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upper plenum of ASTRID cannot be studied from the feedback of the reactors and the numerical simulations since the codes do not make it possible to model these problems with a sufficient confidence.

To validate the numerical approaches and the design of ASTRID, needs have been identified for experimental models.

The representative MICAS model of the upper plenum has been designed for this purpose. To validate the numeric codes, the velocity and temperature fields are must be measured.

While PIV technique is frequently used at the LTHC, the LASER Induced Fluorescence (LIF) method required development and implementation. The principle of LIF is based on the spontaneous emission of photons by the molecules of a tracer, as a result of the absorption of laser radiation. LIF calibration experiments with a dye were performed to study their fluorescence response. The LIF with two dyes is very interesting too. PIV and LIF with two dyes are applied on a new experimental installation (complex geometry with two jets) conceived during this thesis in order to allow a representative of the model MICAS.
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Résumé étendu

Cette section présente un résumé étendu en français du document suivant, rédigé en anglais.

Le développement économique mondial sera confronté à des problématiques de croissance signicative des besoins en énergie, à l'épuisement progressif des ressources fossiles et à la logique de réduction des émissions de gaz à eet de serre. C'est pourquoi de nombreux pays souhaitent se tourner vers l'énergie nucléaire.

Les professionnels distinguent quatre générations de réacteurs à ssion nucléaire. Chaque génération répondait à des objectifs liés aux enjeux majeurs de l'époque de leur conception.

La 4ème génération correspond aux réacteurs, actuellement en conception, qui pourraient voir un déploiement industriel à l'horizon 2040-2050. Les recherches sur ces systèmes du futur a établi les quatre critères auxquels ils devront répondre : la durabilité, la sûreté, la compétitivité économique et la résistance à la prolifération nucléaire. Dans ce contexte, le réacteur prototype ASTRID (Advanced Sodium Technological Reactor for Industrial Demonstration) devrait répondre aux critères précédents. ASTRID est de type réacteur rapide refroidi au sodium et porté par le CEA (Commissariat à l'énergie atomique et aux énergies alternatives). Tout d'abord, les réacteurs à neutrons rapides sont capables d'utiliser de manière plus ecace la ressource en uranium et de recycler complètement le plutonium.

Ce qui concerne le choix du uide, le sodium est un bon liquide de refroidissement. Il ne ralentir pas les neutrons et il a une bonne disponibilité industrielle.

En plus, il y a une expérience de fond pour son utilisation en France. Dans le cadre des études de R&D pour le réacteur ASTRID certaines problématiques de thermohydraulique du collecteur chaud ne peuvent pas être validées uniquement à partir de simulations numériques et du retour d'expérience. Cela nécessite des expérimentations dans ce domaine.

Par contre, l'utilisation du sodium présente des inconvénients, en particulier au niveau de la sécurité et de la sûreté. La forte réactivité chimique avec l'eau, est susceptible de libérer de grandes quantités d'énergie si elle met en jeu des quantités de sodium importantes. Aussi dans le cadre d'expérimentations, le sodium présente également l'inconvénient d'être opaque.

En conséquence, un programme expérimental en similitude sur un uide simulant (comme l'eau) a été mis en place sur des maquettes du collecteur chaud d'ASTRID. En particulier, la maquette MICAS, fabriquée à l'échelle 1/6 en matériau transparent (PMMA), a pour but de valider d'une part les approches numériques et d'autre part les concepts des composants et systèmes du collecteur chaud d'ASTRID. Les essais permettront de mieux comprendre les chargements thermiques associés aux phénomènes de fuites thermiques à la périphérie du c÷ur et de jets induit par le bouchon couvercle c÷ur. Les phénomènes étudiés pouvant avoir un caractère transitoire il apparait nécessaire de mesurer les champs de vitesse et de température simultanément.

L'objet de cette thèse est de mettre en ÷uvre un moyen de mesure optique pour répondre à ce besoin correspondant à l'étude simultanée des champs de vitesse et température dans les géométries complexes des maquettes en eau associées au projet ASTRID (maquette MICAS du collecteur chaud en particulier).

Pour atteindre cet objectif, les mesures doivent être eectuées en utilisant des techniques non intrusives (pour ne pas aecter le débit de uide) et appliquées sur une maquette intermédiaire de deux jets (un chaud et un froid) qui présente le débit dans la maquette MICAS.

Le champ de vitesse sera mesuré par PIV (Particule Image Velocimetry) et cette technique a été utilisée avant dans notre laboratoire. D'une manière generale, la technique de PIV consiste à suivre le mouvement de traceurs disperses dans le uide.

Le champ de température pourra être obtenu par LIF (Laser Induced Flurescence), une technique à mettre en ÷uvre à partir de zéro dans notre laboratoire.

Dans ce cadre, le LIF doit être appliqué d'abord sur une géométrie simple puis sur la géométrie à échelle intermédiaire (entre la maquette simple et la maquette MICAS). La LIF consiste en l'émission spontanée de photons par les molécules d'un traceur, à la suite de l'absorption d'un rayonnement laser accordé sur une transition de l'espèce sondée. Un traceur uorescent est utilisé pour absorber la lumière du laser et la reémettre vers un collecteur.

Comme première étape de notre démarche, la technique LIF a été appliquée (pour la première fois dans notre laboratoire) sur une géométrie simple de volume 30 L avec un laser Nd:YAG pulsé à 532 nm. Nous avons étudié la réponse de cinq colorants uorescents: Fluorescéine classique, FL27, RhWT, Rh6G et Ch-Na. Ces colorants sont très solubles dans l'eau, leur spectre d'absorption est compatible avec une excitation à 532 nm et ils sont non toxiques.

Puisque le laser utilisé est pulsé, donc l'énergie peut rapidement être supérieure aux énergies de saturation des colorants uorescents. Il existe trois régimes caractéristiques en fonction de l'intensité de l'excitation du laser: Régime linéaire où le signal de uorescence est linéaire avec l'intensité d'excitation.

Régime partiellement saturé où le signal de uorescence ne dépend plus linéairement de l'intensité de l'excitation.

Régime saturé où le signal de uorescence ne dépend plus l'intensité de l'excitation.

En régime linéaire, il existe diérentes atténuations subies par le signal de uorescence sur le chemin optique. Donc, il faut connaître précisément la concentration des colorant et le coecient d'absorption molaire des espèces présentes.

Par contre, en régime saturé, seule la réabsorption de la uorescence sur le chemin optique est à prendre en compte. D'une manière générale, L'étude des colorants a été eectuée pour trouver la variation de leur réponse en fonction de la température. Dans ce cadre, trois types de comportements peuvent être observés:

Les colorants dont l'intensité de uorescence décroît avec la température Les colorants dont l'intensité de uorescence croît avec la température Les colorants dont l'intensité est insensible à la température.

Le but était de trouver deux colorants adéquats pour la technique ratiométrique du LIF (2c/2d). Les principaux avantages de cette technique sont la correction des uctuations de puissance du laser et l'absorption du colorant. Dans cette technique, il faut deux colorants de diérents comportements.

Concernant les colorants sensible à la température, le FL27 et la uorescéine classique ont montré une augmentation de leur réponse en fonction de la variation de température.

Nous avons obtenu un coecient de sensibilité pour FL27 de 3.02%/ o C à une concentration de 10 -7 mol/L. Nous avons également ré-appliqué la même expérience de la même solution de FL27 mais au bout de deux jours pour étudier son inuence du vieillissement. Nous avons réalisé que les deux montrent une très bonne réponse en fonction de la variation de température mais celle de la première expérience est beaucoup plus stable que la deuxième. La raison derrière cela est la photo-dégradation du FL27 avec le temps; c'est pourquoi les expériences doivent être eectuées directement et la solution de uorescéine doit être agitée fréquemment.

Pour la uorescéine classique, le coecient de sensibilité était de 3.38%/ o C à une concentration de 10 -4 mol/L. La réponse de la uorescéine classique était nulle à des concentrations plus faibles. Cette réponse est due à la composition de la uorescéine classique qui dépend du pH. Cependant, dans nos expériences, nous ne pouvons pas ajouter de solutions chimiques qui peuvent stabiliser le pH car plus tard, nos expériences sont appliquées sur une géométrie complexe.

Les résultats étaient plus intéressants lors de l'utilisation de FL27 car il montre plus de stabilité dans les valeurs. Le FL27 a été choisi comme colorant dépendant de la température pour la technique LIF 2c/2d. Concernant les colorants insensible à la température, nous avons étudié la réponse du Ch-Na et de deux rhodamines non toxiques: RhWT et Rh6G. Nous avons obtenu un coecient de sensibilité pour Rh6G de -0.56%/ o C à une concentration de 10 -5 mol/L. Cependant, la réponse n'était pas stable lors de la variation de température. On remarque une diminution de cette réponse après 40 °C. En ce qui concerne RhWT, la sensibilité du coecient est de -0.50%/ o C à une concentration de 10 -6 mol/L. La réponse est approximativement stable pendant la variation de température même à des valeurs élevées. Pour Ch-Na, il ne montre aucune variation de sa réponse de uorescence en fonction de la température. Cependant, la réponse est très faible, même à forte concentration. Nous avons augmenté la concentration à 10 -5 mol/L jusqu'à ce que la couleur de la solution soit vert foncé. La sensibilité du coecient était alors de -0.36%/ o C. Les résultats les plus intéressants ont été ceux utilisant RhWT.

Ainsi, pour l'application de la technique LIF 2c/2d dans nos expériences, le couple de colorants choisi était FL27 et RhWT. Par contre, Pour passer d'une géométrie simple (volume de 30 L) à une géométrie complexe (maquette MICAS), une maquette représentative à échelle intermédiaire a été conçue (TABOULE) au cours de la première année de thèse. Il se compose de deux jets dans lesquels il est possible de faire varier plusieurs paramètres pour étudier l'interaction entre diérents écoulements de uide. Deux campagnes expérimentales ont été réalisées sur TABOULE; une étude hydrodynamique et l'application simultanée de 2c/2d LIF et PIV pour les mesures simultanées de la température et de la vitesse.

Dans la première étude, nous avons utilisé un colorant uorescent non réactif RhWT à une très faible concentration an que l'écoulement ne soit pas aecté du fait de la présence du colorant. Le milieu d'expérimentation est illimité pour avoir les mêmes conditions de sortie. Quatre ux de uides diérents représentant ceux de MICAS ont été étudiés et comparés à la littérature. Nous avons comparé la propagation d'un seul et de deux jets ottants négatifs dans un milieu chaud. Le jet pénètre à sa hauteur maximale dans le milieu environnant, puis diminue et uctue nalement autour d'une valeur moyenne de la hauteur maximale de pénétration. Les résultats que nous avons obtenus étaient comparables à ceux trouvés dans la littérature concernant les valeurs de la hauteur maximale de pénétration h m et la largeur de l'écoulement de uide b j . Dans le cas de deux jets ottants négatifs, la hauteur maximale de pénétration du premier jet a diminué de moitié par rapport à la première expérience en raison de son interaction avec le second jet.

Ensuite, nous avons comparé deux cas; un jet ottant positif et neutre aux nombres de Reynolds bas et élevés. Trois phases de propagation ont été identiées dans le cas d'un jet à ottabilité positive. Dans la région proche de la sortie de la buse, le momentum du jet domine et l'écoulement est similaire à un jet ottant neutre. Loin de la sortie du jet, la ottabilité domine et l'écoulement agit comme un panache. Cependant, la région intermédiaire est une transition entre le jet et le panache. Cependant, la deuxième et la troisième phase de propagation dépendent du débit d'injection qui aecte directement la force d'impulsion de la propagation. Par exemple, si le débit est faible, alors la force de ottabilité est dominante, de sorte que le débit agit comme un panache.

Ce fut le cas dans la troisième expérience à faible nombre de Reynolds (2640).

Cependant, si le débit est élevé, la quantité de mouvement est importante, de sorte que le débit est un certain jet à ottabilité positive. Ce fut le cas dans la quatrième expérience à haut nombre de Reynolds (14000).

Pour les mesures de température et de vitesse sur TABOULE; nous n'avons pas pu appliquer 2c/2d LIF et PIV sur tous les cas comme indiqué dans la campagne expérimentale. Leur application était possible dans le cas de jets ottants simples et de deux jets négatifs. Pour l'analyse du champ de vitesse, les vitesses moyennes dans le temps le long de la ligne médiane et de la direction axiale ont été tracées. Pour l'analyse du champ de température, la moyenne mobile de l'espace de la température le long de la ligne centrale de la buse a été tracée.

Dans chaque cas, la diusion des jets a été étudiée. Nous remarquons que la variation de température est constante le long de la hauteur par rapport à celle de la vitesse qui diminue rapidement en raison de la compétition entre le momentum et le ux de ottabilité. De plus, la technique LIF a été appliquée à quatre autres cas à diérents nombres de Reynolds et Froude couvrant une gamme qui nous a permis de comparer nos résultats à ceux trouvés dans la littérature. 
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SUMMARY

Many countries worldwide have recognized the importance of clean emission-free nuclear energy due to the fast increase in energy demand. Thus, a huge eort is given for researches and experiments in this eld to achieve as possible a compromise between the technical parameters such as production eciency, cost and safety in nuclear reactor's technology. This thesis is a part project of the development of a fast neutron reactor cooled by sodium. It is a fourth generation nuclear pool type reactor having advantages of saving uranium resources and of course meeting the worldwide increase for energy demand. From the state of art of the past and foreign reactors, issues have been identied. The numerical codes can't address some of them with a sucient level of condence. Thus, a model is needed. A dimensional analysis was done between sodium and water regarding the numbers of Reynolds, Richardson and Froude. Also, the similitude between water and sodium in terms of physical properties encourages the usage of a water model. Due to the optical access in water models, optical measurement techniques using laser can be implemented. This is a big advantage in such cases since optical methods are known to have a good accuracy in measurements. Temperature and velocity eld measurements are important to validate the numerical approach. Temperature measurements were done using thermocouples on the model but this approach is intrusive and punctual. So, a non-intrusive method is preferred and it is Laser Induced Fluorescence (LIF). In all forms of LIF, a laser is used to excite a uorescent species within the ow. Typically, the tracer, an organic uorescent dye such as Fluorescein or Rhodamine, absorbs a portion of the excitation energy and spontaneously re-emits a portion of the absorbed energy as uorescence. Regarding velocity measurements, Particle Image Velocimetry was implemented. In this technique, the uid is seeded with tracer particles then illuminated so that particles are visible. The motion of the seeding particles is used to calculate speed and direction of the ow being studied. The goal of the thesis is to implement and develop the simultaneous application of LIF and PIV on a complex geometry to accomplish a thermal hydraulic study of the dierent phenomenology present. Through a survey in literature, the LIF technique is limited to simple volume geometries (less than 30 Liters) and not so many experiments were done on a huge volume due to the complexities that arise in a large scale facility. In this work, we present the experiments done using LIF and PIV measurement techniques on a large scale geometry (1000 Liters). This geometry consists of two jets separated by 5cm, several parameters were varied to study dierent cases such as the injection ow rate and temperatures. The following is a simple description of each chapter followed by a sketch that summarizes the thesis objectives and methodology.

Chapter 1, General Introduction: This chapter is a general introduction about nuclear reactors, their evolution passing to the fourth generation of nuclear reactors. Then, a part is dedicated to the water model MICAS mock up to end up by the interest of the thesis subject.

Chapter 2, Literature review: This chapter is dedicated to bibliography and analysis done during the thesis. It features non intrusive optical techniques for measurements of temperature and velocity. It is divided into three parts. The rst is dedicated to non intrusive temperature measurement techniques, the second to non intrusive velocity measurement techniques and the last part is dedicated to two jet ow analysis by showing most of the articles done in this eld.

Chapter 3, Protocols for optical measurements:

This chapter presents in details the protocols of velocity and temperature measurements by PIV and LIF respectively. It shows all the devices, explains the role of each device and its compatibility with the conditions in our experiments.

Chapter 4, Experiments of LIF on a simple geometry: This chapter is dedicated to show the calibration experiments of LIF done using several uorescent dyes on a small volume. It presents the variation of uorescence of each dye as function of temperature variation. Some dyes have a positive response and others are temperature independent. It then ends by a conclusion concerning the couple of dyes chosen for the experiments on the complex geometry.

Chapter 5, TABOULE & OLYMPE facility: This chapter is dedicated to show the experimental facility that was constructed on which the simultaneous measurements of temperature and velocity by LIF and PIV respectively were applied. It focuses on the concept of the facility, the reason behind it, the materials and equipment used and shows in details all the geometrical specications.

Chapter 6, Hydrodynamics and phenomenology of dierent uid ows: In chapter 6, experiments and results are shown concerning dierent uid ows and the interaction between two injections. It is a hydrodynamic study based on visual analysis using a dye that does not respond to temperature.

Chapter 7, LIF and PIV on a complex geometry (TABOULE): LIF and PIV methods are applied on the complex test section. In this chapter, diculties of passing from a simple geometry to a complex one are explained, the experimental matrix is shown and the results are analyzed.

Chapter 1 General Introduction 1 General Introduction

This chapter presents a general introduction related to the eld of nuclear reactors. It is divided into several sections to approach the thesis subject.

Nuclear Reactors and their evolution over time

This paragraph discusses several points starting with nuclear ssion, nuclear reactors, their components and then their evolution in terms of generations. In fact, when an atom undergoes ssion, it releases a large amount of energy which is transformed into heat. In a nuclear reactor, this heat is recovered to generate electricity. So neutrons are consumed and created during ssion. Before getting into details, it is important to know that low energy neutrons are thermal, high energy neutrons are fast and that ssion neutrons are born fast. That's why reactors were divided into either thermal or fast neutron reactors [START_REF]Nuclear Reactors: Generation to Generation[END_REF].

Figure 1 shows a nuclear reactor with some components such as the fuel, the control rods and the coolant. These are mainly the common components found in the core of neutron reactors. In addition to these, a moderator is usually added to a thermal neutron reactor to reduce the speed of the neutrons. In fact, as a result of the ssion reactions of thermal neutrons, another neutrons are produced which typically escape from participating in another ssion reactions. This is where the moderator slows down their speed so they can trigger multiple ssion reactions. However, fast reactors keep their neutrons moving quickly. That is why they don't contain a moderator. Actually, they get more neutrons out of their primary fuel in comparison with thermal reactors. This is an advantage of fast reactors over thermal neutron reactors [START_REF]The nuclear fuel cycle[END_REF]. fuel rods when pressed into pellets. These rods are then bundled together to form a fuel assembly which is placed in the core of the reactor. The control rods are used to trap neutrons so that the nuclear chain reaction taking place within the reactor core can be slowed down or stopped completely. Finally, the coolant which can be water, a liquid metal (sodium or lead) or a gas (carbon dioxide or helium) is used to transport heat during the ssion of uranium nuclei which must be transferred from the reactor core to the systems designed to transform heat into electricity. This is a general explanation about the main components found in nuclear reactors. But these reactors were enhanced over time to correspond to specic requirement criteria. This is where the notion `generation' comes from. Four generations of nuclear reactors have been dened as shown in gure 2. For instance, most of the reactors currently in service are second generation, while the third generation is only just starting to be deployed, and the fourth generation has just reached design phase.

