeration units or microelectronics cooling.

Table 1 .

 1 1 -Boiling conditions depending on the bubble growth regime that they are supposed to promote[START_REF] Carey | Liquid-vapor phase-change phenomena[END_REF].

	Parameter	Inertia-controlled growth	Diffusion-controlled growth
	Wall superheat	High	Low
	Imposed heat flux	High	Low
		• Highly-polished	• Rough
	Surface condition	• Only very small cavities	• Many large and moderate-sized cavities
	Contact angle (corresponding wettability)	Very low (high)	Moderate (moderate)
	Latent heat of vaporization	Low	High
	System pressure	Low 1	Moderate to high

Table 1 .

 1 2 -Influence of the pressure imposed at the free surface level and of the liquid height on both the local pressure and subcooling degree in water (liquid density evaluated from REFPROP[START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 9.1[END_REF] database).

P v (kPa) T v ( • C) H l (cm) P static (H l ) (kPa) P (H l ) (kPa) T sat (H l ) ( • C) ∆T sub (H l ) (K)

  

			10	1.0	2.2	19.1	9.1
	1.2	10	20	2.0	3.2	25.1	15.1
			30	2.9	4.2	29.7	19.7
			10	1.0	13.3	51.5	1.5
	12.4	50	20	1.9	14.3	53.0	2.0
			30	2.9	15.3	54.3	4.3
			10	0.9	102.4	100.3	0.3
	101.4	100	20	1.9	103.3	100.5	0.5
			30	2.8	104.2	100.8	0.8

Table 1 .

 1 3 -Low pressure pool boiling experimental studies in horizontal orientation.

	Study	Fluid	Heated surface	P

v (kPa) H l (cm)

  

	1.2 Low pressure pool boiling features	Chapter 1. Literature review: boiling at low pressure
	Van Stralen [117]	Water, aqueous binary mixtures	Platinum wire	13.3 -101.4	Unknown
	Patten [90]	Water	Nickel-chromium wire	3.4 -101.4	Unknown
	Cole and Shulman [27] and Cole [26]	Water, n-pentane, tetrachloride, acetone methanol, carbon	Polished zirconium ribbon	6.7 -101.4	Unknown
	Ponter and Haigh [94, 95]	Water	Outer surface of a stainless steel tube	12.0 -101.4	61.0
	Akiyama et al. [1]	Water, ethanol, carbon tetrachloride	Outer surface of a stainless steel tube	5.0 -1520.0	Unknown
	Yagov et al. [125, 126]	Water, ethanol, NaCl aqueous solution	Nickel disks (rough or smooth with hydrophobic spots or screens) artificial cavities or addition of	3.6 -100.0	Unknown
	Stewart and Cole [109]	Water	Mirror-polished copper disk	4.9	Unknown
	Van Stralen et al. [119, 120, 122]	Water, aqueous binary mixtures	Smooth copper disk with a centered artificial cylindrical nucleation site	2.0 -26.7	Unknown
			Smooth nickel disk and outer		
	Labuntsov et al. [69]	Water, ethanol	surface of copper, nickel and	1.6 -100.0	Unknown
			stainless steel tubes		
			Rectangular copper surfaces		
	Wu et al. [123]	Water, methanol	(uncoated, nickel coated or with	6.0 -100.0	Unknown
			sintered copper screens)		
		Water with and			
	Tewari et al. [111]	without polymeric	Smooth and rough aluminum disks	8.0 -100.0	Unknown
		additive			
	McGillis et al. [76]	Water	Rectangular smooth and rectangular finned copper surfaces	4.0; 9.0	Unknown
	McGillis et al. [77]	Water	Rectangular and circular smooth copper surfaces	2.0 -110.0	Unknown
		Water/methanol and			
	McGillis et al. [78]	water/2-propanol	Rectangular smooth copper surfaces	7.0 -83.0	Unknown
		mixtures			
	Mitrovic [81]	R113	Smooth stainless steel disk with artificial cavities	37.0	Unknown
	Ohue et al. [87]	Water	Smooth stainless steel disk	2.7	Unknown
			Smooth nickel disk and outer		
	Yagov [124]	Water, ethanol	surface of copper, nickel and	1.0 -40.0	Unknown
			stainless steel tubes		
	Bhaumik et al. [8]	Water, benzene, toluene	Outer surface of stainless steel tube	20.0 -97.4	Unknown
	Pal and Joshi [88]	Water	Copper enhanced structures made of multiple layers	9.7 -21.0	3.9
	Choon et al. [21]	Water	Rectangular copper foam	1.8	Unknown
	Schnabel et al. [102]	Water	Copper disks of different roughnesses or with fins	1.0; 2.0	1.0 -2.2
	Alam et al. [2, 3]	Water, methanol and water/methanol mixtures	Outer surface of plain and copper coated stainless steel tubes	23.0 -97.7	Unknown
	Chan et al. [17]	Water	Plain and finned copper disks	2.0 -9.0	6.0
			Smooth or rough copper disks with		
	Rullière et al. [100]	Water	a centered artificial conical nucleation site, with or without	0.9 -4.8	12.0
			confinement		
	Giraud et al. [45]	Water	Smooth copper disk with a centered artificial conical nucleation site	1.2 -1.8	7.4 -20.0
	McNeil et al. [79]	Water	Tube bundle	5.0 -85.0	80.0; 200.0
	Giraud et al. [47]	Water	Smooth copper disk with a centered artificial conical nucleation site	1.2 -3.0	0.3 -20.0
	Giraud et al. [46]	Water	Smooth copper disk with a centered artificial conical nucleation site	0.8 -100.0	20.0
	Arya et al. [4]	Water	Plain or nano-porous alumina structured aluminum micro wires	7.3 -19.9	2.0 -2.5
	Zajaczkowski et al. [131]	Water	Copper disk	1.0 -10.0	Unknown
	Yamada et al. [128, 129]	Water	Copper disks with hydrophobic spots	6.8 -101.4	12.0

