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General Introduction

From a simple "magic" trick at home using only oil and water to a simple scientific experiment exploring density using such non-miscible liquids at school, many people have encountered the emulsification process at a young age. The emulsification is a physical process that consists of breaking up successively a stable interface between two immiscible fluids by a sequence of out-of-equilibrium processes creating successive deformations into a collection of drops of one fluid dispersed into the second one (Figure 0.1). The fundamental physics of turning a flat interface between two immiscible fluids into a dispersion of droplets of one fluid suspended into the other is known since the seminal works of [START_REF] Plateau | Lettre au sujet de la transformation spontanée d'un cylindre liquide en sphères isolées[END_REF] and [START_REF] Rayleigh | On the instability of a cylinder of viscous liquid under capillary force[END_REF]: when the hydrodynamic stresses exceed the capillary stresses the interface first buckles and ultimately breaks into droplets.

From a thermodynamic standpoint, the entropy of the system increases drastically with the increase of the complexity and chaos of the fluid interface. In isothermal conditions, this is only possible with the supply of an external mechanical work [Landau and Lisfshits, 1980;[START_REF] Callen | Thermodynamics and an introduction to thermostatistics[END_REF], which is provided within a two-phase fluid system initially at equilibrium in terms of a flow able to deform the interface between the two immiscible fluids. From a kinematic stand point, and without neglecting the effect of the fluids' viscosity ratio, flows able to efficiently deform interfaces and subsequently lead to emulsification are generally characterized by an alternation between pure stress, extension and rigid body translation. Examples of such flows are the laminar chaotic advection [START_REF] Habchi | Liquid/liquid dispersion in a chaotic advection flow[END_REF][START_REF] Lemenand | Mass transfer and emulsification by chaotic advection[END_REF] or inertially turbulent flows [START_REF] Vankova | Emulsification in turbulent flow: 1. Mean and maximum drop diameters in inertial and viscous regimes[END_REF], particularly the emulsification process in turbulent conditions in open channel flows which allows continuous production of emulsions at high throughput.

The emulsification process is of paramount importance for a number of industrial sectors including pharmaceutics [START_REF] Fox | Squalene emulsions for parenteral vaccine and drug delivery[END_REF][START_REF] Alving | Adjuvants for human vaccines[END_REF], cosmetics [START_REF] Connolly | Control of head lice with a coconut-derived emulsion shampoo[END_REF][START_REF] Khan | Basics of pharmaceutical emulsions: A review[END_REF], food [START_REF] Depree | Physical and flavour stability of mayonnaise[END_REF][START_REF] Norton | Development and characterisation of tempered cocoa butter emulsions containing up to 60% water[END_REF], paintings [START_REF] Mizutani | Application of silica-containing nanocomposite emulsion to wall paint: A new environmentally safe paint of high performance[END_REF], oil field engineering [Schramm, 1992;[START_REF] Zolfaghari | Demulsification techniques of water-in-oil and oil-in-water emulsions in petroleum industry[END_REF], etc. It is therefore important to propose emulsification processes that are efficient in terms of both, the energy cost and the properties of the final emulsion.

The scientific literature lists a considerable number of technologies used for emulsion production. An initial classification of these systems has been proposed by [START_REF] Schubert | Product and formulation engineering of emulsions[END_REF], who divide them into two main categories, non-mechanical and mechanical systems. The latter are widely used and employ a variety of dispersion technologies including rotor-stator, high-pressure, ultrasonic and micro-pore systems. Engineers often describe these technologies as complex or simple, expensive or not, difficult or easy to maintain in working order. Recently, microfluidic devices are being used to produce emulsions due to multiple advantages these systems offer, including lower manufacturing and operating costs, lower energy consumption compared with conventional processes, improved environmental impact and increased safety.