Figure 2: Generations of nuclear reactors [START_REF]Nuclear Reactors: Generation to Generation[END_REF] The rst generation included the rst industrial prototypes, the second focused on energy independence in times of oil crisis whereas the third focused on safety and security requirements. But it is in the fourth generation where several criteria have been dened to be met such as sustainability, nuclear safety, waste minimizing and economic competitiveness. That is why huge eort is given to researches in this eld since their design incorporates a number of technological breakthroughs with respect to what has been built so far.

Fourth generation nuclear reactors

This part is dedicated to explain the several designs of fourth generation reactors, their advantages and ends up by a detailed study about the choice of sodium fast reactors among others in France.

Dierent designs of reactors

Several reactor designs were selected at the outset. To better understand the differences between them, they are summarized in the table 1 including information on the type of the reactor, coolants, and approximate core outlet temperatures.

Table 1: Specications of dierent designs of reactors [START_REF]Nuclear Reactors: Generation to Generation[END_REF] As seen, regarding neutron spectrum, reactors are divided between either fast or thermal reactors and the dierence between the two is explained in section one. An interesting parameter is the core outlet temperature. In comparison with other reactors, gas reactors are characterized by the temperature reached which is minimum 850°C. This is in fact due to the material of the coolant used.

When analyzing the table, it is shown the coolant chosen for gas reactors is Helium which is a single phase and an inert gas approaching more safety side.

But the drawbacks of a gas are its low density and low caloric value. Now regarding the parameter fuel cycle, it consists of the several activities associated with the production of electricity from nuclear reactions starting with the mining of uranium and ending with the disposal of nuclear waste. So if spent fuel is not reprocessed, the fuel cycle is referred to as an open fuel cycle. It is a closed fuel cycle if the spent fuel is reprocessed. Most of the 4 th generation reactors have a closed fuel cycle which contributes to lower mining and waste minimizing.

Advantage of fourth generation fast reactors concerning uranium resources

In fact, Fourth generation fast reactors have the advantage of saving on uranium resources and recycling recoverable materials, plutonium in particular.

Uranium-235, a fuel used in most reactors and a minor isotope of natural uranium is exploited to produce energy. In France, the stocks of Uranium currently amount to more than 270,000 tonnes according to a statistical study done by CEA (Commissariat à l'énergie atomique et aux energies alternatives) [START_REF]Fourth generation cooled fast reactors, the ASTRID technological demonstrator[END_REF]. This is due to a policy adopted by France in which 8,000 tonnes of natural uranium are imported yearly divided into 1,000 tonnes of enriched uranium to supply the power plants and the remainder 7,000 tonnes of depleted uranium stored for future use in fourth generation reactors. Additionally, materials like uranium and plutonium which are recovered from spent fuel produced by the current eet are treated and can be recycled into fuel called MOX (Mixed uranium and plutonium oxide). This kind of fuel can be used eciently in sodium fast cooled reactors (shown in Table 1).

Fast reactors can burn all of the natural uranium (including depleted uranium) whereas today's reactors only burn less than 1%. By utilizing all of the uranium in the core, fast reactors multiply the energy that can be extracted from a given mass of natural uranium by a factor of about 100. Thus, they could operate for several thousand years dispensing entirely with natural uranium. This is a general sum up of the evolution in the generations of nuclear reactors focusing more on the advantages of the fourth generation reactors. The CEA studied the advantages and drawbacks of these dierent reactors and stated that sodium and gas cooled fast reactors are the most promising ones. However, France has acquired a lot of knowledge regarding sodium cooled technology owing to the operation of the reactors Phénix and Superphénix. Thus, the preferred coolant is sodium over gas because of available data due to experiences over the past 40 years in such a eld. So the next paragraph is dedicated to sodium cooled fast reactors.

Sodium-cooled fast reactor (SFR)

SFRs generally have three heat transfer systems, PHTS (Primary Heat Transfer System), IHTS (Intermediate Heat Transfer System) and energy conversion system. The PHTS has a role of cooling the core and the IHTS for transferring heat from the primary loop to the steam generator. They are both kept at low pressure (near ambient) since the boiling point of Na (882°C) is signicantly higher than normal operational temperatures (550°C). The energy conversion system generates electricity with a turbine.

A SFR is divided into two main congurations: loop design and pool design.

In the loop design, the primary coolant is allowed to leave the reactor vessel, and the IHX (Intermediate heat exchanger) is located in the containment area outside the vessel whereas in the pool design, the primary coolant is kept within the reactor vessel which also encompasses the intermediate heat exchangers.

This reactor shown in gure 3 is supposed to be the reference technology for fourth generation systems in France. This paragraph explains the design options of ASTRID starting from the fuel used ending by a brief explanation of its primary circuit. Due to the wide experience feedback in France on the oxide fuel, the reference fuel chosen for ASTRID is mixed oxide (U, P u)O 2 . Sodium is used as a coolant and is maintained in one main vessel to reduce the risk of primary sodium leakage. From gure 4, the sodium ows from the external vessel to the upper plenum through the core where it is heated. Then around 90% of the sodium ejected from the core is deviated by the UCS (Upper Core Structure) to the upper plenum. The UCS due to its position sustains the control rods and drives sodium coolant toward the core in normal and accidental conditions. The other part ows across the UCS, then to the upper plenum. The hot sodium (550°C) of the upper plenum enters inside the IHX (Intermediate Heat Exchangers) to heat a secondary sodium circuit. This latter is connected to a steam generator. Such a scheme avoids the primary sodium to be in contact with water in case of leakage.

The outlet of the IHX is connected to the external vessel where the sodium is pumped and sent back to the core.

After this brief description, it is essential to state that there are main issues about this design as shown in gure 5. For instance, the oscillation of the surface ow can induce thermal oscillations on the Upper Core Structure and the heat exchangers. This can damage them by thermal fatigue. The other problems also identied for the upper plenum cannot be studied using numerical codes with enough condence. Experiments should be carried out on a reduced scale mock-up to supply the validation data necessary for the numerical codes. The next section addresses the design of this mock-up in details.

Figure 4: Cut view of the ASTRID primary circuit [START_REF]Plateau facility in support to ASTRID and the SFR program[END_REF] Figure 5: The main issues of ASTRID [START_REF]Plateau facility in support to ASTRID and the SFR program[END_REF] 1. In such a case where sodium and water have the same physical properties, a reduced scale water mock-up can be used. This will give calculations of the operating conditions using dimensionless numbers.

Design of MICAS Mock-up

The MICAS mock-up is made up of PMMA (Poly methyl methacrylate) for optical measurements. Its size is 2.5 m diameter and 1.7 m height and the scale is 1/6 the ASTRID reactor (gure 6). This mock-up is built to study several issues such as free surface ow state due to the wake of the immersed components. The core is divided in three zones. The injection room is shown at the bottom of gure 7; the central zone corresponds to the core at high temperature (yellow zone); the intermediate one is related to the reector; and the external zone represents the internal fuel assembly storage. These two external zones are supplied with low temperature water. However, the optical access in this geometry faces deformation due to the refractive index between the several mediums present. Thus, the mock-up is placed in an external vessel made up of plane walls. This enhances the optical access and increases the accessible laser domain. Such approach facilitates the measurements (temperature, velocity, ..) using optical techniques. 1

.5 Interest of the thesis subject

This thesis is a part project of the development of the fast neutron reactor cooled by sodium ASTRID which was presented before. From the state of art of the past and foreign reactors, issues have been identied. The numerical codes cannot address some of them with a sucient level of condence because it is not possible to model correctly all the physical phenomena. Also, there is a need to validate the design concepts and safety issues of ASTRID. For these reasons, an experimental program was developed. The experience in sodium is necessary in the case where the thermal eects play an important role. Experiments using water serve as a study for the hydraulic aspects because of the similitude between sodium and water in terms of physical properties (see section 1.4). Also, these experiments are practical to apply since water is transparent. This explains the design of the water model, the MICAS mock-up. One issue in the experimental program of the MICAS mock-up is to simultaneously measure the temperature and the velocity elds to validate the numerical approach. These measurements were done before using thermocouples and propeller probes respectively on the mock-up but these approaches are intrusive and punctual.

LIF (Laser Induced uorescence) and TLC (Thermo-chromic liquid crystals) are both common techniques for non intrusive measurement of temperature. In TLC, when the liquid crystal particles are illuminated by white light, the color of the particles changes depending on the temperature of surrounding uid. In LIF, a uorescent dye is dissolved in a uid and then illuminated by Laser. It absorbs a portion of the excitation energy and spontaneously re-emits a portion of the absorbed energy as uorescence. This uorescence emission is temperature dependent so this phenomenon can be used to derive the temperature eld. The dierence between these two techniques is in the range of temperature measurement. In LIF, the temperature range is greater than that of TLC and covers the range needed for the measurements in the MICAS mock-up.

Regarding velocity, PIV (Particle Image Velocimetry) is already implemented on the MICAS mock-up. In PIV, the uid is seeded with tracer particles then illuminated with a laser sheet so that particles are visible. The motion of the seeding particles is used to calculate speed and direction of the ow being studied. LIF and PIV are both non intrusive measurement techniques that do not interfere with the ow pattern. These techniques can be easily extended to the simultaneous measurement of temperature and velocity. The goal of the thesis is to accomplish a thermal hydraulic study of the dierent phenomenology present in the MICAS mock-up; more precisely the interaction between the hot and cold uid ows present at its core (gure 6). This interaction results in an another jet that leads the ow at the exit of the core which in turn controls the thermal hydraulic eects in the upper plenum. These temporal measurements will serve to study also the issues in the reactor. However, through a survey in literature, the LIF technique is limited to simple volume geometries (less than 30 Liters)

and few experiments are applied on large volume due to the complexities that arise on large scale facilities. For this purpose, a new water mock-up called TABOULE was designed during the rst year of the thesis.

TABOULE is an intermediate scale between the simple and the complex water facilities. It is a simple representative of the mixing jets which occur in the MICAS mock-up. It consists of only two jets (one cold and the other hot) whereas that of the MICAS mock-up consists of 288 hot and 292 cold jets. Such a geometry makes it possible to vary several parameters to study the interaction between dierent uid ows. The temperature between the cold and the hot jet varies from 20 to 50 °C similar to the case of the MICAS mock-up. This range allows a similitude between sodium and water (section 1.4). The simultaneous measurements using PIV and LIF will allow us to study the variation of temperature and velocity exchange between the uid ow and its surrounding. TABOULE is a large geometry facility of about 1000 Liters.

In this term, the application of such methods on large scale mock-up such as TABOULE is challenging and innovative. This work presents its concept design and a hydrodynamic study of dierent uid ows. Then, the work presents the installation of the LIF and PIV measurement setups for a thermal hydraulic study. We also show the complexities faced during the experiments performed and the dierent approaches done to resolve them. from cryogenic levels to 2000 °C [START_REF] Review | Long Thermo-Fluid Mechanics Research Centre[END_REF]. The following section will study dierent non-intrusive measurement techniques for temperature and velocity focusing on the choice of laser induced uorescence and particle image velocimetry for the simultaneous measurement of temperature and velocity respectively.

Non intrusive temperature measurement techniques

One of the fundamental thermodynamic quantities is temperature. When measuring temperature, several points should be taken into consideration and they are classied as follows: the range of temperature, the what, the where, the when and nally the criteria of the method [START_REF]Mesure des températures -Questions à poser avant la mesure[END_REF]. By the what, it is either point measurement or average indication, absolute measurement or reproducibility of thermal conditions. The where depends on the nature of medium (solid, liquid, gas), nature of ow and the surrounding environment in general. The when is whether the measurement is simultaneous or not, continuous or not andnally the choice depends on parameters such as reproducibility of a measure, stability, sensitivity and response time. The measurement of temperature eld in liquids has evolved overtime. The rst attempts were qualitative measurements such as Schlieren-methods or shadowgraphy [START_REF] Stoica | Measurement of temperature eld around a single steady vapor bubble using phase shift interferometry[END_REF]. But these techniques are one dimension [START_REF]Temperature Field Measurements with High Spatial and Temporal Resolution Using Liquid Crystal Thermography and Laser Induced Fluorescence[END_REF]. Another one is the molecular tagging thermometry, which determines the temperature elds from the temperature-dependent phosphorescence lifetime of phosphor molecules in the particular liquid. This method is applied on surfaces and in sprays [START_REF]Molecular tagging velocimetry and thermometry and its application to the wake of a heated circular cylinder[END_REF]. Thermocouples have been widely used in temperature measurements. While these measurements are easy to implement, such a technique is intrusive and punctual. It allows measurements at certain points in single phase ow experiments and does not give temperature eld measurements. These are the main drawbacks of thermocouples. But to measure whole temperature eld, two methods are now of a great interest; TLC (Thermo-chromic liquid crystals) and LIF (Laser Induced Fluorescence). Both techniques are non-intrusive too. Such advantages overcome the drawbacks of using thermocouples. These two methods are explained in the coming sections.

Thermo-chromic liquid crystals (TLC)

This section explains the approach of TLC in temperature measurements. The 

Review of LIF over history

The purpose of this section is to review the evolution and development of this technique. It all started by visualizing ow using dyes. The rst experiments were done in the 1970's. Nichols et al. [START_REF] Nichols | Laser-induced uorescence as a method for measuring mass-transfer rates and for ow visualization[END_REF] used the technique for measuring mass transfer and ow visualization in 1972. In 1977, Owen [START_REF] Owen | Laser velocimeter measurements of structure of turbulent spray ames[END_REF] did some basic experiments of laser velocimetry to measure structure of turbulent spray ames.

In the 1980's, Koochesfahani and Dimotakis [START_REF] Koochesfahani | Laser-induced uorescence measurements of mixed uid concentration in a liquid plane shear layer[END_REF] were the rst to provide a basis for modern LIF use which is explained in the next sections. They although used LIF to measure the concentration eld in a liquid plane mixing layer. After this start, in 1987 Walker [START_REF] Walker | A uorescence technique for measurement of concentration in mixing liquids[END_REF] measured the variation of uorescence intensity with temperature, pH, concentration and laser intensity. He gave a detailed description of the principles of LIF concerning the experimental set-up. His main goal was to measure concentration eld in mixing liquids. The technique continued to be developed at the end of 1990's by two major researchers Coppeta et al. and Sakakibara et al. [START_REF]Dual emission laser induced uorescence for direct planar scalar behavior measurements[END_REF][START_REF] Sakakibara | Whole eld measurements of temperature in water using two-color laser induced uorescence[END_REF]. Coppeta et al. [START_REF]Dual emission laser induced uorescence for direct planar scalar behavior measurements[END_REF] focused on quantifying pH and introduced the ratio between laser intensities whereas Sakakibara et al. [START_REF] Sakakibara | Whole eld measurements of temperature in water using two-color laser induced uorescence[END_REF] focused on quantifying temperature and introduced types of errors in this technique which are explained later. Then in the 21 st century, the LIF technique was divided into dierent types depending on the uorescent dyes used. In principle, experiments were developed by Sakakibara [START_REF] Hishida | Combined PLIF and PIV technique for velocity and temperature eld[END_REF] and Lemoine et al. [START_REF] Lavieille | Evaporating and combusting droplet temperature measurement using two colors laser induced uorescence[END_REF][START_REF] Bruchhausen | Instantaneous measurement of two-dimensional temperature distributions by means of two-color planar laser induced uorescence (PLIF)[END_REF] especially in the study of combustion.

Fluorescence, a physics approach

Figure 9 shows the dierent mechanisms for returning a molecule previously excited by laser radiation to its ground state. Fluorescence is among these different paths. Fluorescence is a radiative decay process that occurs by electronic transitions in molecules [START_REF] Sakakibara | Whole eld measurements of temperature in water using two-color laser induced uorescence[END_REF]. It is a molecule that absorbs light between a certain range of wavelengths and emits light at a dierent wavelength [START_REF]Laser-induced uorescence measurements of dual plumes and comparison of laser-induced uorescence and conductivity probe measurements[END_REF]. First, it becomes excited when the incoming light is absorbed [START_REF]Development of the planar laser-induced uorescence for temperature measurements of evaporating spray[END_REF].Then, it can be translated as the spontaneous and poly chromatic light emission. The uorescence phenomenon has two attractive characteristics:

Fluorescent molecules have a large absorption cross section, almost 10 times larger than in the case of Raman scattering. Consequently, a few ppm of the uorescent species is enough to obtain a signal of high intensity which is easy to use.

Fluorescence has a very short lifetime, of order 10 -6 to 10 -9 seconds which makes it possible to observe the rapid phenomena. The dierent mechanisms shown in gure 9 compete with uorescence. Quenching is an inelastic relaxation due to the shock from molecules and it depends highly on the temperature of the surrounding liquid. The Inter system conversions correspond to the transition to dierent energy levels close to the excited state. Thus, the electron can return either rapidly or slowly. The rapid return may happen in one of two ways. It may simply return from the excited state through quenching, or it may uoresce at a certain wavelength. A slow return from the triplet state results in phosphorescence whereby the absorbed radiation may be delayed and re-emitted at a lower intensity.

From these dierent mechanisms, it is possible to dene the quantum uorescence yield as being the ratio between the rate of spontaneous uorescence transition (A 21 ) and the rates of competing mechanisms (A 21

+ Q quenching + Q triplet +Q inter ) [113].
In the condensed phase (liquid phase), the number of transitions between the excited and fundamental state is considerable. This leads to the poly chromatic character of absorption and emission spectra. Thus, uorescence absorption and emission spectra give this appearance of signal extending over several tens of nanometers.

Fluorescence, a mathematical approach From a mathematical point of view, the uorescence can be used either to measure temperature or concentration. When the temperature of the medium is constant, the local concentration of the uorescent tracer can be measured and when the concentration of the uorescent tracer is constant, the temperature of the liquid can be determined [START_REF]Fluorescence induite par laser multibande appliquée à la mesure de température dans les milieux complexes[END_REF].

However, the equation of the uorescence emission intensity is not unique.

It depends on the regime of the laser excitation we are working on. There are three characteristic regimes dened through a comparison between the laser excitation intensity I 0 ( W m 2 ) and the saturation intensity of the uorescent dye [113].