Table 1 .

 1 4 -Low pressure pool boiling experimental studies in vertical orientation.

	Study

Fluid Heated surface P v (kPa) H l (cm)

  

	Giraud et al. [45]	Water	Smooth copper disk with a centered artificial conical nucleation site	1.2 -1.8	7.4 -20.0
			Smooth copper disk with a centered		
	Giraud et al. [48]	Water	artificial conical nucleation site,	1.2 -5.0	15.0
			with confinement		
	Giraud et al. [49]	Water	Stainless steel plate, with confinement	0.8 -16.0	5.0 -25.0
	A liquid height scarcely taken into account: As visible in Tables 1.3 and 1.4, except in
	the Ponter and Haigh works published in 1969		

Table 2 .

 2 1 -Positions of thermocouples in the copper block for the two rows. bottom of the f in (mm) -1.200 Z bottom of the f in (mm) -1.200

	Row A		Row B	
	Z heated surf ace (mm)	0.000	Z heated surf ace (mm)	0.000
	Z Z A1 (mm)	-8.700	Z B1 (mm)	-8.575
	Z A2 (mm)	-13.905	Z B2 (mm)	-13.285
	Z A3 (mm)	-19.000	Z B3 (mm)	-18.345
	Z A4 (mm)	-23.260	Z B4 (mm)	-23.445

Table 3 .

 3 1 -Imposed vapor pressures and temperatures of water during the test campaign.

	T v ( • C) P v (kPa)
	30	4.2
	35	5.6
	40	7.4
	45	9.6
	50	12.4
	55	15.8
	60	20.0
	65	25.1
	70	31.2
	75	38.6
	80	47.4
	85	57.9
	90	70.2
	95	84.6
	100	101.4

Table 3 .

 3 2 -Schematic interpretation of the result obtained by Van Stralen et al.[START_REF] Van Stralen | Bubble growth rates in pure and binary systems: combined effect of relaxation and evaporation microlayers[END_REF] about the size variation of the dry area left on the heated wall by a departed bubble.

Table 3 .

 3 

	The present study

3 -Imposed vapor pressures Pv, liquid heights H l and heat fluxes ϕinput depending on the study.

Van Stralen et al. [119]

Giraud et al.