This microfluidic technology is in fact present in a wide variety of disciplines [START_REF] Sepulveda | Contribution au design d'un équipement innovant pour l'obtention de mousses à base de matrices alimentaires: caractérisation des phénomènes de rupture de bulles dans des microsystèmes à haut débit[END_REF] with a view to studying very diverse physico-chemical phenomena such as instantaneous surface tension measurement [Muijlwijk et al., 2016b], rheological measurements at high shear rates [START_REF] Nghe | Microfluidics and complex fluids[END_REF], 3D printing [START_REF] Sochol | 3D printed microfluidics and microelectronics[END_REF], the study of elon- gational flows [START_REF] Hudson | Microfluidic interfacial tensiometry[END_REF], the analysis of DNA molecules [START_REF] Lin | Microfluidics: technologies and applications[END_REF] and the study of chemical and enzymatic reactions [START_REF] Joensson | Detection and analysis of low-abundance cell-surface biomarkers using enzymatic amplification in microfluidic droplets[END_REF][START_REF] Iragorri | others A microfluidic approach to study the effect of mechanical stress on erythrocytes in sickle cell disease[END_REF].

In addition, for the study of dispersed systems such as emulsions, microfluidic devices have proved interesting because they have enabled products with improved monodispersity [START_REF] Garstecki | Formation of monodisperse bubbles in a microfluidic flow-focusing device[END_REF] but also because they allow visual access to flow phenomena [START_REF] Marmottant | Microfluidics with foams[END_REF][START_REF] Fu | Bubble formation and breakup dynamics in microfluidic devices: A review[END_REF].

The study of liquid-liquid multiphase flow inside microfluidic devices is in most cases carried out under highly controlled conditions, notably using Newtonian solutions [START_REF] Mansour | Experimental investigation of gas-non-Newtonian liquid two-phase flows from T-junction mixer in rectangular microchannel[END_REF]] and low flow rates often between 0 and 1 ml/min [START_REF] Garstecki | Formation of monodisperse bubbles in a microfluidic flow-focusing device[END_REF][START_REF] Fu | Bubble formation and breakup dynamics in microfluidic devices: A review[END_REF][START_REF] Bibliography Haase | Characterisation of gas-liquid two-phase flow in minichannels with co-flowing fluid injection inside the channel, part II: gas bubble and liquid slug lengths, film thickness, and void fraction within Taylor flow[END_REF]. However, these conditions do not always allow an achievement of optimal inline emulsification conditions that are appealing to modern industrial settings. By "optimal", three main aspects are envisaged in this context. First, small droplet sizes are typically desired together with a low polydispersity. Second, industrially relevant throughput rates are often desired. Third and from a practical standpoint it is desirable to continuously obtain fine and roughly monodisperse emulsions at high throughput with a minimal energetic cost. In fact, it is preferable to form droplets of monodisperse size to avoid any physico-chemical destabilization of the emulsion.

High throughput emulsification is important for a number of practical applications concerning several key industrial sectors. A kinematically favorable flow configuration that allows high throughput emulsification in a turbulent flow regime is the impinging jet configuration [START_REF] Montillet | Continuous production of water-in-oil emulsion using micromixers[END_REF]. Within this flow configuration, two non-miscible fluid streams undergo a head to head collision at large speeds (high Reynolds numbers) which leads to a dramatic fractionation of the fluid interface(s) and ultimately results into an efficient emulsification. The first studies that used impacting jets in order to achieve a liquid-liquid dispersion of non-miscible fluids date back to mid eighties [START_REF] Tamir | A new two-impinging-streams emulsifier[END_REF]. More recently, the impinging jet configuration has been used with miscible fluids in microchannels [START_REF] Ait Mouheb | Flow characterization in T-shaped and cross-shaped micromixers[END_REF], and for microscopic scale emulsification of Newtonian fluids [START_REF] Montillet | Continuous production of water-in-oil emulsion using micromixers[END_REF]. Impinging jets can generate small drops with narrowly distributed sizes at high throughput and the mean drop size is mainly affected by the relative speed of impact of the two fluid streams [START_REF] Tsaoulidis | Liquid-liquid dispersions in intensified impinging-jets cells[END_REF].