I sat ( W m 2 )
If I 0 < < I sat , the regime is said to be linear. In this case, the uorescence emission intensity is linear with the laser excitation intensity and it is expressed as follows:

I f = K opt V c I 0 ϕε 1 Ce -C(ε1b+ε2e) (1) 
where K opt is an optical calibration constant, V c the collection volume, ϕ the uorescence quantum yield, ε 1 the molar absorption coecient of the laser light, C the concentration, ε 2 the molar absorption coecient of the uorescence, b the laser path and e the uorescence path (gure 10). In this approach, we have two absorption coecients because both the laser light and the uorescence light are absorbed while they travel, according to the Beer-Lambert's law. The product V c C is proportional to the number of uorescence photons emitted by the tracer molecules excited by the laser radiation and reaching the detector surface. In addition to this, the uorescence light is reabsorbed before being collected by the recording devices due to the presence of liquid between the laser sheet plane and the cameras [START_REF]Development of the planar laser-induced uorescence for temperature measurements of evaporating spray[END_REF][START_REF]Fluorescence induite par laser multibande appliquée à la mesure de température dans les milieux complexes[END_REF]. This re-absorption diers between they dyes and it depends on the overlapping between the absorption and the emission spectra. If I 0 ≈ I sat , the regime is said to be partially saturated. In this case, the uorescence emission intensity no longer depends linearly on the laser excitation intensity.

If I 0 > > I sat , the regime is said to be saturated. In this case, the uorescence emission intensity no longer depends on the laser excitation intensity. Only the reabsorption of uorescence on the collection path is then taken into account.

The uorescence emission intensity is then expressed as follows:

I f = V c I sat ϕε 1 Ce -Cε2e (2)
The temperature dependence of the uorescent emission appears in the absorption coecient or in the uorescence quantum yield depending on the dye used. For instance for RhB, the major part of the temperature dependence can be found in the uorescence quantum yield [START_REF]Development of the planar laser-induced uorescence for temperature measurements of evaporating spray[END_REF]. In contrast, the absorption coecient, ε 2 , does not have signicant temperature dependence. It is less than 0.05% /°C as mentioned in the study of Sakakibara et al [START_REF] Sakakibara | Whole eld measurements of temperature in water using two-color laser induced uorescence[END_REF].

However for FL27, the temperature dependence of the emitted uorescence is due to the absorption coecient ε 2 since the quantum yield is greater than 0.9 at room temperature. So it is unlikely that the positive temperature dependence of the uorescence signal of uorescein is due to increased quantum yield eects (Sutton et al. [START_REF]A laser-induced uorescence measurement for aqueous uid ows with improved temperature sensitivity. Experiments[END_REF]).

Basic set up of LIF

The basic setup of a LIF experiment consists of a Laser source, a camera, uorescent dyes and some sheet optics as shown in gure 11. This section will explain in details the role of each and the importance of a good synchronization between all the components. 

Laser

The term LASER is an acronym for Light Amplication by Stimulated Emission of Radiation. A laser is created when the electrons in atoms in special glasses, crystals or gases absorb energy from an electrical current and become excited (gure 12). Then, the excited electrons move from a lower-energy orbit to a higher-energy orbit around the atom's nucleus. When they return to their ground state, the electrons emit coherent particles of light called photons. These photons are all at the same wavelength [START_REF]How Lasers Work[END_REF]. Most of the experiments done in this eld used either continuous Argon Ion laser (488 or 514.5 nm wavelengths) or pulsed Nd:YaG laser at 532 nm. The laser is used to excite the uorescent dyes in the ow. Starting from here, dierent parameters are taken into consideration when choosing the laser. For instance, ion lasers have continuous output which produces a beam that has a Gaussian distributed cross-section. This continuity leads to stability in its output power which simplies the calibration procedure for the system. On the other hand, pulsed lasers have a much higher captured energy per image when compared to ion lasers. However, the power and distribution of the beam can vary from pulse to pulse. So, the main advantage of Nd:YAG lasers is their high power output around 10 7 W during the pulse. In the LIF experiments, CCD digital cameras began being used in the 1990's.

But recently, CMOS cameras have become popular and advantageous [START_REF]Laser-induced uorescence measurements of dual plumes and comparison of laser-induced uorescence and conductivity probe measurements[END_REF].

The main key features of any digital camera are pixel count, bit depth, and frame rate. The rst feature is related to what is called the Full Well Capacity [29] . It is the maximum number of electrons that register a signal in a pixel. So, larger pixels have higher well capacity thus higher sensitivity, better Signal to Noise Ratio (SNR), and increased dynamic range. Bit depth determines the resolution of the intensity. For example, a bit depth of N , resolves a 2 N gray scales. The latest technology nowadays allows for a bit depth of 16, or 2 16 = 65, 536 gray scales. Finally, the frame rate determines how quickly successive images may be acquired. There are several dierences between CCD and CMOS cameras. The main one is how they transfer the charge out of the pixel and into the camera's electronics. For example, in CCD, the charge is collected in pixels and then shifted on the imager surface to the output for sampling. Micro lenses, which increase the photon collection area of the pixel, are used in CCD whereas the layer stacks up in CMOS prevents its usage and thus lowers the charge conversion resulting in lower sensitivity [29].

On the other hand, CMOS is more resistant to Smearing or Blooming than a CCD. Both phases are due to over saturation of pixels. Blooming is shown as very bright spots in the image whereas smearing is shown as light spilling over into the vertical shift. Thus, CCD sensors create high-quality, low-noise images whereas CMOS sensors are more susceptible to noise and consume little power [30].

Fluorescent dyes

This part shows the important characteristics of dyes, their dierent types in LIF experiment and their absorption and emission spectra.

First, a uorescent dye should be soluble in water when it is the liquid of interest in the experiments. The dye should have a high quantum eciency so that signal strength is maximized. Its absorption and emission spectra must be separable. This is known as the Stoke's shift. There are many dyes used in LIF experiments. Mainly, when choosing them, the absorption spectrum should be compatible with the laser excitation wavelength. Most of the LIF experiments used either uoresceins (FL, FL27) or rhodamines (RhB, Rh6G, RhWT, Rh101, Rh110, Rh640, SR101, SRh640, and KR).

Classical uorescein is widely used as a tracer in aquatic studies for temperature measurements because of its water solubility, low cost and low toxicity [START_REF] Lavieille | Evaporating and combusting droplet temperature measurement using two colors laser induced uorescence[END_REF]. Fluoresceins have shown positive temperature dependence as shown by Coppeta et al. [START_REF]Dual emission laser induced uorescence for direct planar scalar behavior measurements[END_REF] and Sutton et al. [START_REF]A laser-induced uorescence measurement for aqueous uid ows with improved temperature sensitivity. Experiments[END_REF].

Regarding rhodamines, dierent results were obtained by researchers. For example RhB, there is a general agreement on its negative temperature dependence but the sensitivity changed from one study to the other. Saeki et al.

[33] recorded it -1.34 % per °C, -0.8 by Bruchhusen et al. [START_REF] Bruchhausen | Instantaneous measurement of two-dimensional temperature distributions by means of two-color planar laser induced uorescence (PLIF)[END_REF] and -1.82 by Sakakibara et al. [START_REF] Sakakibara | Whole eld measurements of temperature in water using two-color laser induced uorescence[END_REF]. It is important to state that RhB is toxic and leads to environmental problems. On the other hand, rhodamines such Rh6G and RhWT exhibit no temperature dependencies and are harmless. Figure 13 shows the absorption and emission spectra of several dyes while gure 14 shows only that for FL27. Details of some of the dyes stated above are explained later in Chapter 3. 

Using one dye

When using one uorescent dye, two types are dened: one color (single band), one dye LIF (1c/1d) and two color, one dye LIF (2c/1d). 1c/1d is the technique that usually all researchers start with. It is a calibration approach in which they identify their medium; that is the response of uorescence intensity as function of dye concentration, laser power and temperature variation. The setup of this technique is simple and basic. It gives a good precision for the study of single-phase laminar and turbulent ows. However, it is sensitive to the laser power and the volume of collection of the uorescence. 2c/1d LIF was introduced in 2001 by Lavieille et al. [START_REF] Lavieille | Evaporating and combusting droplet temperature measurement using two colors laser induced uorescence[END_REF] for droplet measurements. Only [START_REF] Depredurand | A temperature sensitive tracer suitable for two-color laser-induced uorescence thermometry applied to evaporating droplets[END_REF][START_REF] Maqua | Temperature measurements of binary droplets using three-color laserinduced uorescence[END_REF][START_REF]A two-color planar LIF technique to map the temperature of droplets impinging onto a heated wall[END_REF]. In this eld of sprays and droplet studies, this technique has introduced a correction function in terms of size eect. For instance, the uorescence ratio increases widely when the droplets diameter decreases. Moreover, when the tracer concentration increases, the size eect decreases [START_REF] Labergue | New insight into two-color LIF thermometry applied to temperature[END_REF]. This technique is highly applied when the dye concentration is not uniform, for example in the presence of mass transfers such as liquid evaporation or vapor condensation.

Using two dyes

Two color two dye 2c/2d LIF was introduced as an extension of uorescence techniques to overcome the drawbacks of one color LIF such as laser power dependency. When two dyes are used, the ratio of their uorescence emissions is taken as a measure of temperature reading. The two dyes need to have signicantly dierent temperature dependencies (Sakakibara & Adrian [START_REF] Sakakibara | Whole eld measurements of temperature in water using two-color laser induced uorescence[END_REF]).

For example, a temperature dependent dye can be selected and the second dye should at least be a temperature independent as proposed by Sutton et al. in 2008 [START_REF]A laser-induced uorescence measurement for aqueous uid ows with improved temperature sensitivity. Experiments[END_REF]. In water facilities, application of the LIF technique requires both water-soluble organic dyes that have an absorption peak close to the laser excitation wavelength (Crimaldi et al. [START_REF] Crimaldi | Planar laser induced uorescence in aqueous ows. Experiments in uids[END_REF]). That's why most of the experiments in this eld were done using RhB and Rh110 because both can be excited with the same laser source [START_REF]Application of two color LIF for temperature map[END_REF]. Figure 16 shows the emission and absorption spectra of a mixture of these two dyes.

Melton et al [START_REF] Melton | Criteria for quantitative PLIF experiments using high-power lasers[END_REF] proved great advantages of this technique over one color LIF.

For instance, it corrects for laser power uctuations, laser sheet non-uniformity and dye absorption since the ratio of the dye concentrations is constant. By referring also to equation ( 1) which is presented again below, Labergue et al.

[112] illustrated that to properly measure the temperature, the inuence of the unknown and variable parameters C , V c and I 0 must be removed.

I f = K opt V c I 0 ϕε 1 Ce -C(ε 1 b+ε 2 e)
Then, the uorescence intensity of the rst and the second dye (A and B) are presented by equations ( 3) and ( 4) respectively. The ratio, independent from the laser, is presented by equation [START_REF]Fourth generation cooled fast reactors, the ASTRID technological demonstrator[END_REF].

I f,A = K opt,A V c I 0 ϕ A ε 1 C A e -C A (ε 1 b+ε 2,A e)
(3)

I f,B = K opt,B V c I 0 ϕ B ε 1 C B e -C B (ε 1 b+ε 2,B e) (4) R = I f,A I f,B = K opt,1 ϕ A C A e -C A (ε 1 b+ε 2,A e) K opt,2 ϕ B C B e -C B (ε 1 b+ε 2,B e) (5) 
Figure 16: Two color two dye technique [START_REF] Sakakibara | Whole eld measurements of temperature in water using two-color laser induced uorescence[END_REF] Typically two cameras are used to measure the individual intensities of the dyes. This technique is used in the eld of single phase laminar and turbulent ows and also in that of sprays [START_REF] Maqua | Temperature measurements of binary droplets using three-color laserinduced uorescence[END_REF]. To sum up, uorescence techniques using laser have shown great interest in measurements of eld temperature due to its advantages over other techniques. For example, over Thermo-chromic liquid crystals (TLC), LIF method is used for measurements with a high temperature range while the TLC method is limited to a narrow temperature range. Other drawbacks of TLC are its strong non-linearity and the signicant time response of the relatively large particles [START_REF] Jaszczur | An analysis of long term temperature measurement using laser induced uorescence[END_REF].

Sources of errors & Spectral conicts

Sources of errors:

There are three main sources of error in using spectral information to measure scalar behavior temperature. Errors result from photo-degradation of the dyes, optical limitations of the system, and from uncertainty in the camera response [START_REF]Dual emission laser induced uorescence for direct planar scalar behavior measurements[END_REF]. For instance, photo-degradation is a result of continued exposure of the dye to the chosen excitation frequency. Its eects can be minimized by frequent calibration, minimizing the exposure time of the dye to the excitation light, and using the longest excitation wavelength possible to excite the dye.

Spectral conicts:

Spectral conict is due to the overlaps between absorption and emission bands of two dyes. There are three main spectral conicts summarized in Table 3; type I, II & III. They have been described by Coppeta and Rogers [START_REF]Dual emission laser induced uorescence for direct planar scalar behavior measurements[END_REF] and further by Lacassagne et al. [START_REF] Lacassagne | Ratiometric, single-dye, pH-sensitive inhibited laser-induced uorescence for the characterization of mixing and mass transfer[END_REF]. In this section, each type is briey explained along with gures that illustrate the overlap between the bands and the dierence between each type.

Type Summary of spectral conicts I

Emission overlap between the two dyes; dye 1 and dye 2 II Dye 2 absorbs dye 1 emission; absorption is independent of scalar III Dye 2 absorbs dye 1 emission; absorption is dependent of scalar Type I error refers to the two dyes that have an emission overlap as illustrated in gure 17 in which some of the uorescence from dye 1 will appear in the intensity measurement of the second dye. Although the emission spectra of both dyes are separated, but the decaying of the rst dye overlaps with the peak emission of the second dye.

In gures 18 and 19, the dashed line refers to the absorption band of dye 2 and the solid line to the emission band of dye 1. Type II and type III errors refer to the overlap between the emission band of one dye and the absorption band of the second dye. That is the second dye absorbs emitted light from the rst dye so that the measured uorescence of the rst is smaller than expected.

However the dierence between type II and type III is the changes in the scalar being measured. As illustrated in table 3, type II spectral conict is independent of scalar. If we suppose the scalar is concentration (usually dyes are present in equal concentrations throughout the uid); changes in the scalar being measured only produce changes in the uorescence intensity. In contrast, for type III, the uorescence intensity of the rst dye is being attenuated as a function of path length due to the overlap between the emission of rst and the absorption of the second dye (gure 19). Also, since the absorption band of the second dye varies with concentration, the attenuation of the emission of the rst dye is now also a function of concentration.

Figure 17: Type I spectral conict [START_REF]Dual emission laser induced uorescence for direct planar scalar behavior measurements[END_REF] Figure 18: Type II spectral conict [START_REF]Dual emission laser induced uorescence for direct planar scalar behavior measurements[END_REF] Figure 19: Type III spectral conict [START_REF]Dual emission laser induced uorescence for direct planar scalar behavior measurements[END_REF] It ends with a summary about most experiments found in literature that used combined velocity and temperature techniques simultaneously.

Introduction

In general, the methods of measuring the velocity of liquids are classied into three main groups: kinematic, dynamic and physical. In kinematic measurements, a specic volume, usually very small, is somehow marked in the uid stream and the motion of this volume is captured by appropriate instruments.

Dynamic methods make use of the interaction between the ow and a measuring probe or between the ow and electric or magnetic elds. And for physical measurements, various natural or articially organized physical processes in the ow area under study, whose characteristics depend on velocity, are monitored [43]. Examples for kinematic velocity measurements are LDV and PIV which are explained in the next sections.

Laser Doppler Velocimetry

Setup and operating principles Laser Doppler Velocimetry (LDV) is a technique used to measure the instantaneous velocity of a ow eld [44]. This technique has two forms regarding its operating principles. In the rst which is most presently used, a single beam is split into two beams, thus ensuring coherence between the two as shown in gure 20. Then, the optics focuses the beams to intersect at the the focal point of the laser beam, where they interfere and generate a set of straight fringes. As particles entrained in the uid pass through the fringes, they reect light that is then collected by the receiving optics and focused on a photo-detector. The reected light uctuates in intensity, the frequency of which is equivalent to the Doppler shift between the incident and scattered light. This frequency is thus proportional to the particle velocity. The second form is of a dierent approach. A single beam is split into two beams, the measurement beam is focused into the ow whereas the reference beam passes outside the ow. When particles pass through this volume, they will scatter light from the measurement beam with a Doppler shift too. The rst portion of this light is collected by the receiving optics and transferred to the photo-detector. The reference beam is also sent to the photo-detector where the optical detection produces an electrical signal proportional to the Doppler shift, by which the particle velocity component perpendicular to the plane of the beams can be determined.

Comparison of LDV with other techniques:

LDV just like other techniques has its advantages and disadvantages. It is a non-contacting measurement with a very high frequency response. On the other hand, a sucient transparency is required between the laser source, the target surface, and the receiver. That's why its accuracy is highly dependent on the alignment of the emitted and reected beams. Although this method is non-intrusive and has high accuracy, it is a single point measurement. This is the main drawback of this method. Thus, it can't be used in the measurements of velocity eld. On the other hand, PIV overcomes this drawback. It is a nonintrusive technique that measures velocity eld in a ow. The next paragraph is dedicated to explain in details all about the PIV technique.

Introduction

The concept of PIV is traced back to over 100 years. It is Ludwig Prandtl who started it. He suspended mica particles in his water tunnel and could visually see how a uid owed around models [START_REF]Particle image velocimetry using novel[END_REF]. Back then, this only provided qualitative information regarding the ow. But nowadays with the recent advances in cameras, lasers and computer processing, it is possible to extract instantaneous velocity information inside complex ows.

Principle and setup

PIV is a non-intrusive velocity measurement technique. It provides instantaneous velocity information in uids [START_REF] Rael | Particle Image Velocimetry A Practical Guide[END_REF][START_REF]D PIV reference manual[END_REF]. The principle of PIV is simple.

First, the ow is seeded with tracer particles. The laser sheet illuminates these particles at least twice within a short time interval. Then the camera takes images of the target area and captures each light pulse in separate frame images.

The displacement of the particles between the light pulses is used to determine the velocity vectors. The experimental setup of PIV (gure 21) consists of several subsystems: the tracer particles, the light source, the recording device and the image analysis [START_REF]Particle image velocimetry using novel[END_REF]. Each subsystem should meet the minimum requirements for an optimal measurement of velocity. Starting with the tracer particles, they need to be small enough to accurately track the ow, yet large enough to be optically tracked. It is important to accurately choose an appropriate seeding material to obtain accurate PIV data [START_REF] Rael | Particle Image Velocimetry A Practical Guide[END_REF]. Therefore there are some principles to take into consideration. For example, the tracer particles should be non-toxic, noncorrosive, non-abrasive and chemically inactive. They should also exhibit an ability to follow the ow and be good light scatters [START_REF]Principles and practice of laser-Doppler anemometry[END_REF][START_REF] Zhang | Particle Image Velocimetry[END_REF] . Table 4 shows some typical seeding particles used in liquid ows.