[START_REF] Giraud | Experimental evidence of a new regime for boiling of water at subatmospheric pressure[END_REF] 

Table 3 .4 -

 3 

				Evolution of the
	Domain	Vapor pressure range	Bubble shape	wall superheat ∆T exp wall
			-Oblate spheroid	
	(A)	P v ≤ 15.8 kPa (T v ≤ 55 • C)	-No bubble interaction	Rapid decrease
			-Mushroom or	
	(B)	20.0 kPa ≤ P v ≤ 70.2 kPa (60 • C ≤ T v ≤ 90 • C)	-Bubble interaction mushroom and column	Slow increase
	(C)	P		

Correspondence between the vapor pressure range, the observed bubble shape and the evolution of the experimental wall superheat T exp wall (water,

H l = 17.3 cm, ϕinput = 2.7 W • cm -2 ). v > 70.2 kPa (T v > 90 • C) -Near-spherical -No bubble interaction Slow decrease

  1 then shows the experimental data depending on the pressure considering either the vapor pressure P v or the pressure at the wall level P wall . McGillis correlation is reported as well as a new one. The latter is actually a fit made on our experimental points which has the same model as the relation given by McGillis but considers the pressure at the wall P wall instead of the vapor pressure P v :

	τ growth = 0.333P -0.708 wall	(3.37)
	where τ growth is still in seconds and P wall in kilopascals.	

The root mean square error (RMSE) of the new fit remains relatively high (RMSE = 7.34 ms while τ growth varies from 21 ms to 92 ms in the dataset). As a consequence, it would have been interesting to test this relationship on the experimental points collected by

Van 

Stralen et Chapter 3. Water boiling at subatmospheric pressures

Table 3 .

 3 6 -Variations of liquid and vapor densities and of surface tension of water between Pv = 4.2 kPa (Tv = 30 • C) and Pv = 20.0 kPa (Tv = 60 • C).

Table 4 .

 4 1 -Triple point temperature Tt and pressure Pt of different fluids[START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 9.1[END_REF].

	Fluid	T t ( • C)	P t (kPa)
	Water	0.01	0.6117
	Cyclohexane	6.32	5.2402
	Benzene	5.52	4.7848
	Ethanol	-114.15 7.0319 × 10 -7
	Methanol	-97.54	1.8634 × 10 -4
	Pentane	-129.68 7.6322 × 10 -5
	Ammonia	-77.66	6.0912
	Acetone	-94.65	0.0023
	Toluene	-95.15	3.9393 × 10 -5

Table 4 .

 4 2 -Imposed pressure ratios and corresponding vapor pressures and temperatures of cyclohexane during the test campaign.

	Pv

Pt P v (kPa) T v = T l, bulk ( • C)

  

	1.50	7.9	14.3
	1.75	9.2	17.5
	2.00	10.5	20.3
	2.25	11.8	22.8
	2.50	13.1	25.1
	2.75	14.4	27.3
	3.00	15.7	29.3
	3.25	17.0	31.1
	3.50	18.3	32.8
	3.75	19.7	34.5
	4.00	21.0	36.0
	4.25	22.3	37.5

Table 5 .

 5 2 -Sensitivities of the heat flux transducer depending on the zone.

	Sensor	Sensitivity s (µV • (W • m -2 )	-1 )
	Zone # 1	0.50	
	Zone # 2	1.86	
	Zone # 3	3.37	
	Zone # 4	6.10	
	Zone # 5	7.70	
	Zone # 6	9.06	
	Zone # 7	7.95	

Table 5 .

 5 4 -Positions of thermocouples in the fluid in terms of distance to the free surface z when H l = 15 cm.

	Thermocouple z Hl=15 cm (cm)
	T 1	15.0 ± 0.1
	T 2	14.0 ± 0.1
	T 3	13.0 ± 0.1
	T 4	12.0 ± 0.1
	T 5	11.0 ± 0.1
	T 6	10.0 ± 0.1
	T 7	7.5 ± 0.1
	T 8	5.0 ± 0.1
	T 9	2.5 ± 0.1
	T 10	0.0 ± 0.1 2
	T liq	3.7 ± 0.2
	T vap	-17.4 ± 0.2 2

  With an uncertainty of ± 0.3 K on the wall superheat ∆T sys wall , Eq. B.7 and Eq. B.8 lead to:The variations of the heat transfer coefficient h with the vapor pressure P v -visible on Fig. B.3 -are mostly caused by the wall superheat ∆T sys wall dependence on this parameter (see Fig. 3.12).

	ϕ input h ϕ input	=	∆ϕ input ϕ input	+	∆(∆T sys wall ) wall ∆T sys	(B.7)
	or					
	∆h ϕmeas h ϕmeas	=	∆ϕ meas ϕ meas	+	∆(∆T sys wall ) wall ∆T sys	(B.8)
		∆h ϕ input h ϕ input	= 5.7 %	(B.9)
	and					
	∆h ϕmeas h ϕmeas	= 46.6 %	(B.10)
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No phase change takes place as the volume of the saturated vapor is decreased from C to C (leading to an increase of the pressure).

In such a system, both the chemical and the thermal equilibria are assumed to be reached.

Wall superheats required to onset homogeneous nucleation is typically of the order of magintude of a hundred kelvins[START_REF] Collier | Convective boiling and condensation[END_REF][START_REF] Hu | Interphase fluctuation propagation and superposition model for boiling nucleation[END_REF][START_REF] Rohsenow | Handbook of heat transfer[END_REF][START_REF] Simpson | A study of nucleation phenomena in transient pool boiling[END_REF] (more than 200 K for water at atmospheric pressure for example) whereas the superheat usually encountered in experiments is of the order of magnitude of ten kelvins.6 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

This parameter characterizes the wettability of the fluid on the surface and therefore depends mainly on the fluid/surface pair.

Contact angles are usually ranging between almost 0 • and ca. 100 • .

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

This results generally in low vapor density and thus in a rapid volumetric growth of the bubble.

This hypothesis should hold for bubbles large in comparison with the thickness of the thermal boundary layer.10 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

In comparison with the case of a vapor bubble entirely immersed in the liquid.

In this case, no concentration nor electrical potential gradient is supposed to exist.

Refer to Ginet[START_REF] Ginet | Analyse des mécanismes contrôlant la croissance et l'ascension d'une bulle isolée en ébullition nucléée[END_REF] for a detailed state-of-the-art of the usual criteria of departure and of the derivated departure diameter expressions.12 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

Bubble growth rates are so high that some authors dealt with "violent ebullition"[START_REF] Akiyama | Effect of pressure on bubble growth in pool boiling[END_REF] or "explosive bubbles"[START_REF] Yagov | Experimental study of heat transfer in the boiling of liquids at low pressures under conditions of free motion[END_REF][START_REF] Yagov | Intensification of heat transfer and stabilization of the boiling process in the very low pressure region[END_REF].

This secondary vapor column may actually grow between the occurrence of the liquid jet and the nucleation of the next bubble.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

According to the authors, the waiting period (A) can last more than 100 s while the large bubble growth (B) is always shorter than

ms; at low heat fluxes, the waiting time can be more than 40 times longer than the bubble crisis (C) whereas the latter phase can -on the contrary -be longer than the waiting time at high heat fluxes.[START_REF] Alam | Pool boiling of liquids & their mixtures on enhanced surfaces at sub-atmospheric pressures[END_REF] In her thesis, Giraud[START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF] added that the shape of the boiling curves observed in cyclic boiling tends to confirm that there may exist some analogy between cyclic boiling and transient boiling.16 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

The influence of the thermal Marangoni force is for example clearly not negligible anymore when boiling in the very low pressure region with a thin layer of liquid (refer to Giraud et al.[START_REF] Giraud | Preliminary experimental investigation on water boiling phenomena in a liquid layer at subatmospheric pressure[END_REF]).

This height corresponds in fact to 2 ft.18 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe],[2018], INSA Lyon, tous droits réservés

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

For some tests, some thermocouples were found to be out of operation. In such case, only the values computed from the row with all working thermocouples were kept.30 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

The same phenomenon occurs on the vapor remaining on the wall for symmetry reasons.