Table 4: Typical seeding PIV particles

Since the seeding particles should be illuminated in order to be captured and analyzed, a light source is needed. This light source is typically a laser. A laser is used because of its ability to emit monochromatic light with high energy density, which can easily be bundled into thin light sheets for illuminating and recording the tracer particles without chromatic aberrations [START_REF] Rael | Particle Image Velocimetry A Practical Guide[END_REF][START_REF]Tracer Particles & Seeding for Particle Image Velocimetry[END_REF]. The most used laser types for PIV are Helium-neon, Argon-ion, and Nd:YAG lasers. To capture the position of seed particles in the ow eld, either CCD or CMOS cameras are used. In order to compute ow velocities from particle images, images must be compared and correlated. This correlation involves rigorous statistical computation. The characteristics of these correlation techniques and their limitations were reviewed by Adrian [START_REF]Statistical properties of particle image velocimetry measurements in turbulent ow[END_REF] and later expanded by Adrian and Keane [START_REF] Keane | Theory of cross-correlation analysis of PIV images[END_REF] to include cross-correlation techniques. On the other hand, the software needs to cooperate with a synchronization unit. It is the synchronizer that makes the link between the software, the camera and the laser.

Main features of PIV

This part studies the main features of PIV indicated and studied by Rael et al. in 2007 [46]. Some features are common with Laser Doppler Velocimetry and others are unique for PIV. First, PIV is a non-intrusive velocity measurement technique. It also measures the velocity of a uid element indirectly by means of the measurement of the velocity of tracer particles within the ow thus it is an indirect velocity measurement technique. A unique feature of PIV is its whole eld measurement since it records images of large parts of ow elds in a variety of applications in gaseous and liquid media. Other features regarding the illumination pulse are its duration and the time delay between pulses.

For instance, the duration must be short enough to freeze the motion of the particles during the pulse exposure. This avoids blurring of the image. Regarding the time delay between the illumination pulses, it must be long enough to determine the displacement between the images of the tracer particles with sucient resolution and short enough to avoid particles with an out-of-plane velocity component leaving the light sheet between subsequent illuminations.

Experiments in simultaneous measurements of velocity and temperature Some experiments were done in the eld of simultaneous measurements of velocity and temperature. Researchers combined PIV with TLC and others PIV with LIF. This part is dedicated to show the approaches done in these measurements.

For instance, Sakakibara et al. [START_REF]Combined PLIF-PIV technique for velocity and temperature elds[END_REF] combined LIF with PIV for temperature and velocity measurements in thermo-uid ow. They mixed uorescent dyes with tracer particles in the ow. Two CCD cameras were used at the same time, one for LIF and other for PIV to image uorescent intensity and particles' scattering. The purpose was to clarify the heat transfer of stratied ow and natural convection. Petracci et al. [START_REF] Petracci | Combined PIV/LIF measurements in a RayleighBénard convection cell[END_REF] discussed the use of one-color/one-dye combined PIV/LIF as a measurement technique on a RayleighBénard convection cell.

They used a Nd:YAG laser with Rhodamine B as uorescent dye. Petracci et al. [START_REF] Petracci | Combined PIV/LIF measurements in a RayleighBénard convection cell[END_REF] pointed out that the use of a Nd:YAG laser combined with Rhodamine B in a combined PIV/LIF measurement technique simplies the experimental setup compared to a two-color/two-dye setup. However, the use of a one-color/onedye technique requires additional post-processing of images to remove striations caused by local changes in refractive index due to density dierences, and to correct for pulse-to-pulse laser sheet intensity variations. Grafsrønningen et al. [START_REF]Simultaneous PIV/LIF measurements of a transitional buoyant plume above a horizontal cylinder Stig Grafsrønningen[END_REF] carried out simultaneously PIV and LIF measurements of a buoyant plume above an evenly heated horizontal cylinder with a Rayleigh number of 9.4*10 7 .

They used two high resolution CCD cameras in combination with a high energy Nd:YAG laser. The vertical velocity and temperature eld in the plume was compared with similarity solutions from turbulent planar plumes. They also evaluated the production of Turbulent Kinetic Energy (TKE) due to mean shear. Lemoine et al. [START_REF] Lemoine | Simultaneous temperature and 2D velocity measurements in a turbulent heated jet using combined laser-induced uorescence and LDA[END_REF] carried out simultaneous measurements of temperature and velocity using LIF and LDV respectively. The goal was to characterize thermal transport properties in turbulent ows. RhB was used as a uorescent dye in their experiments. The technique is demonstrated on a turbulent heated round jet: the mean and uctuating dynamic and thermal elds are investigated, and the temperature-velocity cross correlations are determined in order to characterize the turbulent diusivity and the turbulent dimensionless number such as Prandtl. However, the number of articles concerning simultaneous PIV/LIF measurements available in the literature is limited and focused only on simple geometry and small volume.

Fluid dynamics and two jet ow study

As stated previously in the general context, the objective of the thesis is to apply simultaneous measurements of temperature and velocity on a complex geometry. This complex geometry is a simplication of the mixing ows in the 

- → ∇. - → v = 0 (6) ρ ∂ - → v ∂t + ρ( - → v . - → ∇). - → v = - - → ∇p + ρ -→ f ext + µ∆ - → v (7) 
Equation ( 5) of zero divergence of the velocity eld ( -→ v ) ensures the incompressibility of the ow. Each term in equation ( 6) is a force per unit volume.

ρ denotes the density of the uid and p the pressure, which by denition is the isotropic part of the stress tensor. The term --→ ∇p presents normal stresses related to pressure forces. The force per unit mass --→ f ext gathers all the forces applied in the volume uid and µ is the dynamic viscosity of the uid. Often, only the gravitational forces are present, so

--→ f ext = - → g .
p 0 is the value of the pressure in the absence of ow, so -→ v = -→ 0 and -→ ∇p 0 = ρ -→ g which presents the hydro-static pressure.

By dividing equation ( 6) by the density ρ, we obtain the balance of forces per unit mass, which is also interpreted as a transport equation of the speed as shown in equation [START_REF] Review | Long Thermo-Fluid Mechanics Research Centre[END_REF]. -

∂ - → v ∂t + ( - → v . - → ∇). - → v = - 1 ρ - → ∇(p -p 0 ) + ν∆ - → v (8) 
→ r = L - → r (9) 
- → v = U - → v (10) 
p -p 0 = (ρU 2 )p (11) 
t = L U t (12) 
Then, equation ( 7) becomes:

∂ - → v ∂t + ( - → v . - → ∇ ). - → v = - 1 ρ - → ∇ p + 1 Re ∆ - → v (13) 
Re = ρU L µ = U L ν (14) 
In equations ( 12) and ( 13), the dimensionless Reynolds number Re is dened.

It is named after Osborne Reynolds in 1895. The Reynolds number presents the ratio of inertia to viscosity and consequently quanties the relative importance of these two terms for given ow conditions [START_REF]On the physical signicance of some dimensionless numbers used[END_REF][START_REF]Summary of Dimensionless Numbers of Fluid Mechanics and Heat Trans[END_REF]. Osborne Reynolds studied several critical Reynolds numbers in which they dier for each geometry [START_REF]Note on the history of the Reynolds number[END_REF][START_REF] Shih | Mechanics of uids[END_REF][START_REF]Boundary-Layer Theory[END_REF]. For example, a ow in a pipe of diameter D, experimental observations show that laminar ow occurs when Re is lower than 2300 and turbulent ow occurs when Re is greater than 2900.

The Richardson number

The Richardson number Ri is a dimensionless number that expresses the ratio of buoyancy to inertia. It is named after Lewis Fry Richardson (1881-1953), a meteorologist who dened the concept of turbulence energy cascade.

He summed up his notion of cascade by the following well known summary:

Big whorls have little whorls, Which feed on their velocity ;

And little whorls have lesser whorls, And so on to viscosity.

In thermal convection problems, Richardson number represents the importance of natural convection relative to the forced convection. It is dened by equation ( 14):

Ri = gβ(∆T )L U 2 (15) 
where g is the gravity, β is the thermal expansion coecient, ∆T is the temperature dierence between the uid ow and its surrounding, L is the characteristic length and U is the characteristic velocity [67]. Typically, natural convection is negligible when Ri < 0.1 and forced convection is negligible when Ri > 10. When dening the laminar to turbulent transition of a mixed convection ow, buoyancy often plays a signicant role [START_REF]Large eddy simulation of three-dimensional mixed convection on a vertical plate[END_REF].

The Froude number

The Froude number F r is a dimensionless number dened as the ratio of inertia to gravity. It is named after William Froude and presented by equation [START_REF] Owen | Laser velocimeter measurements of structure of turbulent spray ames[END_REF].

F r = U √ Lg ( 16 
)
where U is a characteristic ow velocity, L is a characteristic length (hydraulic depth) and g is gravity.

The Froude number describes dierent ow regimes of an open channel ow. However, Mizushina et al. [START_REF] Mizushina | An Experimental Study of Vertical Turbulent Jet with Negative Buoyancy[END_REF] dened the discharge Froude number presented by equation [START_REF] Koochesfahani | Laser-induced uorescence measurements of mixed uid concentration in a liquid plane shear layer[END_REF] to study the eect of buoyancy and density dierence in uid ows.

F r d = U 2 gβ(T 0 -T s )L [START_REF] Walker | A uorescence technique for measurement of concentration in mixing liquids[END_REF] where T 0 is the temperature of the uid ow and T s is the temperature of its surrounding. It can be seen that F r d is the inverse of Ri in their study.

To summarize up, Reynolds, Richardson, Froude and discharge Froude numbers are used to study hydraulic, thermal, free surface and buoyancy aspects respectively. These dimensionless numbers are summarized in table 5 and they are used to describe the features of jets.

Dimensionless numbers Notation Denition Reynolds

Re ρU L µ = U L ν Richardson Ri gβ(∆T )L U 2 Froude F r U √ Lg Discharge Froude F r d U 2 gβ(T 0 -T s )L = 1 Ri Table 5: Dimensionless numbers
This was a brief summary about the dimensionless numbers which are of a key importance in the parametric analysis of many engineering problems.

Fluid Flows

Historically, turbulent ows were treated according to the orientation of the ow. Some are either predominantly vertical or predominantly horizontal. This actually depends on the buoyancy force which is aligned either parallel or perpendicular to the main stream wise direction [59]. But later, other parameters were identied which led to several types of a uid intrusion. The rst parameter is the source of the driven ow which can be momentum, density dierences or both together. For instance, a jet is driven by momentum of the source, a plume by density dierences (buoyancy), whereas a buoyant jet is driven by a combination of both momentum of the source and density. Another parameter is the type of injection which can be continuous or intermittent. Table 6 summarizes the dierent types of uid ows. The common characteristics between turbulent jet and plume are the ecient turbulent mixing with the ambient uid, the loss of kinetic energy due to turbulence and the conservation of momentum. Just in plumes, the kinetic energy is converted into potential energy. Turbulent mixing is the process by which a uctuating turbulent ow dilutes and homogenizes certain quantities such as mass concentration, heat, and momentum [START_REF]Turbulent jets and Plumes, ppt prepared[END_REF]61]. Two primary parameters that compete to control mixing are kinematic viscosity ν and molecular diusivity α. In the following, we present the length scales of turbulence used in this approach and the relation between them.

First, the dissipation of turbulent kinetic energy to heat occurs at the Kolmogorov microscale η which is presented in the equation below:

η = ν 3 ε 1/4 ( 18 
)
where ε is the dissipation rate of the turbulent kinetic energy. Second, the molecular diusion α which acts to smooth the steep concentration gradients [START_REF]Laser-induced uorescence measurements of dual plumes and comparison of laser-induced uorescence and conductivity probe measurements[END_REF] occurs at the Batchelor length scale L B which is presented in the following equation:

L B = να 2 ε 1/4 (19) 
From ( 6) and ( 7), the Kolmogorov and Batchelor length scales are related to Schmidt number as presented below:

η L B = ν α 1/2 = (Sc) 1/2 (20) 
Sc = ν α (21) 
The molecular diusivity of uorescent dyes in water is about order 10 -10 m 2 /s as shown by Crimaldi et al. [START_REF] Crimaldi | Planar laser induced uorescence in aqueous ows. Experiments in uids[END_REF] and the kinematic viscosity is about10

-6 m 2 /s.
So, the value of Schmidt number (ratio of viscous to mass diusion rate) is order of 10 4 . Thus, referring to equation ( 19), the smallest concentration scales in the ow (L B ) are roughly 100 times smaller than the smallest scales of motion (η) so we can track the ow due to the concentration.

Single and parallel jets

Starting with a single jet, it is usually produced whenever a uid is ejected from a round nozzle. The geometrical characteristics of the nozzle aect to a large extent the exit velocity proles. For instance, if the contraction ratio of the nozzle is large enough the velocity distribution is more or less constant over the cross-section and is commonly denoted as a `top-hat' prole [START_REF]Experimental studies in jet ows and zero pressure-gradient turbulent boundary layers by[END_REF].

Due to the high velocity gradient behind the nozzle, an axisymmetric shear layer forms and develops between the jet and the ambient uid. It is within this region that the velocity of the jet will gradually approach that of the ambient uid and where the initial phases of the mixing process occurs.

Figure 22: Sketch of a self-similar turbulent jet [START_REF] Pope | Turbulent ows[END_REF] In gure 22, the uid ow studied is injected steadily from a small nozzle into an unbounded surroundings, at distances large compared to the nozzle diameter D. Turbulent jets are observed to develop along their x-axis in a self-similar way, which means that all the ow properties, including turbulent uctuations, remain the same along the axis after proper normalization by the length and time scales. The origin of the x-axis is at a distance about 2.5D upstream the nozzle edge [START_REF]Course on turbulence by Joel Sommeria[END_REF]. For the following gures, the velocity prole across the jet is denoted by u and the maximum speed at the centerline is denoted by u max . Turbulent jets with negative buoyancy seem of great interest. This interest arises from the fact that these ows are found in many industrial applications such as the injection of reactants in combustion chambers or in nature [START_REF] Rodríguez | Negatively buoyant starting jets C. Marugán-Cruz,1, Rodríguez[END_REF]. A negative buoyant jet occurs when a jet uid is heavier than an ambient uid with an initial momentum being upward. The momentum is continually being decreased by the buoyancy force until it becomes zero. Then, the heavy uid falls back in an annular region surrounding the up ow. Usually in such a case, the discharge Froude number is considered negative [START_REF] Mizushina | An Experimental Study of Vertical Turbulent Jet with Negative Buoyancy[END_REF]. The next part shows the experiments done in the eld of single and parallel negative buoyant jets.

It summarizes the goal behind these experiments. Turner measured the penetration distance of salt water jet injected into fresh water in a range of small discharge Froude numbers [START_REF] Turner | Jets and plumes with negative or reversing buoyancy[END_REF]. Seban et al. [START_REF] Seban | Temperatures in a heated air jet discharged downward[END_REF] measured temperatures in a heated turbulent air jet discharged downward into an air environment and showed that centerline temperatures and the penetration depth are predicted adequately by constant property theories for the downward ow alone. Fleischhacker and Schneider [START_REF]Experimentelle und theoretische Untersuchungen ber den Einug der Schwerkraft auf anisotherme, turbulente Freistrahlen. Haustechnik-BauphysikUmwelttechnik-Gesundheits-Ingenieur[END_REF] presented very limited experimental results on the centerline velocity and temperature. T. Mizushina et al. [START_REF] Mizushina | An Experimental Study of Vertical Turbulent Jet with Negative Buoyancy[END_REF] presented descriptive experimental results. They proposed mathematical expressions on the spread of the up ow, the width of the down ow and the penetration distance of the jet discharged upward into an ambient of higher temperature than that of the jet uid (gure 24).

Figure 24: Schematic representation of a negative buoyant jet [START_REF] Mizushina | An Experimental Study of Vertical Turbulent Jet with Negative Buoyancy[END_REF] They identied b u as the width of the up ow, b j as the width of the jet, h as the penetration height and h m as the maximum height reached. Then, they presented these parameters as function of the discharge Froude number as 68 shown in equations ( 22) and [START_REF] Bruchhausen | Instantaneous measurement of two-dimensional temperature distributions by means of two-color planar laser induced uorescence (PLIF)[END_REF]. The discharge Froude number was identied as the inverse of Richardson number in their study as was dened in equation [START_REF] Koochesfahani | Laser-induced uorescence measurements of mixed uid concentration in a liquid plane shear layer[END_REF].

b u = 0.17h 

h m D = 1.66 F r d = 1.66 1 Ri (24) 
However the constant value 1.66 in equation ( 23) changed between studies.

Mizushina et al. [START_REF] Mizushina | An Experimental Study of Vertical Turbulent Jet with Negative Buoyancy[END_REF] added their work to the studies previously done in the same eld as shown in gure 25. A number of studies attempted to account for the interaction of an array of round buoyant jets. Some studied this interaction by applying optical measurement techniques and others by modeling supported by CFD. For example, an interesting study was done by Adrian et al. [START_REF] Adrian | Dynamic interaction of multiple buoyant jets[END_REF]. They considered group of multiple buoyant jets, each with nozzle diameter D, initial velocity U 0 , concentration C 0 , source uid density ρ 0 , discharging into an otherwise stagnant ambient with uniform density ρ a and depth H (gure 26). They studied the dynamic interaction of multiple buoyant jets in stagnant ambient conditions by a semi-analytical model. They computed the jet-induced external ow by a distribution of point sinks along multiple free jet trajectories obtained using integral jet models.

In the nuclear reactors eld, there are also approaches to evaluate the mixing process along the jets. The reason is to study the phenomena of thermal stripping. It is due to the high cycle thermal fatigue caused by the temperature uctuation in the regions where hot and cold uids are mixed. The rst uid is the hot sodium from fuel sub assemblies and the second is the cold sodium from control rod channels and blanket fuel sub assemblies. The water experiment is called WAJECO and the liquid sodium experiment is called PLAJEST as shown in gure 27. The latter consists of three parallel jets used to examine the intensity of the attenuation process of temperature uctuations from the uid to a metal test plate set along the ow. Thus, another metal test plate was added to the water experiment WAJECO to compare the results between water and sodium for the transfer characteristics of temperature uctuations from uid to structure [START_REF]Large-eddy simulation of thermal striping in WAJECO and PLAJEST experiments with triocfd[END_REF][START_REF]Proposal of benchmark problem of thermal striping phenomena in planar[END_REF].

Figure 27: Overview of the test section and zoom on the jet slits and test plate [START_REF]Large-eddy simulation of thermal striping in WAJECO and PLAJEST experiments with triocfd[END_REF][START_REF]Proposal of benchmark problem of thermal striping phenomena in planar[END_REF] The Reynolds number values are about 15,000 for PLAJEST and 26,000 for WAJECO. Now regarding the measurements of velocity and temperature, the velocity eld is measured by PIV only in WAJECO whereas the temperature in the mixing area is measured by movable thermocouples in both facilities. In the water experiment, the temperature uctuation intensity increased once as the measured point approached to the wall. However, the temperature uctuation intensity decreased in the area of the wall surface. Kimura [START_REF]Study on Thermal Striping Phenomena in Triple-Parallel Jet -Transfer Characteristics of Temperature Fluctuation in Sodium and Water based on Conjugated Numerical Simulation[END_REF] explained this prole due to the inuence of the boundary layer from the wall. Then, numerical calculations were applied to validate and verify the coding.