For the sake of readability and simplicity, the effect -mentioned and used by Rohsenow et al.[START_REF] Rohsenow | Handbook of heat transfer[END_REF] -of the curvature of the liquid-vapor interface is not reported here. This does not affect the general trends, even at low pressure.

The liquid is assumed to be incompressible: its density only slightly depends on the temperature.

As the centered artificial nucleation site is the only active cavity in this study, the effective surface cavity size r eff is here taken as its radius: r eff = rcav = 55 µm.

The uncertainty on the experimentally evaluated wall superheats is of ± 0.3 K and is consequently too small to be reported with error bars on Fig.

3.12.

One should however keep in mind that some features of the setup (in particular the ones inherent to the quality of the artificial nucleation site such as its geometry or its purity) may also disturb the analysis and thus explain some discrepancies between experimental and theoretical results and trends.

The uncertainty on the growth time (±1 to

ms) is too low to be represented with error bars on this graph.

The uncertainty on the growth time (±1 to

ms) is still too low to be represented with error bars on this graph.

As a reminder, at higher vapor pressures, contacts between successive bubbles make the analysis of individual growing bubbles not possible.

Here again, the uncertainty on the waiting period (±1 to 2 ms) is too low to be represented with error bars on this graph.

One should note that this method of determination of the effective cavity size may lead to different values of r eff depending on the experimental point taken as reference for the fit. In such a case, the assumption made by McGillis et al.[START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] according to which the effective cavity size is "a constant which is presumed to be a function of surface characteristics alone" is no longer valid.

For the sake of readability, errors bars are not reported on Fig.3.20. The deviation on the dimensionless volume V * is yet supposed to be acceptable since the accuracy on the instantaneous volume V is quite good.

Actually, these models generally correspond a function of the (equivalent) radius of the form: R (eq) ∼ t.

Actually, these models generally correspond a function of the (equivalent) radius of the form: R (eq) ∼ t 0.5 .

Yagov [124] expressed in fact a law of the form: R (eq) ∼ t 0.75 .70 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

In addition, points are more scattered for t * ≈ 1 since both ln(V * ) and ln(t * ) tend to 0.

For instance, higher order polynomial fits or exponential fits based on the measurements for either the full range of t * (i.e. t * ∈ [0, 1]) or for t * ∈ [0.8, 1] only.

The increased number of empirical coefficients also depreciates the interest of such a model.

As shown previously, the maximum volume is always larger than the volume at departure since condensation starts before detachment. In average, the volume at departure corresponds indeed approximately to 90 % of the maximum volume reached by a bubble during its growth: V departure ≈ 0.9Vmax.

Several points can then represent the same operating conditions.

This configuration of boiling at low pressure with only a thin layer of liquid was observed by Giraud et al.[START_REF] Giraud | Preliminary experimental investigation on water boiling phenomena in a liquid layer at subatmospheric pressure[END_REF] and may present some interest. However this seems too complex to study and analyze for now since simpler configuration (without interaction of the bubble with the free surface during its growth) is not sufficiently understood yet.

As a reminder, the viewports are 10.0 cm in diameter.82 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

Considering the criteria on the triple point (Eq. 4.6 and Eq. 4.7), on the ratio Pv P t (Eq. 4.10) and on the liquid and vapor densities (Eq. 4.15), benzene is very close to cyclohexane. Reading the related safety datasheets[START_REF] Bonnard | Base de données Fiches toxicologiques -Cyclohexane -Fiche toxicologique n • 17[END_REF][START_REF] Bonnard | Base de données Fiches toxicologiques -Benzène -Fiche toxicologique[END_REF] revealed that benzene is much more dangerous and subsequently complicated to use (due to precautions of manipulation) than cyclohexane so that the choice of the latter fluid became obvious.

More precisely, it depends on both the difference of pressure existing between the local position z and the free surface position z = 0 (i.e. the local static head P static (z) = P (z) -Pv) and the pressure Pv imposed at the free surface level. The saturation curve being not linear, depending on Pv, a given pressure difference will not induce a constant subcooling degree.

In the case of different liquid levels, -contrary to the variable z (i.e. the altitude) -the variable Z (which corresponds also to the altitude) presents the interest of covering the same range of values (Z ≈ 0) close to the heated surface (i.e. in the region where bubbles are growing).

As a reminder, the available thermostatic bath limits the vapor temperature Tv to the range [0 • C, 40 • C].

In the current case, the presence of the glue seal makes the measurement of the contact angle during bubble growth not possible for the two fluids. As a consequence, the actual effects induced by the higher wettability of cyclohexane compared to water on the heated surface cannot be assessed here.

Due to the number of bubbles visible on a video, the time required to process manually such a file is long (about 9 h of continuous work). Only one recording per operating condition was therefore treated. The large number of bubbles is however believed to make the extracted data representative of the behavior associated with the considered operating conditions.

The fact that the second peak is smaller means that bubbles of small size are more numerous than bubbles of large size.

This reduction of the growth time is however so low in the considered range of pressure that it is almost not visible on averaged values.

As a reminder of Section 2.1.4.2, all the experiments were recorded with the acquisition frequency of the camera set to 1000 Hz so that all the videos last the same duration (approximately 1.54 s).

In addition, points are more scattered for t * ≈ 1 since both ln(V * ) and ln(t * ) tend to 0.96 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

This product defines actually the Péclet number Pe = RePr which quantifies the ratio of the transfer by convection (advection) to the transfer by conduction (diffusion).

In agreement with Section

3.3.1.2, these Prandtl number values are calculated for the superheated liquid at the critical wall temperature and the pressure at the level of the wall (Pr l = Pr l (T crit wall , P l, BL = P wall )).100 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

Restricted to the measurements associated with bubbles displaying an apparent mushroom shape, the averaged maximum volume Vmax (averaged volume at departure V departure respectively) is indeed of

about 2.95 cm[START_REF] Alam | Enhanced boiling of saturated water on copper coated heating tubes[END_REF] (2.82 cm 3 ) in water and approximately of 0.59 cm 3 (0.43 cm 3 ) in cyclohexane.2 Averaged growth duration τ growth is indeed equal to about 35.9 ms in water and to 20.0 ms in cyclohexane while the mean waiting time τwait is of 14.7 ms in water and of 4.7 ms in cyclohexane.[START_REF] Alam | Enhanced boiling of saturated water on copper coated heating tubes[END_REF] In fact, the models obtained for water were based on both the data associated with the oblate spheroid shaped bubbles and the mushroom shaped bubbles. As no significant difference was noticed between the experimental curves corresponding to these two behaviors, the data and models plotted on Fig.4.23 are not restricted only to the mushroom shaped bubbles.

But also independent on the heated surface characteristics and liquid height since -with reference to Table1.3 -those parameters were either different or unknown (and then supposed different) in the works of Cole and Shulman[START_REF] Cole | Bubble growth rates at high Jakob numbers[END_REF] and of Van Stralen et al.[START_REF] Van Stralen | Bubble growth rates in nucleate boiling of water at subatmospheric pressures[END_REF].

For that, the equivalent radius of each bubble was derived from the instantaneous bubble volume.

In the present case, the liquid heights in water and cyclohexane are not strictly equal but their difference is believed to be sufficiently small to have only a negligible influence on this analysis.

This should correspond to the value of the IR criterion at the triple point pressure.108 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

Bubbles of such a shape seem to be mostly controlled by inertia: IR ≤ 1

As a reminder: the Z-axis is oriented upward with reference (Z = 0) taken at the heated surface level.

The thirteen thermocouples are sorted as follows: ten belonging to the PROSENSOR thermal probe (T1 to T10, K-type), two others in the fluid (T liq and Tvap, K-type) and a last one on the ribbon cable of the heat flux sensor (Tco, T-type).

Contrary to other standard modules (such as the NI 9214) which include a cold junction compensation, the NI 9205 module is not initially provided for temperature measurements by thermocouples (but for voltage measurements). However, to be able to acquire temperatures at the high-speed camera frequency, the decision was made to make the compensation of the signals in the conditioner before acquiring them with a NI 9205 module.