Protocols for optical methods: PIV & LIF

This part is an overview of the materials used for the application of the optical methods Laser Induced Fluorescence (LIF) and Particle Image Velocimetry (PIV) in our experiments. In general, the setup of these two methods consists of basic devices of two types. The rst is functional such as the camera, the laser, synchronizer, software and uorescent dyes for LIF whereas particles for PIV. The second type is optical devices such as lters. Starting with the functional devices, many principles are taken into consideration when choosing the right materials. In other words, a compromise is done between the physics of the laser used, the accuracy of the camera and the chemistry of the uorescent dyes for LIF and particles for PIV. The following section explains in details the functions and the compatibility of the materials used starting with the laser, the cameras, the synchronizer and the software. Then, a section is dedicated to explain the choice of uorescent dyes and PIV particles and their compatibility with the optical devices.

3.1 Functional Devices

Laser

The laser used in our approach is a 532 nm Nd-YAG Quantel EverGreen laser. It is a dual pulsed laser common for both PIV and LIF applications. Its maximum output energy is about 200 mJ per pulse at frequency of 15 Hz. It has actually two laser cavities mounted on the same laser head so it is a dual pulsed laser.

The Q-Switch Delay is about 135µs. It is the time between the excitation of the Crystal Nd-YAG and the opening of the Q-Switch for Laser 1 and Laser 2. Physically, this value corresponds to the time required to reach the peak of energy in the cavity after the excitation of the Crystal Nd-YAG by the ash lamp. So, the Q-switch is thus triggered to open at the moment when the maximum is reached. This laser has a pulse to pulse energy stability less than 2% RMS. This factor is very important when calculating the sensitivity of our measurement. The use of dual pulsed Nd:YAG lasers operating at 532 nm has become increasingly common in recent years. The wavelength plays an important role in the choice of the uorescent dyes because the LIF system requires an appropriately paired laser and uorescent dye combination where at least part of the laser power is within the absorption band of the dye. Figure 28 shows the laser used in our experiments. 

Camera

In order to measure simultaneously temperature and velocity elds using 2c/2d LIF and PIV techniques, three cameras are needed. One camera serves for the PIV measurements and two cameras serve for the two color LIF technique in which each camera records the response of one uorescent dye. Table 7 shows these cameras with their characteristics. For PIV measurement, a CCD Pow-erView 8MP camera, 12 bit having resolution of 3320 by 2496 pixels is used. In general, the tracer particles have sizes that range in microns. They are neutrally buoyant and small enough to follow the ow perfectly and big enough to scatter the illumination lights eciently. Thus, the size of the tracer particles should be well chosen. To better understand this eect, an analysis is shown starting from the equation for unsteady motion of a suspended sphere, as given by Basset-Boussinesq-Oseen. It relates the instantaneous relative velocity between the particle and the uid (U p -U f ) to the instantaneous velocities of the particle U p and the uid U f respectively.

ΠD 3 P 6 ρ p dUp dt = 3ΠµD P (U f -U p )- ΠD 3 P 6 ρ dU f dt + ΠD 3 P 12 ρ( dU f dt - dU p dt ) + F B + F ext (25) 
where D p is the diameter of the tracer particle, ρ p is the particle density and ρ is the uid density. Equation ( 24) is composed of 6 terms as listed below. 

dU p dt = 1 a (U f -U p ) ( 26 
)
where a is a time constant of the particle and is given by:

a = D 2 p (2ρ p + ρ) 36µ (27) 
When the density of the particle is very close to that of the uid, this constant becomes:

a = D 2 p ρ p 18µ (28) 
Thus, the falling velocity of a tracer particle in a continuous acceleration uid denoted by Ug becomes:

U g = ag = D p ρ p 18µ g (29) 
So from equation 28, the most important features of PIV particles are density and dimension. The former determines the inuence of gravitational force that can be neglected if the densities of the tracer particle and working uid are very similar. The latter determines the light scattering behavior of the particles.

Both the features have also a strong inuence on the capability of the particles to correctly follow the main ow [START_REF] Rael | Particle Image Velocimetry A Practical Guide[END_REF].

The tracer particles used for PIV measurements in our experiments are Nylon particles having diameter of 4 microns and density 1g/cm 3 very close to that of water. So, the particles are small enough not to aect the mechanical properties of the uid since their falling velocity calculated is very small compared to that of the uid ow.

For the preparation method, a very small amount of the particles dissolved in a solution of ethanol (half a cup) is well mixed. Then this solution is immersed in the testing section for measurements. Figure 32 shows the Nylon particles used in our experiments. The number of particles in the ow is of some importance in obtaining a good signal peak in the cross-correlation. As a rule of thumb, 10 to 25 particle images should be seen in each interrogation area. 

Fluorescent dyes

This part explains the reason behind the choice of certain dyes in our LIF experiments, their characteristics and the preparation method of each solution.

In our experiments, dierent dyes are used for the application of LIF. They are classied as two uoresceins: Classical uorescein FL & FL27, two rhodamines:

Rh6G and RhWT and de-copperized Cholorphyll. The choice of these dyes is rst due to their suitability with our 532 nm Nd:YaG Laser since the absorption spectra of these dyes is compatible with this laser excitation. Also, these dyes have in common that they are all soluble in water, non-toxic and have high quantum eciency with maximal signal strength. The following sections explain in details the characteristics of each dye divided into parts. The rst focuses on the chemistry of each dye which enables us to understand its stability during the experiments and the eects of photo-degradation. The second part is related to the physics of the dye by showing its absorption and emission spectra which decides the choice of lters during the experiments. Then a paragraph is dedicated to explain the choice of pair of dyes needed for the two color LIF approach.

Classical uorescein

Classical uorescein FL is the disodium uorescein and is also called Uranine.

Its molecular formula is : C 20 H 10 N a 2 O 5 and has a molecular weight of 376.28 g/mol (gure 33). It is important to state that when once uorescein is dissolved into water, it decomposes into several forms through a complex set classied into four categories: cations F L + , neutral forms F L n , anions F L -, and dianions F L 2-. Experiments done by Guilbault in 1990 [START_REF]General aspects of luminescence spectroscopy[END_REF] showed that each one of these species has its own quantum yield and that only anionic ones have the ability to uoresce. Classical uorescein may undergo quenching during the experiments in which it loses its ability to uoresce. This can be controlled by stirring the solution which allows fast dye renewal. In addition to this, in our experiments, the laser is switched on only during camera acquisition.

This insures the stability of the dye during the experiments and avoids the phenomenon of photo-bleaching. This phenomenon refers to the decay of the emission of the dye over a period of time. In general, these approaches are taken into consideration with all the other dyes. In the context of LIF, it is known that classical FL has a temperature-dependent emission. For instance, Chaze et al. in 2017 [START_REF]Transferts de chaleur et de masse lors de l'impact d'une goutte sur une paroi chaude en régime d'ébullition en lm -Application de diagnostics optiques et modélisation[END_REF] reported a temperature sensitivity value of +3.22 % per °C at an excitation wavelength of 532 nm. This value changes to -0.16 % per °C at a laser excitation (continuous) wavelength of 488 nm as was shown by Coppeta and Rogers in 1998 [START_REF]Dual emission laser induced uorescence for direct planar scalar behavior measurements[END_REF]. Figure 34 shows the absorption and emission spectra of classical uorescein (Uranine). The peak of absorption is at 490 nm whereas that of emission is at 515 nm. Fluorescein 27 exhibits good solubility in water, low cost, and high quantum yield. This dye has also a positive temperature dependent emission of about +3.5% per °C as reported by Sutton et al in 2008 [START_REF]A laser-induced uorescence measurement for aqueous uid ows with improved temperature sensitivity. Experiments[END_REF] when excited at 532 nm. The concentration range of FL 27 is between 10 -8 M to 10 -5 M. Figure 36 shows the absorption and emission spectra of FL 27. The peak of absorption is at 495 nm whereas that of emission is at 525 nm. Although these dyes have a low absorption at 532 nm, however this is compensated with the high pulse energies that are associated with Nd:YaG lasers.

However, the problem with using uoresceins resides in the re-absorption of the dye which aects the measurements, but this is compensated by using a low concentration of these dyes. This solution keeps the medium optically thin as reported by Crimaldi et al. [START_REF] Crimaldi | Planar laser induced uorescence in aqueous ows. Experiments in uids[END_REF]. Such advantages of uoresceins make them a better choice when compared to rhodamine B. RhB was used by many researchers as temperature dependent dye in small scale experiments but its use in large-scale water facilities causes environmental issues. The next section is dedicated to the characteristics of dyes which are temperature insensitive.

Rhodamine 6G

Rh6G is a basic red uorescent dye of molecular formula C 28 H 31 ClN 2 O 3 and molecular weight of 479.02 g/mol (gure 37). Rhodamine 6G is also known as rhodamine 590. It is soluble in water and not toxic. This dye is highly resistant to photo-bleaching [START_REF] Crimaldi | Planar laser induced uorescence in aqueous ows. Experiments in uids[END_REF]. As shown in gure 38, it has peak absorption near 525 nm and peak emission near 560 nm. Thus, it can be excited by the 532 nm line from a Nd:YAG laser. Also, this dye is known to be temperature independent. All these characteristics make it a good choice as a reference dye when applying 2c/2d LIF. Rh-WT is temperature independent whereas RhB has a negative temperature sensitivity when using Nd:YAG lasers. Also, since our experiments are applied on large volume geometries, RhB exhibits a high toxicity to the environment whereas Rh-WT is much less toxic than other rhodamines. Figure 40 shows its absorption and uorescence spectra. It absorbs strongly at 532 nm and uoresces strongly at wavelength of 587 nm. De-copperized Chlorophyll Sodium Salt De-copperized Chlorophyll Sodium Salt (Ch-Na) is a gray green powder. It is a saponication derivative, that's why it does not have a chemical formula. This dye exhibits an interest in our experiments because of its absorption and emission spectra. It has an absorption peak at 400 nm whereas an emission peak at 660 nm as shown in gure 41. First, its Stokes shift which is the dierence between its emission and absorption peaks is very large compared to the other dyes. Thus, the combination of such a dye with temperature dependent uoresceins avoids spectral conicts. The absorption of one dye does not overlap with the emission of the other and same thing regarding emission overlap. Also, upon analyzing Figure 41, the absorption curve of Ch-Na is very stable starting from a wavelength of 450 nm. Thus, it can be excited with dierent types of lasers. The rhodamines 6G & WT and de-copperized chlorophyll are temperature independent and importantly non-toxic, or at least not as other rhodamines.

These make them good choice as second dyes in our experiments of two color LIF.

For best accuracy in our experiments, all the solutions are prepared in the same manner, using the same reagents and the same preparation techniques in the laboratory. Figure 42 shows the solutions of the dyes prepared. 

Conclusion on the choice of dyes

The dyes chosen can be all excited with the pulsed 532 nm Nd:YAG laser we have. This leads to the simultaneous application of LIF and PIV with the same laser source. Moreover, some dyes are temperature (classical uorescein, FL27) dependent and others are temperature independent (RhWT, Rh6G and Ch-Na).

Thus, we can choose several pairs of dyes that serve for the application of twocolor LIF such as classical uorescein; Ch-Na or FL27; RhWT or FL27;Rh6G. That's why before choosing the dyes used in experiments, a certain study must be made to achieve compatibility between the dierent materials used and the goal of the measurements.

Optical Filters

Filters are typically placed in front of the camera lens and only allow the uorescence wavelengths to be imaged in the case of LIF technique whereas they isolate the 532 nm harmonics in the case of PIV. In the case of LIF, the choice of lters depends on the uorescent dye since each absorbs and emits photons at certain wavelengths when excited by laser as shown previously. Figure 43 shows the role of lters in general. 

Fluorescent dye

Emission spectra band at 10 % ( Ideally we should use lters with transmission spectra corresponding to the overall uorescence spectral band. However, the choice of the lters has to consider the overlapping of the emission spectra of the dierent dyes. For instance, a notch lter is used in our experiments when dealing with uoresceins. This lter works in a manner opposite to that of a band pass lter. It rejects a transmission band centered at 533 nm with a full width of 17 nm. Thus, it cuts o the wavelength of the laser used as well as the particles or bubbles present in the sample which lead to uctuating readings. Such a lter collects a wide uorescence bandwidth in the case of uoresceins.

In this chapter, the components and materials used for the setup of measurements of velocity and temperature by PIV and LIF respectively were presented.

The following chapters are dedicated to the two experimental facilities in which the optical methods are applied on. The rst facility is a simple volume geometry (Chapter 4) whereas the second is a complex geometry (Chapter 5) .

The simple geometry is a small scale volume when compared to the complex geometry. Starting the experiments on simple geometry aims to identify the most convenient approach for the optical methods later on the complex one.

For instance in the case of LIF, many uorescent dyes are suggested. It is more practical to change the concentration of each dye and even to change the dye in a small volume to study its characteristics as function of dierent parameters.

Later on the complex geometry, the choice of dyes is limited to the most convenient dyes. This gives more accurate results for the measurements of optical techniques.

Experiments of LIF calibration on a simple geometry

This chapter is dedicated to the experiments of calibration tests done on the small aquarium using the LIF method. First, a technical description of the geometry is presented. Then, this chapter shows the calibration facility used, the planning of the work, the graphs of the response of each uorescent dye as function of temperature variation and ends up with analysis and conclusion regarding the dyes chosen for the application on the complex geometry.

Technical description of the simple geometry

The rst approach of the experiments is an application of LIF on a simple geometry. The geometry chosen is a glass aquarium of volume 30 liters. The reason is to practically control the parameters that inuence the measurements and be able to establish a calibration facility for the measurements. The calibration aims to study the response of the uorescent dyes used as function of several parameters such as the dye concentration, the laser power and the temperature variation. Figure 44 shows the simple geometry used and the calibration results are presented in the following sections. Also, two thermocouples type K are inserted in the aquarium to get accurate temperature measurements.

The approach to measurements

The rst step in LIF measurements is a calibration study. It is done using a reference point at known temperature. This allows to convert the uorescence intensity into a temperature value. It should be carried out when all the parameters that inuence the procedure itself are kept constant. The parameters are usually the concentration of the dye, the laser power and the surrounding conditions of the experiments. This gives for each dye a temperature sensitivity coecient which is necessary to convert uorescence data and to obtain the values of temperatures in the later experiments.

The sensitivity coecient is a parameter that corresponds to the relative variation of uorescence signal I as a function of temperature T . The coecient s can be dened as:

s = 1 I dI dT (30) 
If we assume that s does not vary with temperature, then the uorescence signal can be expressed as follows:

I(T ) = I(T 0 )e s(T -T 0 ) (31) 
where T 0 is a reference temperature. We are interested in the average sensitivity on a temperature range from T 0 to T 1 , so it is possible to estimate it as:

s = ln( I(T 1 ) I(T 0 ) T 1 -T 0 (32)
This is in general the equation used to calculate the sensitivity of each dye.

Each dye is studied separately. The dyes are in powder form so in order to prepare a homogeneous solution with water, a concentrated one is prepared at rst for each dye, then it is diluted several times to get the required range of the concentration to be analyzed. The protocol for the measurements is almost the same in each case. The solution is immersed in the test section, de-ionized water is added and the solution is mixed well and allowed to settle down.

First, the lens cap of the camera is covered and 100 images are captured. The concentration of these dyes ranged from 10 -8 mol/L to 10 -5 mol/L.

The position of the camera was approached as close as possible towards the aquarium. The average of the monitored temperatures of the two thermocouples was recorded at each measurement.

The solution of FL27 was prepared with a concentration of 10 -7 mol/L.

Figure 47 shows the time average response of FL27 and gure 49 shows the time average over 100 raw images at temperature 59.2°C. The red line in gure 47 is uniform so if we suppose that the concentration is homogenized (because it is well stirred), then the temperature is homogeneous. Thus, the spatial average can be applied in our calibration.

According to this and from gure 48, we got a sensitivity coecient for FL27 of 3.02%/ o C, a value approximately similar to that found by Sutton et al. which is 3.5%/ o C. We also re-applied the calibration test of the same solution of FL27 but after two days to study its inuence of aging. We realized that both show a very good response as function of temperature variation as shown in gure 49, however that of the rst experiment is much more stable than that of the second because of the linearity in its response. The reason behind this is the photodegradation of FL27 with time; that is why the experiments should be done directly and the solution of uorescein should be stirred frequently. Regarding classical uorescein, we found approximately no increasing response at 10 -8 mol/L until 10 -6 mol/L. Then the response was studied at concentration 10 -5 mol/L at two periods just like the case of FL27. The response we got was low and was not really varying with temperature (gure 50). However, at a high concentration of 10 -4 mol/L, the response was positive having a sensitivity of 3.38%/ C. So, the response of classical uorescein is null unless using a high concentration under controlled conditions. This response is due to the composition of classical uorescein which is pH dependent (section 3.1.2).

In our experiments we cannot add chemical solutions that can stabilize the pH since later our experiments are applied on a complex geometry. These dyes are known to be temperature independent. In our approach, we tested their response to choose the most stable one. A temperature independent dye serves as a reference dye in the two color two dye LIF method. It corrects for laser power uctuations and dye absorption. Figures 53 and54 show the response of these uorescent dyes as function of temperature variation. The concentration used for Rh6G is 10 -5 mol/L , the level of uorescence was high which is normal since the concentration used is high too. The coecient sensitivity is -0.56%/ o C. Rh6G is a temperature independent dye but the response is not stable during the variation of temperature. We notice a decrease in this response after 40°C. Regarding Ch-Na, it shows no variation in uorescence response as a function of temperature. However the value of response is very low even at high concentration. We increased the concentration to 10 -5 mol/L until the color of the solution was dark green. The coecient sensitivity then was -0.36%/ o C.

In conclusion, RhWT seems to be the best candidate among the others due to many reasons. Its uorescence stability over temperature is better than that of others, its sensitivity coecient is lower than that of Rh6G. Although its sensitivity coecient is higher than that of Ch-Na but from another aspect, a small concentration is needed for RhWT when compared to Ch-Na. 

Conclusion

The objective of this study is to nd the adequate couple of dyes that will serve later for the 2c/2d LIF technique on the complex geometry. This was achieved by studying separately the response of each uorescent dye as function of temperature. FL27 showed a more stable and consistent dependency on temperature when compared to classical uorescein.

RhWT showed a uorescence stability over temperature when compared to the other dyes in terms of sensitivity coecient and its concentration.

In conclusion, FL27 will serve as a temperature dependent uorescent dye and RhWT as temperature independent dye for the 2c/2d LIF technique. 