The eight signals from the heat flux sensor are composed of the seven heat fluxes (HF 1 to HF 7) plus the temperature difference between the center of the sensor and its connection zone (∆T ).120 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

A "programmed acquisition frequency in the LabVIEW software" is a frequency that can be set to measure the temperatures and heat fluxes. For each concerned frequency value, the sensitivity to the surrounding electromagnetic noise is reduced by selecting a suitable couple of sample rate (in samples per second) and of number of samples per channel (i.e. per signal) and by calculating the average values of the oversampled signals. These average values constitute the retained measurements and are indeed obtained at the desired frequency.

[START_REF] Alam | Pool boiling of liquids & their mixtures on enhanced surfaces at sub-atmospheric pressures[END_REF] The data are indeed progressively saved in a spreadsheet file (for a subsequent treatment) during the acquisition. To keep the same velocity while getting a data file of moderate size, the acquisition should not last an excessive time with regards to its frequency.122 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

As a reminder: the z-axis is downward oriented with reference (z = 0) taken at the free surface level.

z ≤ 0 means the thermocouple is in the vapor phase.124 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés
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In addition, it should be highlighted that, for a given growing bubble obtained under a given set of conditions, monitoring the time-evolution of the contact angle is also of interest for the evaluation of some of the forces acting on the bubble (in particular of the surface tension force).

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés 146 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

One should however be aware that the heat losses that can occur along the copper cylinder are not considered at all in the evaluation of the imposed heat flux through the knowledge of the power input nor of its uncertainty.They may yet be considered with the temperature measurements since the thermocouples are located close to the wall.148 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés

According to Carslaw and Jaeger[START_REF] Carslaw | Conduction of heat in solids[END_REF], Eq. C.1 corresponds actually to the general solution for the temperature distribution during transient conduction of heat into a semi-infinite medium (solid or quasi-static fluid) with the boundary condition of uniform temperature and constant heat flux.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf © [S. Michaïe], [2018], INSA Lyon, tous droits réservés
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Chapter 4. Low pressure boiling: the concept of "mock-up fluids" Figure 4.20 -Measured wall superheat ∆T exp wall vs the vapor pressure Pv and the pressure ratio Pv P t and comparison with the theoretical minimal wall superheats required to activate boiling ∆T crit, 0 wall , ∆T crit, 1 wall , ∆T crit, 2 wall , ∆T crit, 3 wall and ∆T crit, 4 wall obtained through Eq. 3.31, Eq. 3.8, Eq. 3.10, Eq. 3.11 and Eq. 3.12 respectively (cyclohexane, H l = 17.8 cm, ϕinput = 2.0 W • cm -2 ). models of critical wall superheat), the Prandtl number appears to play a role in the transitional situation occurring between the two limiting cases defined such as -in the layer of liquid where the bubble is nucleating:

1. The heat is essentially transferred from the wall to the fluid by single phase convection (i.e. the conduction process is negligible);

2. Most of the heat is transferred from the wall to the fluid by conduction (i.e. the convection process is negligible).

The authors justified this by the fact that the heat convection equation contains the product of the Reynolds Re and of the Prandtl Pr numbers 1 . According to Fig. 4.20, this corrected model is not adapted to the boiling of cyclohexane at such low pressures since the corresponding Prandtl number is high (decreasing from 14.6 down to 11.7 over the range of investigated working points 2 ).

No specific conclusion can be made about the four other models: they only present a relatively The conditioning of thermocouples' signals:

• The electromotive force of each thermocouple is measured in differential voltage mode with a ground reference realized through two bias resistors (100 kΩ each) wired inside the customized module.

• All the cold junctions of the thermocouples are also embedded in this conditioner. At the nearest of the thermocouples' connections, the cold junction temperature is thus measured with two platinum resistance thermometers Pt100. The concerned area is thermally insulated to provide sufficient steady conditions in use.

The conditioning of signals related to the heat flux sensor: Similar to the signals coming from the thermocouples, the differential voltages from the heat flux sensor (associated with ∆T and with HF 1 to HF 7 ) are ground referenced in the conditioning box with 100 kΩ-bias resistors.

The electrical circuit associated with the pressure transducers: The pressure transducers have to be powered and deliver current signals whose values are correlated with the measured pressures. For the sake of a clearer acquisition line, the corresponding power supply is connected to the sensors through the home-made electronic module. Signals from the pressure transducers are consequently acquired at its output.

The electrical circuit related to the heating power input: The heat power input HP input can be calculated by multiplying the values of the input voltage u input and current i input delivered by the power supply dedicated to heating:

u input and i input are deduced from two voltage signals that are also delivered by the power supply and are proportional to the input voltage and current respectively. Still for acquisition chain clarity, these signals pass through the conditioning box.

Once all the signals properly conditioned, they are acquired with an adapted National Instruments (NI) module as detailed in Table 5.3. Appendix A

Surface condition of heated surfaces

A.1 The original heated surface

A.1.1 Introduction

As the heated surface described in Chapter 2 was already used and characterized by Giraud [START_REF] Giraud | Vaporization of water at subatmospheric pressure: fundamentals of boiling phenomena and path towards the design of compact evaporators for sorption chillers[END_REF], only few rough measurements were performed with the confocal microscope in order to verify that the surface condition and the artificial nucleation site had not changed too much with time.

Three (randomly chosen) squared-zones 5 mm wide were thus investigated according to the diagram given as Fig.

A.1. Whatever the considered zone, the spatial step p -defined as the distance between two points for which the altitude z is measured -was chosen identical for the both directions of the horizontal plane (along the x and ỹ-axes) and equal to p = 10 µm. All the areas being of the same size and explored with the same spatial step, all the measurements lasted the same duration i.e. about 1 h. 

A.1.2 Surface analysis

Zone a -analysis of a central zone

The 

Calculation of the heat transfer coefficient and associated uncertainties

Case of the test campaign conducted with water (Chapter 3)

The heat transfer coefficient h at the heated surface can be calculated from the measurements of the system wall superheat ∆T sys wall according to the following relation:

In the present appendix, the accuracy of the heat flux ϕ determination during the experimental session presented in Chapter 3 is discussed before the corresponding heat transfer coefficient is evaluated with its own uncertainty.

B.1 Discussion on the heat flux ϕ

During all the test campaign whose results are presented in Chapter 3, the imposed heat flux was set constant. As -whatever the imposed vapor pressure P v -almost no temperature fluctuation was observed (refer to Section 3.3.1.1), it is expected that the measured heat flux ϕ meas does not depend on time (i.e. that there is no heat storage in the heater or in the wall). 

C.1 The original approach

As explained in Chapter 3, McGillis et al. [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] developed a correlation for the waiting time that separates the departure of a bubble from the surface and the nucleation of a new bubble. For that, they considered -in agreement with Han and Griffith [START_REF] Han | The mechanism of heat transfer in nucleate pool boiling -Part I: Bubble initiation, growth and departure[END_REF] -a transient conduction model to determine the temperature distribution of the fluid in the vicinity of the heated surface. This appears as a valuable approach since the no-slip boundary condition at the solid surface makes there the convection intensity negligible. The authors then refered to a solution 2 of the form given by Carslaw and Jaeger [START_REF] Carslaw | Conduction of heat in solids[END_REF]:

They assumed then that at t = τ wait the entire bubble nucleus is at a temperature equal to or higher than the superheat temperature needed to initiate the nucleation. This condition is even reinforced (according to Hsu [START_REF] Hsu | On the size range of active nucleation cavities on a heating surface[END_REF]) by requiring that the minimal superheat is reached for (Z = r eff , t = τ wait ). As they consider the critical superheat defined according to Eq. 3.8, they finally take the following boundary condition:

∆T cond (Z = r eff , t = τ wait ) = ∆T 

C.2 Extension of the approach

As mentioned in Section C.1, McGillis et al. [START_REF] Mcgillis | Pool boiling on small heat dissipating elements in water at subatmospheric pressures[END_REF] choose to establish their correlation with the model of critical wall superheat ∆T crit wall based on the Clausius-Clapeyron and static equilibrium of a vapor nucleus equations. Their approach can then be extended by considering other models of critical superheat:

List of references