TABOULE & OLYMPE Facility

This chapter shows the design of the experimental facility on which the simultaneous measurements of temperature and velocity by LIF and PIV respectively were applied. The concept of this facility was created during the rst year of this PhD work. It then took another year to implement and set it up completely to be ready for experimentation. This project is funded by CEA Cadarache (France). Chapter 5 is divided into several sections starting by the purpose of this facility and then explaining the geometry and the materials used in details .

Purpose of the facility

The facility was constructed for the purpose of applying simultaneous measurements of velocity and temperature using PIV and LIF techniques on dierent uid ows. Such measurements aim to study the complex mixing ows present in the MICAS mock-up (explained in chapter 2) since this geometry is made up of many cold and hot nozzles. A hydrodynamic study helps to identify models in large scale simulations in which the application of advanced models is limited by available computation resources. The mixing uid ows are controlled by many parameters that aect the hydrodynamics of the uid ow such as the ow rate, the temperature in the test section, the injection temperature and the distance separating them. These parameters control the dimensionless numbers such as Reynolds, Richardson and Froude number which allows us to study dierent uid ows such as the negative, neutral and positive buoyant jets.

Table 9 shows a comparison between the dierent facilities ASTRID, MICAS mock-up and TABOULE in terms of geometry, some physical parameters and the measurement techniques applied on them. to understand the hydrodynamics of the uid ows in the mock-up. The two nozzles are constructed on a plate that allows us to vary the distance between them from 5 to 20 cm and to vary it horizontally and vertically to study dierent hydrodynamic cases. Also, similar spare plates were manufactured at the same time. For instance, the nozzles are fragile, so if one is damaged during an experiment, the plate can be changed and placed directly. As shown in gure 56, the top of the test section is equipped with an overow tray. This serves to get identical exit conditions to achieve an unbounded medium in the experiments.

The back ow of the uid from the tray to the storage tank is connected opposite to the non-transparent faces so as not to distort the optical access. Also, the bottom of the test section is equipped with a drain valve to empty it when needed. This pump with high ow rate was chosen so that to ll and empty the storage tank of volume 3 m 3 quickly. 

PID and notations

Functioning of the loop

In a rst step, the solution of uorescent dyes or PIV particles is prepared. It is then injected in the reservoir tank to be properly mixed with de-ionized water.

Then, using pump, a certain volume is sent from the reservoir tank to both the hot and cold tanks. By this way, the hot and cold tanks are of the same dye concentration. The solution in the hot tank is heated until 50°C using the immersion heater and is circulated in a closed loop using pump P02 to avoid overheating during the process of heating. At this point the loop is ready to perform the tests. The ow rate of the pumps are regulated at a rate depending on the objective of the experiments. Water in the test section returns to BA03 by gravity. The loop however is controlled by an electrical bay located near the tanks. All security is managed by this bay. An emergency stop button is located on the front near the control buttons. Figure 59 shows the test section TABOULE during preliminary preparations. Figure 60 shows the electrical bay where the values of the sensors are monitored and the temperature of the immersion heater is controlled. In Figure 61, we consider that the jets are far away from the wall of the test section as the ratio of the jet diameter to its distance to the wall is 0.04.

We can assume that the medium of experimentation is unbounded in all the tested congurations. In most of the cases, the height of the jet penetration was measured as function of time using the video recorder of the ow visualization as seen in the following sections.

Such experiments allow to visualize the characteristics of dierent input uid ows such as positive and negative buoyant jets. A positive buoyant jet occurs when the uid is injected upward into a higher density uid or downward into a lower density uid. A negative buoyant jet occurs when the uid is injected upward into a lower density uid or downward into a higher density uid.

The dimensionless numbers used for these calculations are Reynolds, Richardson and the discharge Froude numbers. A positive discharge Froude number represents a positive buoyant jet whereas a negative discharge Froude number represents a negative buoyant jet. This denition of the discharge Froude number is used in our experiments.

Figure 62 shows a summarized graph for dierent uid ows: jet (neutral or positive buoyant jet), plume (positive buoyant jet) and fountain (negative buoyant jet) using the values of Richardson numbers for the rst uid ow (Ri 1 ) and for the second one (Ri 2 ). The behavior of the uid ow will depend on the temperature of the surrounding uid. So, we dierentiate two zones related to the surrounding uid; the rst one is at low temperature (about 20°C; zone above the Ri 2 ) and the second one is at a high temperature (zone below the Ri 2 ). In the zone of low temperature, it is usually the case of either positive or neutral buoyant jets.

The range of Richardson number is between 0 and 1 according to Carazzo et al. [108,120]. If the injection temperature is ambient (similar to the surrounding), then the uid ow is a neutral buoyant jet and Richardson number is null.

However, if the injection temperature is higher than the surrounding, then the uid ow is a positive buoyant jet. In this situation if the ow rate is low, the uid ow ends by a plume whereas it maintains the upward ow if the ow rate is high. In the high temperature zone, the uid ow is a negative buoyant jet instead of being positive as shown in the gure 62. The dierent behavior ows were just indicated on the right part of the y-axis because the other ones are symmetrical. For instance, if we start by the case of Jet (blue) / Jet (red) situation, along the x-axis and with the increase of Ri 2 to its critical value (0.1), this neutral or positive buoyant jet (Red) will end up by a plume since its ow rate is low. However, the uid ow of the Jet (blue) will maintain its form because Ri 1 remains constant.
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The objectives of this chapter is to study the physics of the buoyant jets, the dierent phases of their penetration into the unbounded medium, the maximum height reached, the width of the jet and the interaction between two jets. This chapter is divided into three main sections; the rst is dedicated to show the initial conditions and some calculations, the second for results and the last section is dedicated to state the analysis and comments regarding the results with comparison to literature review.

Initial conditions and calculations

In the experiments, temperature is the main variable. Figures 63 and64 show the variation of density and viscosity respectively as function of increase in temperature. These values will be used later during the calculations. Re, Ri and F r d are calculated in each case; we also introduce in this study the momentum and buoyancy ux which are used to nd the penetration height scale and the time scale through which dierent uid ows can be compared and studied. First, Turner [START_REF] Turner | Jets and plumes with negative or reversing buoyancy[END_REF] and Baines et al. [118] showed that the ow depends only on the momentum and buoyancy at the source when the radius of the outlet jet is small compared to the penetration of the jet which the case here. In addition to this, during the spread of a negative buoyant jet, buoyancy force and momentum compete. Thus, these variables shape the spread of the uid ow in the unbounded surrounding.

The equations for the momentum and buoyancy ux are presented below.

The height and time scales were derived from equations ( 33) and (34) using dimensionless analysis. These scales are valid for over a wide range of discharge Froude numbers for either positive or negative buoyant jets (Pantzla et al.

[109]).

Momentum Flux

M = πr 2 U 2 (33) 
Buoyancy Flux

B = π g( ρ e -ρ 0 ρ 0 ) r 2 U (34) 
Penetration height scale

H = hM -3/4 B 1/2 (35) 
Time scale

T = tM -1 B ( 36 
)
where r is the radius of the nozzle, h is the penetration height and t is the time of uid ow penetration.

Table 12 shows the experimental matrix including the calculations for different ow rates 0.15 and 0.8 m 3 /hr. These values were chosen to cover a range of Reynolds number that varies from laminar to turbulent ow.

Table 12: Experimental matrix with some parameters

Those dierent congurations are reported on the the graph of gure 62.

Results

This section presents the raw results. The analysis is shown in the next section. The Reynolds number in this case is 2640 and the discharge Froude number is negative of value 21.2. The uid ow is a turbulent fountain since a dense uid is ejected into a lower density environment. This fountain starts as two symmetrical vortex rings and then continues to ow into the uid of the test section. The starting jet decelerates due both to the entrainment of surrounding uid and to the negative buoyancy force. So it passes by three main stages. It penetrates to its maximum height in the surrounding medium, then decreases and nally uctuates around a mean value of the maximum height of penetration. There is an interaction between the second and the third phase because of the upward and downward ows which restrict the rise of the jet again. This reduces immediately the initial penetration height to a smaller steady value (established ow). The dierent phases are shown in section 6.3.1. Since the Reynolds number is low, the ow is expected to be laminar to transitional. Concerning the comparison with experiments found in literature, the maximum height reached by a round fountain at low Reynolds follows the scaling shown in equation [START_REF] Labergue | New insight into two-color LIF thermometry applied to temperature[END_REF] and that at high Reynolds is given by equation [START_REF] Crimaldi | Planar laser induced uorescence in aqueous ows. Experiments in uids[END_REF]. However, the range of Reynolds number was not well precised and the values of n and p varied from one study to another. Table 13 summarizes the literature review and the values of n and p found in each to compare it with the value we calculate later.

h m r ∼ F r d0 Re n 0 ( 37 
)
h m r ∼ F r p d0 (38) 
where h m is the maximum penetration height, F r d0 and Re 0 are calculated at the injection velocity U 0 . That is why equation [START_REF] Crimaldi | Planar laser induced uorescence in aqueous ows. Experiments in uids[END_REF] seems to be best tting in this situation. This analysis was done on one experiment. Other experiments can be carried out at dierent discharge Froude number to validate the results of the studies listed previously. The blue line shows the established height of penetration of the jet which is around 187 mm and is reached after time 14 s. Turner [START_REF] Turner | Jets and plumes with negative or reversing buoyancy[END_REF] showed that the established height reached by the negative buoyant jet is handled using the predictions of the initial maximum height as shown in equation [START_REF]Application of two color LIF for temperature map[END_REF].

h m h s ∼ 1.43 (39) 
In our case, the ratio of hm hs Both uid ows are negative buoyant jets, but each at a dierent discharge Froude numbers. In this situation, graphs are plotted to get the maximum height of penetration of each jet, the interaction between the two and nally to compare the case with the single negative buoyant jet. From the graphs, jet 2 spreads higher in the medium than that of jet 1. This is because the competition between the buoyancy and momentum ux in jet 2 130 is lower than that in jet 1. This is shown by the peaks in gures 76 and 77 in which the peak reached by jet 1 is higher than that of jet 2. Then, both jets interact drawing the ow downwards in a clockwise direction along jet 1 and anticlockwise along jet 2. This interaction is approximately along all the height of penetration of jet 1. The maximum height of penetration of jet 1 is about 130 mm and that of jet 2 is about 180 mm as obtained from gure 78. It is interesting to compare this case with that of single negative buoyant jet (experiment 1). Both jets 1 have the same conditions of injection, but the value of h m in this case (130 mm) decreased by approximately the half when compared to that of experiment 1 (265 mm). This is due to the interaction with jet 2 which decreases its height of penetration. Just like the case of a negative buoyant jet, three phases of the spread can be identied in the case of a positive buoyant jet. In the region near the nozzle exit, the jet momentum dominates and the ow is similar to a neutral buoyant jet. Far from the jet exit, the buoyancy dominates, and the ow acts like a plume. The intermediate region however is a transition between jet ow and plume ow. However, the second and the third phase of spread depend on the ow rate of injection which directly aects the momentum force of the spread.

For instance, if the ow rate is high, then the momentum is signicant so the ow is a certain positive buoyant jet. Inversely, if the ow rate is low, then buoyancy force is dominant so the ow acts as a plume. In this situation, the ow rate is 0.15 m 3 /hr which is assumed low, so apparently the positive buoyant jet will end up by forming a plume. Analyzing gure 79, the neutral buoyant jet which has a Reynolds of 2640 spreads linearly with the jet centerline which is the upstream distance from the point source. The positive buoyant jet spreads linearly then during the transition phase, buoyancy becomes signicant so it then spreads like a plume. We were not able to explicit these results into graphs because the values were biased. This is because the test section had already a mixture of water and RhWT before injection. So unlike the previous cases, this will not give a ne analysis for this experiment. The temperature in the test section is ambient in this experiment just as that before. The rst injection was done at a temperature of 17 °C and ow rate of 0.8 m 3 /hr which gives a Reynolds value of 14000. This uid ow acts as a neutral buoyant jet since there is no signicant temperature dierence between the injection and the surrounding. However, the second injection was done at a temperature of 43 °C and ow rate of 0.8 m 3 /hr which gives a Reynolds value of 25400 and a positive discharge Froude number of 289. This jet is a positive buoyant jet since the uid is injected upward into a colder surrounding as shown in gure 80. When comparing the results in this situation to those obtained in the previous section, we can see that positive buoyant jet spreads linearly and higher than before. It does not end as a plume, however it maintains the shape of the jet. This is due to the high ow rate which allows the momentum force to dominate that of buoyancy. There seems to be no interaction between the two uid ows. The rst uid ow spreads with a width ranging between D and 2D however that of the second maintains the diameter of the jet D. Also in this experiment, we were not able to explicit the results into graphs because the values we got were biased. From the previous studies on the simple geometry facility presented in chapter 4, we get enough data to carry on experiments on the complex geometry.

This chapter is divided into two main sections. In the rst, we present the installation of the optical measurement techniques and the complexities faced during this process.

In the second part, we present the experiments of PIV and LIF done along with the results.

Installation of LIF & PIV and the complexities faced:

Passing from a volume of 30 L into a larger volume of 1000 L (TABOULE test section), the application of optical measurements gets more complex. First, the solution of uorescent dyes and PIV particles was prepared for a volume of 3.5 m 3 which is the total volume of the test section and the other tanks (the OLYMPE loop). By this, the solution is homogeneous and the concentration of the dyes is constant so that to measure uniquely temperature (not concentration) using the LIF technique.

When working with a large geometry, some parameters cannot be controlled easily.

The position of the jets is at the center of the test section. So, we xed the cameras at the nearest point near the wall of the test section to capture as possible the intensity of uorescence and view the two jets at the same time.

This does not allow us to have a perfect full and net optical access because a compromise is done between the aperture and the focusing of the camera.

However, calculations should be done to know in which characteristic regime the experiments are done (as stated in section 2.2.1). The illuminated surface can be estimated starting from the laser thickness (1 mm) and the height perpendicular to the illumination (50 mm) at the level of the test section. The laser power is about 20 M W . This gives a power density of about 4 M W cm 2 . From this calculation, the work is estimated to be between the partially saturated regime and the saturated laser regime.

The arrangement of all the materials required for the optical measurements on our facility was done with a lot of attention concerning safety and protection part. So the test section along with the optical materials were covered with safety curtains. By this protection against laser light and also that against sunlight during mornings is consistent.

Another complexities are those regarding the practical part of the experiments. For instance, the solution takes long time to be heated because of its huge volume and then we are obliged to make experiments as fast as possible to maintain the same conditions. In many times, we had to reheat the solution again to get back to the initial conditions.

Other problems were related to the mechanical and electrical part of the set up. For example, we had to design a stand for the calibration facility to t in the test section. Sometimes, the software bugged and a camera needed repair.

Another diculty encountered during the experiments is the presence of bubbles upon injection as shown in gure 81. These bubbles were created inside the pumps owing to the pumping technology (impeller pump). The bubbles reect the laser light and induce too much noise on the recorded images. This problem was solved by using an adequate lter and injecting by gravity force. 

The experimental protocol

The experimental protocol considered for all the experiments is explained in this section. First, the storage tank is lled with de-ionized water. A concentrated solution of the uorescent dyes in addition to the particles are added in the storage tank. The pump in this tank is turned on until the solution is well mixed. During this time, the measurement setup (cameras, laser, synchronizer and software) are turned on. The mixed solution is then sent to the cold and hot tanks. The rst step in measurement is capturing the dark images for each camera. The dark response of the camera is quantied when the lens cap is covered. Several images are captured, then the average of intensity is calculated for each camera. This average is the dark response. Then, reference images are captured. They are taken before starting the variation of the parameters.

The conditions are stable at uniform temperature and without any injection.

Several images are captured and their average is calculated. The next step is the spatial calibration for the images of the three cameras since they do not show the same visual eld. This step is explained in details in section 7.2.3.
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Then, the parameters are varied and measurements are done. was no movement during the image capture process. However, the variation in temperature changes the index of refraction which then creates blurred images.

The experimental matrix

For instance, the density of a liquid usually decreases with temperature, then the speed of light in a liquid will normally increase as the temperature increases.

Thus, the index of refraction decreases as the temperature increases for a liquid.

The fundamental task of deblurring is to deconvolve the blurred image that exactly describes the distortion. In our case, we used functions in Matlab such as imadjust and medlt to sharpen the images after increasing the contrast in them. The rst function adjusts the image intensity values to increase the contrast of the output image. The second one is a 2-D median ltering function where it is performed in two dimensions. Each output pixel contains the median value in a 3-by-3 neighborhood around the corresponding pixel in the input image. Some use a convolution function, but the goal was to reduce the noise eect of the blurring. In such a case, a median lter is more eective.

In the last step of processing, we need to convert the values of intensity into temperature values. Although we did the calibration testings on a small volume (30 L), we repeated these tests on the large volume of TABOULE (1000 L).

So for these experiments, we studied the response of the solutions at dierent temperatures. This step is very time consuming because we needed to heat the solution at a rst step to 30°C, capture images, then send the solution to the hot tank to reheat again until 35°C, send it back to the test section to capture the images and repeat the operation. Figure 89 shows the results of calibration for each dye: FL27 and RhWT. We notice that the slope of the response of FL27 in this case (6.8) is lower than that obtained in chapter 4 (14.9 at t 0 and 11.5 at t 0 +2 days). This can be due to a scale eect related to the volume of the test section. Another reason might be the presence of the other dye RhWT which can decrease the response of FL27. For the calibration calculations, the same protocol of chapter 4 is applied. 100 images are captured and the average image is calculated. 

Ratio = Exp F L27 -Ref F L27 Exp * RhW T -Ref * RhW T (40) 
where:

Exp F L27 is the image obtained during the experiment using the second camera Exp RhW T is the image obtained during the experiment using the rst camera Ref F L27 is the reference image obtained using the second camera (no injection)

Ref RhW T is the reference image obtained using the rst camera (no injection)

The * refers to the calibration matching of camera 1 to camera 2.

The equation T = 53.9 -77I presents the relation between temperature T and the camera count I we got after applying equation [START_REF]Application of two color LIF for temperature map[END_REF] on the values of calibration of each dye.

For the images obtained by PIV, the processing is done using the PIV analysis software (TSI Insight 4G) and the velocity vectors are retrieved using Scilab.

In the processing step, the grid engine chosen is rectangular, it breaks the input images up into smaller spots and copies the pixels from the input images into the spots and passes the spots to the Gaussian mask. With this mask, each pixel in the spot is multiplied by a Gaussian weighing function so that the spot is bright in the center and dark around the edges. This weighting gives more value to the center pixels and less to the edge pixels. Then, using the fast Fourier transform, the correlation function is computed and returned as a correlation map. A two-step processing is applied; 128*128 pixels interrogation window and 50 % overlap for the rst step, and then 64 by 64 pixels interrogation window and 50 % overlap for the second step. The sample area of PIV measurement in these experiments is of 182*135 mm 2 . In the next section, we present the experiments done along with the results and their analysis.

Experimental Results and analysis

During the process, 100 images were captured by the three cameras simultaneously at a frequency of 1 Hz. Generally, the analysis are lead using the average Then, it spreads downward in the two adjacent peaks where the velocity becomes negative (red curve). similarly to the study done by Mizushina et al. [START_REF] Mizushina | An Experimental Study of Vertical Turbulent Jet with Negative Buoyancy[END_REF]. They showed that the jet width is linear dependent with the elevation. They found a constant of 0.17 for this linearity from equation [START_REF] Lavieille | Evaporating and combusting droplet temperature measurement using two colors laser induced uorescence[END_REF]. In our experiment, we had a constant of 0. and 32°C along the y-axis from 0 and 51 mm; then the temperature starts to increase gradually until it reaches a value about 50 to 51°C at its highest level of penetration (around 80 mm). This value of temperature is approximately near to that found by the thermocouple in the test section which is 52°C. The centerline velocity decays uniformly as the negative buoyant jet evolves in the upward direction. We notice that between 0 and 51 mm, the temperature variation is steady when compared to that of velocity which decreases rapidly due to the competition between momentum and buoyancy ux. This is also shown by the rapid color change in the time average velocity eld prole presented in gure 90. The injection ow rate is 0.27 m 3 /hr which gives a velocity of 0.24 m/s; a value higher than the maximum velocity found (0.19 m/s) and this is because of the capturing position as discussed previously. are not the same. We notice the response of jet 2 is higher than that of 1 by 10°C. This resembles the results we got by PIV regarding the dierence in the peaks. So, the uorescence response at the right is higher than the left part due to the modication of the laser sheet. In conclusion, it is dicult to measure temperature and velocity in the presence of many jets where the temperature is dierent from that of the surrounding. The plot of the space moving average of temperature in this experiment is shown in gure 99. The temperature increases directly until it reaches a value ranging between 48 to 52°C at its highest level of penetration (around 20 mm).
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The variation of temperature is always along the height of penetration. It is interesting to compare this experiment with that of 7.3.1 since both study the spread of a single negative buoyant jet but at dierent ow rates. We notice that the spread of the fountain in this case is lower than that of experiment 

Conclusion

For the rst time, we managed for to simultaneously apply the measurement techniques PIV and LIF on the complex test section TABOULE having a volume 1000 L. We were also able to perform several experiments to study dierent cases by varying several parameters. However, we faced many complexities that do not allow us to compute the accuracy of our measurements. The degradation over time of uorescent dyes does not allow to get a stable response over time as function of temperature variation. Thus, the solution should be prepared again for each experiment which gets dicult when working with large facilities. The setup of the cameras and its optics also contribute to the decrease in accuracy because of the reduced eld of view. Thus, there is a need for improvements in this approach to increase the accuracy of the results.

Conclusions and Perspectives

This last section is a summary of the work presented in this thesis. It presents the main approaches, the results and ends up with the perspectives.

Summary and Conclusions

Through this thesis, we sought to put into practice the measurements of temperature elds by means of Laser Induced Fluorescence using two dyes (2c/2d LIF) and apply it simultaneously with PIV on a complex geometry. The primary objective of the work was to accomplish a thermal hydraulic study of the dierent phenomenology present in the MICAS mock-up; more precisely the interaction between the hot and cold uid ows present at its core. This objective was achieved by simultaneously measuring temperature and velocity elds using optical methods. 2c/2d LIF and PIV were chosen respectively for this purpose. However, through a survey in literature, the LIF technique is limited to simple volume geometries (less than 30 Liters). Thus, the experimental matrix was divided into several steps. In a rst step, the LIF technique was applied for the rst time in our laboratory on a simple geometry of volume 30 L. We studied the response of ve uorescent dyes Classical uorescein, FL27, RhWT, Rh6G and Ch-Na. The goal was to nd two adequate dyes for the ratiometric technique of LIF (2c/2d). The main advantages of this technique are the correction for laser power uctuations and dye absorption. Regarding temperature dependent dyes, FL27 and classical uorescein showed an increase in their response as function of temperature variation. We got a sensitivity coecient for FL27 of 3.02%/ o C at a concentration of 10 -7 mol/L. We also re-applied the calibration test of the same solution of FL27 but after two days to study its inuence of aging. We realized that both show a very good response as function of temperature variation however that of the rst experiment is much was more stable than the second. The reason behind this is the photo-degradation of FL27 with time; that is why the experiments should be done directly and the solution of uorescein should be stirred frequently. For classical uorescein, the sensitivity coecient was 3.38%/ C at a concentration of 10 -4 mol/L. The response of classical uorescein was null at lower concentrations. This response is due to the composition of classical uorescein which is pH dependent. However, in our experiments we cannot add chemical solutions that can stabilize the pH since later our experiments are applied on a complex geometry. The results were more interesting when using FL27 as it shows more stability in the values. FL27 was chosen as a temperature dependent dye for the 2c/2d LIF technique. Regarding temperature independent dyes, we studied the response of Ch-Na and two non-toxic rhodamines: RhWT and Rh6G. We got a sensitivity coecient for Rh6G of -0.56%/ o C at a concentration of 10 -5 mol/L. However, the response was not stable during the variation of temperature. We notice a decrease in this response after 40°C. Regarding RhWT, the coecient sensitivity is -0.50%/ o C at a concentration of 10 -6 mol/L. The response is approximately stable during the variation of temperature even at high values. For Ch-Na, it shows no variation in its uorescence response as a function of temperature. However the response is very low even at high concentration. We increased the concentration to 10 -5 mol/L until the color of the solution was dark green. The coecient sensitivity then was -0.36%/ o C. The most interesting results were those using RhWT. So, for the application of 2c/2d LIF technique in our experiments, the couple of dyes chosen was FL27 and RhWT.

To pass from a simple geometry (V= 30 L) to a complex one (MICAS mock-up), a representative intermediate scale mock-up was designed (TABOULE) during the rst year of the PhD. It consists of two jets in which it is possible to vary several parameters to study the interaction between dierent uid ows. Two experimental campaigns were performed on TABOULE; a hydrodynamic study for dierent uid ows and the simultaneous application of 2c/2d LIF and PIV for temperature and velocity measurements.

In the rst study, we used a non reactive uorescent dye RhWT at a very low concentration so that the ow is not aected due to the presence of the dye. The medium of experimentation is unbounded to have the same exit conditions. Four dierent uid ows representing those in MICAS were studied and compared with literature. We compared the spread of a single and two negative buoyant jets into a hot medium. The jet penetrates to its maximum height in the surrounding medium, then decreases and nally uctuates around a mean value of the maximum height of penetration. The results we got were comparable to those found in literature regarding the values of the maximum height of penetration h m and the width of the uid ow b j . In the case of two negative buoyant jets, the maximum height of penetration of the rst jet decreased by half when compared to the rst experiment due to its interaction with the second jet. Then, we compared two cases; positive and a neutral buoyant jet at low and high Reynolds numbers. Three phases of the spread were identied in the case of a positive buoyant jet. In the region near the nozzle exit, the jet momentum dominates and the ow is similar to a neutral buoyant jet. Far from the jet exit, the buoyancy dominates, and the ow acts like a plume. The intermediate region however is a transition between jet ow and plume ow. However, the second and the third phase of spread depend on the ow rate of injection which directly aects the momentum force of the spread. For instance, if the ow rate is low, then buoyancy force is dominant so the ow acts as a plume. This was the case in the third experiment at low Reynolds number (2640). However, if the ow rate is high, then the momentum is signicant so the ow is a certain positive buoyant jet. This was the case in the fourth experiment at high Reynolds number (14000).

For temperature and velocity measurements on TABOULE; we were not able to apply 2c/2d LIF and PIV on all the cases as indicated in the experimental campaign. Their application was possible in the case of single and two negative buoyant jets. For the analysis of the velocity eld, the time average velocities along the centerline and the axial direction were plotted. For the analysis of the temperature eld, the space moving average of the temperature along the centerline of the nozzle was plotted. In each case, the spread of the jets was studied. We notice that the temperature variation is steady along the height when compared to that of velocity which decreases rapidly due to the competition between momentum and buoyancy ux. Also, the LIF technique was applied on other four cases at dierent Reynolds and Froude numbers covering a range that allowed us to compare our results to those found in literature. However, the experiments were done between the partially saturated regime and the saturated regime. Also, the lters used did not avoid the spectral conicts between FL27 and RhWT. That is why the results were biased. We also realized that the presence of striations is reduced when the temperature dierence between the uid and the surrounding is small. This can explain why the quality of the LIF image is better when this technique is used for a hydrodynamic study. In conclusion, the complexities in the experiments increase with the increase in the scale of the facility as we have to control and manage many parameters to get precised results.

Although we managed to apply the simultaneous measurements of temperature and velocity by LIF and PIV on a complex geometry (V= 1000 L), the precision of the results was not high when compared to those performed on volumes less than 30 L.

Perspectives

Many perspectives are opened as a result of the experimental approaches in this thesis and several elements could be studied to follow up this work. This will serve to improve the measurement accuracy and the appeal of 2c/2d LIF and PIV techniques in thermal studies in the laboratory.

The elements are divided and explained according to the experimental campaigns realized.

The LIF technique was implemented for the rst time. Some improvements could be carried out in order to take into account the accuracy of the measurements during the calibration step. This could be done by repeating the experimental tests several times. For the study of hydrodynamics, several constraints are present. It is time consuming because of the large volume of the facility. The best approach would be to change the solution at each experiment. To be precised, the test section should be re-lled just with de-ionized water at the beginning of each experiment. Then, the same concentration of the dye should be added to the hot and cold tanks. This would denitely enhance the processing step of the images.

For the simultaneous application of 2c/2d LIF and PIV on TABOULE, several elements could be enhanced.

Regarding the LIF technique, the experiments need to be done in the saturated laser regime. This could be achieved either by increasing the laser energy or by decreasing the duration of the laser pulse in order to exceed the value of the of the saturation energy of the uorescent dye. Another method is by decreasing the collection surface of measurements. Regarding the spectral conicts between the two dyes chosen, an adequate lter should be chosen in a way to avoid the reabsorption of the FL27 and the overlap between the absorption of FL27 and emission of RhWT (using a high pass band lter at 650nm). There is also a need to nd the adequate means to store the uorescent dyes in a way the preserves their stability. Using three identical cameras having the same resolution assures the matching (spatial calibration) between the eld of views for each camera. This will also allow to increase the operating frequency during the experiments. For instance, we were obliged to perform these experiments at a frequency of 1 Hz. The eld of view of the cameras can be enhanced by fabricating lters and mirrors that t the objective of the cameras. However, this might be expensive. That is why technological developments are expected to be done in this domain, especially in what concerns the synchronization between the cameras and the laser. This will make the LIF technique a metrological tool as common and easy to use as the velocity measurement techniques PIV and LDV. In what concerns the treatment of images, it would be of fundamental interest to solve the problem of striations which will enhance the quality of the obtained LIF images. It is also of importance to state that the LIF technique is used to measure other scalars such as concentration or the density variation of uid in its surrounding. In such measurements, the eect of striations due to the change in the refractive index is not present. This improves the quality of the images obtained by this method thus giving a high precision measurement. For future experimental campaigns on this facility, studies could be done to study the buoyancy eect of uid ows since the plate of the nozzles can be moved and placed on the vertical wall of TABOULE.

  Cependant, le calcul de la densité de puissance a montré que les manipes se situaient entre la régime partiellement saturé et la régime saturé. De plus, le système optique (ltres et miroirs) n'a pas évité les conits spectraux entre les deux colorants. C'est pourquoi les résultats étaient biaisés. Ainsi, il était difcile de traiter ecacement les images. De plus, l'apparition de stries due à la variation de l'indice de réfraction a augmenté le niveau d'incertitude dans nos mesures. Cependant, la présence de stries est réduite lorsque la diérence de température entre le uide et l'environnement est faible. Cela peut expliquer pourquoi la qualité de l'image LIF est meilleure lorsque cette technique est utilisée pour une étude hydrodynamique. En conclusion, la complexité des expériences augmente avec l'augmentation de l'échelle de l'installation car nous devons contrôler et gérer de nombreux paramètres pour obtenir des résultats précis. Bien que nous ayons réussi à appliquer les mesures simultanées de température et de vitesse par LIF et PIV sur une géométrie complexe (V = 1000 L), la précision des résultats n'était pas élevée par rapport à celles eectuées sur des volumes inférieurs à 30 L. Cela montre la nécessité de travailler en régime saturé et d'utiliser un autre ltre qui évite le chevauchement entre l'absorption du FL27 et l'émission de RhWT.Contents 1 General Introduction

91

  The plot of the time average velocity along dierent positions . . 92 The plot of the average velocity and its vertical component at position Y B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 The space moving average of temperature and the centerline velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 The space moving average of temperature and the centerline velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 LIF and PIV time average eld proles . . . . . . . . . . . . . . . 96 The plot of the average velocity along dierent positions . . . . . 97 The average time temperature prole along the centerline of the nozzle 1 and 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 The average time LIF image on a negative buoyant jet at Re= 2000 and F r d = -6.72 . . . . . . . . . . . . . . . . . . . . . . . . . 99 The space moving average of temperature along the centerline of the nozzle 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 The time average LIF image on a negative and a neutral buoyant jets at Re 1 = 2000 , F r d1 = -6.72 and Re 2 = 40000, F r d2 = 2071 101 The space moving average of temperature along the centerline of nozzle 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 The space moving average of temperature along the centerline of nozzle 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 Plot of temperature proles along the dierent positions Y A . . . 104 Plot of temperature proles along the dierent positions Y B . . . 105 The time average LIF image on two negative buoyant jets at Re= 2222 and F r d = -9.41 . . . . . . . . . . . . . . . . . . . . . . . . . 106 The space moving temperature prole along the centerline nozzle 107 The space moving temperature prole along the centerline nozzle 108 The time average LIF prole on a buoyant jet at Re= 25555 and F r d = -1785 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 The temperature prole along the centerline of the nozzle 2 . . .

Figure 1 :

 1 Figure 1: A nuclear reactor

Figure 3 :

 3 Figure 3: The sodium cooled fast design

Figure 6 :

 6 Figure6: The MICAS mock-up[START_REF]Plateau facility in support to ASTRID and the SFR program[END_REF] 

Figure 7 :

 7 Figure 7: Cross-view of the MICAS mock-up [6]
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 2 Literature Review This section features several topics concerning optical measurement techniques for temperature and velocity focusing on Laser Induced Fluorescence and Particle Image Velocimetry. Then, studies of single and two uid ows are illustrated since the geometry of the water model MICAS is made up of many nozzles and exhibits similar ows. First, in the frame of measurement, one should distinguish between intrusive and non-intrusive techniques. For instance, in intrusive techniques, the measuring device is in direct contact with the medium of interest such as the case of thermocouples whereas in non-intrusive measurements (called non-invasive too), the medium of interest is observed remotely without any disturbance such as uorescence techniques. Researchers also dened semi invasive measurements in which the technique involves modication of the component of interest and therefore some disturbance to the temperature eld. Thermo-graphic phosphors and heat sensitive paints are examples of semi invasive measurements. Such techniques can be used to indicate temperatures

  technique has been widely used as a full eld mapping measurement. It is the molecular structure of the crystals that show a distinctive dependency on temperature. The most popular crystals used are called cholesteric crystals shown in Figure8[START_REF]Numerical Simulation of Lasing Dynamics in Choresteric Liquid Crystal Based on ADE-FDTD Method[END_REF]. The observed color of a liquid crystal is a function of several variables including the orientation of the crystals, the spectral nature of the light illuminating the surface, and the spectral response of the sensing device. The molecular orientation of thermo-chromic liquid crystals is altered by temperature. A video camera is usually used to record the colors. Then, these records are stored in terms of the primary colors RGB: red, green, and blue.After analysis, the data is converted from RGB to values of hue, saturation, and intensity. It is also important to state that this technique can be combined with simultaneous measurements of velocity such as the experiments done by Schiepel et al.[START_REF]Simultaneous velocity and temperature measurements in turbulent Rayleigh-Bénard convection based on combined Tomo-PIV and PIT[END_REF]. However, the main disadvantages of this technique is the relatively narrow temperature range depending on chosen liquid crystals, size of these particles and response time.

Figure 8 :

 8 Figure8: Schematics of several liquid crystals phases[START_REF]Numerical Simulation of Lasing Dynamics in Choresteric Liquid Crystal Based on ADE-FDTD Method[END_REF] 

Figure 9 :

 9 Figure 9: Diagram illustrating the possible mechanisms of an excited electron[START_REF]Transferts de chaleur et de masse lors de l'impact d'une goutte sur une paroi chaude en régime d'ébullition en lm -Application de diagnostics optiques et modélisation[END_REF] 

Figure 10 :

 10 Figure 10: Schematic diagram of the uorescence intensity measurement[START_REF]Development of the planar laser-induced uorescence for temperature measurements of evaporating spray[END_REF] 

Figure 11 :

 11 Figure 11: The LIF setup

Figure 12 :

 12 Figure 12: Basic laser principle

Figure 13 :

 13 Figure 13: Absorption and emission spectra measured at 25°C (pH=5.6 for FL and pH=6.5 for RhB) [114]

Figure 14 :

 14 Figure14: Relative absorption and emission spectra of FL27 at 23°C[START_REF]A laser-induced uorescence measurement for aqueous uid ows with improved temperature sensitivity. Experiments[END_REF] 

  one dye with wavelength dependent temperature sensitivity is used. It depends on the spectral bands of the uorescent dye. The measurements are done by determining the relative intensities on two adequate spectral bands of the same dye and a reference measurement at a known temperature (gure 15). Although this technique is insensitive to laser power, dye concentration and volume of collection, a reference spectral band is necessary for the conditions of absorbance.

Figure 15 :

 15 Figure 15: Two color one dye technique[START_REF] Bruchhausen | Instantaneous measurement of two-dimensional temperature distributions by means of two-color planar laser induced uorescence (PLIF)[END_REF] 

54 2. 2

 542 Non-intrusive velocity measurement techniquesThis section is dedicated to non-intrusive techniques for velocity measurements such as Laser Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV). It starts with a general denition about velocity measurement techniques and then explains the LDV method briey whereas the PIV technique in details.

Figure 20 :

 20 Figure 20: Laser Doppler Velocimetry principle

Figure 21 :

 21 Figure 21: Set up of the PIV technique

  MICAS mock-up. It aims at studying the interaction between two jets at different temperatures and congurations. That is why this section is dedicated to a literature review about studies done in this eld. It is divided into three subsections. First, it starts with a general introduction about Navier-Stokes equation, its dimensionless form, the derivation of Reynolds number from it and then presents other dimensionless numbers relative to our experimental approach. The second section treats uid ows and turbulent mixing by presenting Kolmogorov and Batchelor length scales and their eect on tracking ow. The nal subsection gives an overview about single jets and then explains in details the interaction between parallel jets. It ends by listing experiments from literature that applied measurement techniques of temperature and velocity in their studies.2.3.1 Navier-Stokes equation and dimensionless numbersThe Navier-Stokes equation The Navier-Stokes equations, named after Claude-Louis Navier and George Gabriel Stokes, describes the motion of viscous uid substances. It is demonstrated from a momentum balance per unit volume for an incompressible uid and newtonian uid[123].

  This form of the equation reveals the kinematic viscosity of the uid ν, ν = µ ρ . The term ν - → v presents the momentum transport (per unit mass) by molecular diusion. The term ( -→ v . -→ ∇). -→ v corresponds to the convective transport of the velocity. The dimensionless Navier-Stokes equation and the derivation of Reynolds number The goal of non-dimensionalizing the Navier-Stokes equation is to gain a greater insight into the relative size of various terms present in this equation. It also reduces the number of parameters present. In what follows, we write the Navier-Stokes equation using dimensionless combinations in which we dene L by the length scale, U by the velocity scale and thus the time scale (t) becomes L U . These dimensionless combinations noted by an apostrophe are listed in what follows.

Figure 23

 23 Figure23shows the radial proles of mean axial velocity in a turbulent round jet at a high Reynolds value of 95500 in which the dashed lines indicate the half-width of the proles. As can be seen, the jet decays and spreads with the increasing axial distance x. The velocity u decreases while the jet's half-width r 1/2 increases.

Figure 23 :

 23 Figure23: Radial proles of mean axial velocity in a turbulent round jet[START_REF] Pope | Turbulent ows[END_REF] 

Figure 25 :

 25 Figure 25: Variation of penetration height[START_REF] Mizushina | An Experimental Study of Vertical Turbulent Jet with Negative Buoyancy[END_REF] 

Figure 26 :

 26 Figure 26: Sketch of an inclined buoyant jet (a) and a rosette buoyant jet (b)[START_REF] Adrian | Dynamic interaction of multiple buoyant jets[END_REF] 

Figure 28 :

 28 Figure 28: Nd:YAG Ever Green Laser

  However, two identical CCD PowerView 4MP-HS cameras, 12 bit of resolution 2048 by 2048 pixels are used in the LIF setup. We chose the identical cameras having same resolution for the LIF setup. All the cameras require special attention during cable connections and frame grabber installation. Figure29shows on the left the PowerView 8 MP camera and on the right the PowerView 4MP-HS camera.

Figure 29 :

 29 Figure 29: PowerView Cameras (TSI Incorporate)

3. 3

 3 Particles, dyes and optical lters 3.3.1 PIV Particles

Term 1 :

 1 The product of mass by acceleration. Term 2: Stokes drag (it is considered to apply when the particle Reynolds number is smaller than about unity) Term 3: Inuence of pressure gradient Term 4: Inertia eects due to the mass of the entrained uid Term 5: Basset Force Term 6: External forces such as electrostatic forces,.. By neglecting terms 5 and 6, the equation of the tracer particle becomes:

Figure 32 :

 32 Figure 32: PIV Particles

Figure 33 :

 33 Figure 33: Molecular formula of Classical uorescein

Figure 34 : 27 Fluorescein 27 ,

 342727 Figure 34: Absorption and emission spectra of classical uorescein, based on [114]

Figure 35 :

 35 Figure 35: Molecular formula of FL27

Figure 36 :

 36 Figure 36: Absorption and emission spectra of FL27, based on [114]

Figure 37 :

 37 Figure 37: Molecular formula of Rh6G

Figure 38 :

 38 Figure 38: Absorption and emission spectra of Rh6G, based on [114]

Figure 39 :

 39 Figure 39: Molecular formula of RhWT

Figure 40 :

 40 Figure 40: Absorption and emission spectra of RhWT, based on[START_REF] Earp | Review of uorescent standards for calibration of in situ uorometers: Recommendations applied in coastal and ocean observing programs[END_REF] 

Figure 41 :

 41 Figure 41: Absorption and emission spectra of Ch-Na, based on [116]

Figure 42 :

 42 Figure 42: Fluorescent dyes

Figure 43 :

 43 Figure 43: The role of the lter

Figure 44 :

 44 Figure 44: The LIF measurement facility on the simple geometry

  These images are dened as the dark response of the camera which serves later in the image processing step.Then, a calibration grid is immerseimaged in the solution to convert the pixel of the camera into a metric value.After this, another series of background images are captured in which the concentration is constant in the aquarium. The calibration facility used is shown in gure 45.

Figure 45 :

 45 Figure 45: Calibration facility

Figure 46 :

 46 Figure 46: Transmission pass bands of the notch lter

Figure 47 :

 47 Figure 47: Response of FL27 at temperature 59.2°C
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 48 Figure 48: Response of FL27, inuence of aging

Figure 49 :

 49 Figure 49: Response of FL27 at temperature 59.2°C

Figure 50 :

 50 Figure 50: Response of classical uorescein in three experiments

Figure 51 :Figure 52 :

 5152 Figure 51: Normalized response of FL27

Figure 53 :

 53 Figure 53: Response of Rh6G as function of temperature

Figure 54 :

 54 Figure 54: Response of RhWT and Ch-Na as function of temperature

Table 9 :Figure 55 :

 955 Figure 55: The experimental facilities TABOULE & OLYMPE

Figure 56 : 2

 562 Figure 56: Geometry of the test section

Figure 57 :

 57 Figure 57: Specications of the test section

  This section presents the piping and instrumentation diagram (PID) of TABOULE & OLYMPE used to control the process of experimentation. It is presented in gure 58. The notations and symbols of the equipment used in this diagram are summarized in table 11.

Figure 58 :

 58 Figure 58: PID of the test section

Figure 59 :

 59 Figure 59: Test section TABOULE

Figure 61

 61 Figure 61 shows the geometry of the test section. The nozzles have a height of 100 mm, an outer diameter of 25 mm, an inner diameter of 20 mm, and are separated by a distance of 50 mm.

Figure 61 :

 61 Figure 61: The test section zoomed at the two nozzles

Figure 62 :

 62 Figure 62: An experimental graph for dierent uid ows

Figure 63 :Figure 64 :

 6364 Figure 63: Variation of density of water as function of temperature (Engineering toolbox)

  The uid at ambient temperature 17°C is injected into a surrounding at high temperature (45°C) at a ow rate of 0.15 m 3 /hr. This gives a Reynolds of 2640 and discharge Froude number of negative 21.2. The uid ow was recorded and the gures 65 and 66 show the spread of the ow at dierent instants. The area under the jet outlet is not considered for the analysis because the shape of the tube changes the the light path. The results in this location are not relevant.

Figure 65 :Figure 66 :

 6566 Figure 65: Evolution of the negative buoyant jet

Figure 67 : 1 Figure 68 : 2 6. 3 . 3 2 Experiment 3

 6716823323 Figure 67: Evolution of the two negative buoyant jets, part 1

Figure 69 :

 69 Figure 69: Evolution of the two uid ows

Figure 70 :Figure 71 : 6 . 4

 707164 Figure 70: Evolution of the two uid ows

Reference

  

Figure 72 :

 72 Figure 72: The jet penetration curve as function of time

is 1 .

 1 [START_REF] Lacassagne | Ratiometric, single-dye, pH-sensitive inhibited laser-induced uorescence for the characterization of mixing and mass transfer[END_REF], a value consistent with that found by Turner[START_REF] Turner | Jets and plumes with negative or reversing buoyancy[END_REF] and Pantzla et al.[109]. h m can also be expressed using the discharge Froude number and the nozzle diameter D according to equation (24) related to gure 24. From our experiment, √ -F r d has a value of 4.6 which gives a value of about 10 for hm D from gure 25 related to the study done by Mizushina et al. [76]. This value however is a little lower than that found in our experiment which is 13.25.The following paragraph deals with the variation of the penetration width at the dierent phases of the spread. Figures73 and 74show the dierent graphs plotted along the x-axis to compute the width of the uid ow.

Figure 73 :Figure 74 :

 7374 Figure 73: Graph plotted along the x-axis at time 0.6 s, position red line

  Figure 75 shows the jets at time t + 3.3s, the lines indicate dierent positions above the nozzle injection in which graphs (gures 76 and 77) were plotted at each of these indicated positions. Jet 1 is noted as the negative buoyant jet of Froude number of -21.2 and jet 2 that of Froude number of -17.47.

Figure 75 :Figure 76 :

 7576 Figure 75: The lines indicate the position of graphs along the y-axis

Figure 77 :

 77 Figure 77: Plot of values along the x-axis at positions 85 and 135 mm

Figure 78 :

 78 Figure 78: Evolution of the two uid ows at the centerline of each nozzle
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 43 Experiment 3: Positive and neutral buoyant jets at Re 1 = 2640 and Re 2 = 4773, F r d2 = 21.2The temperature in the test section is 20°C in this experiment. The rst injection was done at a temperature of 17 °C and ow rate of 0.15 m 3 /hr which gives a Reynolds value of 2640. However, the second injection was done at a temperature of 43°C and ow rate of 0.15 m 3 /hr which gives a Reynolds value of 4773 and a positive discharge Froude number of 21.2. In this experiment, the rst uid ow acts as a neutral buoyant jet because of the very low temperature dierence between the uid ow and the surrounding water. The second uid ow acts as a positive buoyant jet because the uid is injected upward into higher density uid (colder surrounding). So the buoyancy force and jet momentum have the same sense.

Figure 79 :

 79 Figure 79: Evolution of the two uid ows

Figure 80 :

 80 Figure 80: Evolution of the two uid ows

Figure 81 :

 81 Figure 81: Image on the left without a lter, image on the right with a lter

Figure 82 :

 82 Figure 82: The setup of cameras and optics

Figure 83 :

 83 Figure 83: Example of the reduced optical eld of view for the second LIF camera

Figure 84 :

 84 Figure 84: Emission and absorption spectra of dyes (FL27 and RhWT)

7. 2 . 3

 23 Treatment of the LIF and PIV resultsThe LIF and PIV images are treated separately in these experiments. Starting with the LIF technique, the treatment consists of three processes: preprocessing, processing and post processing. This corrects errors such as camera dark response, spatial calibration between the two cameras, deblurring and temperature calibration. The processing procedure is shown in gure 85 and its steps are explained later.

Figure 85 :

 85 Figure 85: The processing procedure

Figure 88 :

 88 Figure 88: Before and after calibration (to the left: rst camera; to the right: second camera)

Figure 89 :

 89 Figure 89: The results of calibration for each dye

( 5 A

 5 over time and space) for the temperature and the velocity. This smooths the results and gives a physical interpretation of the change in temperature and velocity. The quality of the LIF image is not high and this is due to a major problem faced with this technique in most of the thermal studies of jets. The problem is the appearance of striations due to the change in the refractive index resulting from the temperature variation of the jet in the surrounding. These striations are random, either of enhanced or decreased intensity and they mainly lead to non physical temperature values. In order to know in which characteristic regime the experiments are done, the laser excitation intensity I 0 is about ( W m 2 ) and the saturation intensity of the uorescent dye I sat ( W m 2 ) 7.3.1 PIV and LIF on a negative buoyant jet at Re= 3930 and F r d = -24.single uid ow is injected from the nozzle at temperature 27°C into the test section having a temperature 52°C at a ow rate of 0.2 m 3 /hr. This gives a Reynolds value of 3930 and a negative discharge Froude number of 24.5. The average velocity and temperature elds over time obtained by LIF and PIV are shown in the gure 90.

Figure 90 :

 90 Figure 90: The LIF and PIV time average eld proles

Figure 91 shows

 91 Figure 91 shows the plot of the time average velocity at dierent positions indicated by the red lines. The positions were chosen to cover the outlet of the nozzle (position Y A ), the maximum height of jet penetration (position Y D ) and two positions in between them (position Y B and Y C ) because we see a changein the color map. We notice that the time average velocity of the fountain had a symmetric Gaussian prole with three peaks. The highest value for the peak at the center is upon injection (position Y A ). As the jet spreads in the upward direction, the peak at the center decreases since the velocity is decreasing. The maximum velocity reached during the spread is about 0.11 m/s which is less than the value of the injection velocity calculated which is 0.176 m/s. This is

Figure 91 :

 91 Figure 91: The plot of the time average velocity along dierent positions

Figure 92 :

 92 Figure 92: The plot of the average velocity and its vertical component at position Y B

Figure 93 :

 93 Figure 93: The space moving average of temperature and the centerline velocity

Figure 94 :

 94 Figure 94: The space moving average of temperature and the centerline velocity

Figure 95 :

 95 Figure 95: LIF and PIV time average eld proles

Figure 96 :

 96 Figure 96: The plot of the average velocity along dierent positions

Figure 97 :

 97 Figure 97: The average time temperature prole along the centerline of the nozzle 1 and 2

Figure 98 :

 98 Figure 98: The average time LIF image on a negative buoyant jet at Re= 2000 and F r d = -6.72

7. 3 . 1

 31 due to the lower ow rate. The low value of ow rate attributes to a lower momentum ux, thus a less spreading in the medium.

Figure 99 :

 99 Figure 99: The space moving average of temperature along the centerline of the nozzle 1

Figure 100 :

 100 Figure 100: The time average LIF image on a negative and a neutral buoyant jets at Re 1 = 2000 , F r d1 = -6.72 and Re 2 = 40000, F r d2 = 2071

Figure 102 :

 102 Figure 102: The space moving average of temperature along the centerline of nozzle 2

Figure 103 :Figure 104 :

 103104 Figure 103: Plot of temperature proles along the dierent positions Y A

Figure 106 :

 106 Figure 106: The space moving temperature prole along the centerline nozzle 1

Figure 107 :

 107 Figure 107: The space moving temperature prole along the centerline nozzle 2

7. 3 . 6

 36 LIF on a buoyant jet at Re= 25555 and F r d = -1785 A single uid ow is injected from the nozzle at temperature 28°C into the test section having a temperature 42°C at a ow rate of 1.3 m 3 /hr. This gives a Reynolds value of 25555 and a negative discharge Froude number of 1785. The average temperature prole obtained by LIF is shown in gure 108.

Figure 108 :

 108 Figure 108: The time average LIF prole on a buoyant jet at Re= 25555 and F r d = -1785

Figure 109 :

 109 Figure 109: The temperature prole along the centerline of the nozzle 2
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4 The Upper Plenum, MICAS Mock-up The upper plenum of ASTRID cannot be studied from past reactors feedback

  

	to that of water. So, the thermal eects such as the conduction at the walls
	cannot be studied however it is possible to study the eects of buoyancy.
	Physical Properties ρ(kg/m 3 ) µ(10 -7 m 2 /s) λ(W/m.K) C p (J/kg.K) Sodium at 550°C 845 3 69 1270 Water at 20°C 998 10 0.6 4180
	and numerical simulations since the calculation codes do not allow to model
	these problems with sucient condence. Thus, in order to validate the nu-
	merical approaches and systems concept of ASTRID and to increase its TRL
	(Technology Readiness Level), experiments are needed. In terms of practice,
	sodium experiments are very complicated to perform since sodium is opaque
	and reacts with water. This part shows why water is chosen to implement the
	experiments and to validate the codes. It presents the dimensional analysis and
	shows the design of the MICAS mock-up.
	1.4.1 Dimensional analysis between sodium and water
	In terms of physical properties, both sodium and water are similar since they
	have approximately same viscosity and density at certain operating conditions
	as shown in table 2. Thus, we can study the hydraulic eects concerning the
	dimensionless numbers. The thermal conductivity in sodium is high compared

Table 2 :

 2 Physical properties of Sodium and Water

Table 3 :

 3 Table showing three types of spectral conicts

Table 6 :

 6 Dierent uid ows[115] 

Table 8 :

 8 Emission spectra of dyes

	nm) Emission spectra peak

Table 11 :

 11 Symbols of the equipment used in this diagram

	Notations
	BA01 Cold tank
	BA02 Hot tank
	BA03 Reservoir tank

RECH Immersion heater used in the hot tank

Table 13 :

 13 Literature reviewIn this case, to calculate the value of n, h m should be known. Figure72shows the variation of the jet penetration height as function of time. The ' diamond ' variables are the real values of the penetration height and the red curve is a t regression of the values obtained. This curve however validates the fact that the jet penetrates to its maximum height and then decreases due to the downward back ow of denser solution surrounding the jet which reduces its upward momentum. The maximum penetration height (h m ) reached by the jet in this case is about 265 mm and the height of the established ow (h s ) is about 187 mm. This value of uctuation is 70.5% of the maximum height of injection, a value similar to that found by Pantzla et al.[109] (71%). Going back to the equations, we get a value of 0.028 for n from equation (37) whereas a value of 1.07 from equation[START_REF] Crimaldi | Planar laser induced uorescence in aqueous ows. Experiments in uids[END_REF] for p. We got a value of p similar to that found by[START_REF] Lin | 121Direct simulation of fountains with intermediate froude and reynolds numbers[END_REF] [121] which was 1. Their study in 2004 was done for fountains with intermediate Froude and Reynolds numbers (1 ≤ F r d ≤ 20 and 1000 ≤ Re ≤ 3000 ). These conditions are similar to ours in this experiment.

  6.4.2 Experiment 2: Two negative buoyant jets both at Re 1 = 2640 , F r d1 = -21.2 and Re 2 = 3000, F r d2 = -17.47 The temperature in the test section is 45°C. The rst injection was at temperature 17 °C and ow rate of 0.15 m 3 /hr. This gives a Reynolds value of 2640 and a negative discharge Froude number of 21.2. The second injection was done at temperature 25 °C and ow rate of 0.15 m 3 /hr. The Reynolds number for this uid ow is 3000 and the discharge Froude number is a negative 17.47.

Table 14

 14 lists the performed tests according to the planned experimental matrix.The water is seeded with the PIV particles and the two uorescent dyes FL27 and RhWT. The parameters of the matrix are the injection ow rate and the injection temperature of each jet realized in a medium in which the temperature was varied too. So three parameters were controlled during these measurements.

	Experiments 1, 3 and 6 are carried out with a single jet. Only in experiments 1
	and 2, LIF and PIV were simultaneously applied.

Table 14 :

 14 

The experimental matrix of velocity and temperature measurements

  38. 

	h (mm) b u (mm) 5 50 45 30 56 25 65 20

Table 15 :

 15 Experimental values of jet width with height of penetrationThe plot of the space moving average of temperature and the centerline velocity are shown in gure 93. The ow which is injected at temperature 27°C into the test section maintains approximately a range of temperature between 27°C

Table 16 :

 16 ). Using the values of table 16, we get a constant of 1.25 which is a little lower than the constant of their experiments. Summary of the results of experiments 7.3.1, 7.3.3 and 7.3.6

	Experiment Reynolds Discharge Froude h m (mm) 3 2000 -6.72 20 1 3930 -24.5 80 6 25555 -1785 very large

Particle Image Velocimetry

The section starts with the principle of PIV, its setup, its main features and the combination of this method with optical techniques for measurement of velocity and temperature simultaneously.