Few years ago, an innovative microfluidic concept/device able to achieve continuous high throughput emulsification has been developed and patented within the LTeN and the GEPEA [START_REF] Belkadi | Etude expérimentale du fractionnement liquide-liquide en micro-canaux pour la production en continu de biodiesels émulsionnés[END_REF][START_REF] Bellettre | Device and method for carrying out a continuous emulsion of two immiscible liquids[END_REF]. The microfluidic device realizes an impinging jet configuration where a stream of oil is directed against a stream of water along a central intake axis in a cross-shaped microfluidic junction with two outlet microchannels from which the formed emulsion will exit the device (Figure 0.2). The inlet and outlet microchannels intersect at a crossing impact zone able to generate an interface between the fluids. Among the different features of this cross-slot microfluidic device, is having two inlet channels with asymmetric cross sections. The dispersed phase is injected through a narrower channel relative to that of the continuous phase. This particular geometry has been initially developed so as to increase the kinetic energy of the dispersed fluid at the impact zone and to enhance swirl flow motion.

Moreover, the operating flow rates of this microsystem can go up to 500 mL/min which is well above the flow rates usually implemented in the field of milli and microfluidics. As the microchannel is operated at high throughput rates, the microscopic scale dynamics of the fluid's interface is dominated by inertial effects which lead to Reynolds stresses significantly larger than the capillary ones. This ultimately leads to successive folding and breakup of the interface and efficient emulsification. Previous works [Belkadi et al., 2015[Belkadi et al., , 2018;;[START_REF] Ji | Fast oil-in-water emulsification in microchannel using head-on impinging configuration: Effect of swirl motion[END_REF] prove the capability of different designs of this system to produce continuously emulsions with droplet sizes in the range of several microns.

However, this device typically operates in an inertial flow regime where large driving energies are required and its energy efficiency has only been roughly studied. Therefore, it is practically appropriate to try to employ different types of random flows able to trigger complex deformations of the fluid interface at lower Reynolds numbers. The idea herein is to tune the rheology of the aqueous fluid stream by adding a small amount (typically less than 1% by weight) of a polymeric material and thereby transform the aqueous phase into a non-Newtonian shear-thinning fluid with a non-linear dependence between stresses and strain rates [START_REF] Burghelea | Transport phenomena in complex fluids[END_REF] and thus try to increase the energy efficiency of the process. Moreover, environmental considerations including the energy transition which is nowadays an official policy of the European Union call for the use of bio-based fluids as input for the emulsification process (such as biopolymers)

GENERAL INTRODUCTION [START_REF] Kilpatrick | Water-in-crude oil emulsion stabilization: review and unanswered questions[END_REF]. Nearly all such environmentally friendly fluids are non-Newtonian and are already being used as aqueous phases in the industry such as in cosmetics, foods or paints.

With few exceptions [START_REF] Husny | The effect of elasticity on drop creation in T-shaped microchannels[END_REF][START_REF] Arratia | Polymeric filament thinning and breakup in microchannels[END_REF][START_REF] Derzsi | Flow focusing with viscoelastic liquids[END_REF][START_REF] Chiarello | Generation of oil droplets in a non-Newtonian liquid using a microfluidic T-junction[END_REF], previous research has been mainly restricted to Newtonian fluids when it comes to emulsification especially in microchannels. And most of these studies concerning drop dynamics within a non-Newtonian shear-thinning matrix relate to small flow throughput (of the order of few L/h) applications or laminar flows. Therefore, understanding the effects of non-Newtonian rheological behavior such as shearthinning on liquid breakup and drop formation in microchannels is of both fundamental and practical importance. However, a systematic study of the dynamics of the emulsification process at high throughput and in the presence of shear thinning rheological behaviour poses a number of formidable theoretical challenges related to the presence of two sources of non-linearity: an inertial one related to the large values of the Reynolds number and a rheological one related to the nonlinear stress-strain dependence. Moreover, a systematic experimental study of the high Reynolds number emulsification in the presence of a shear thinning matrix is a daunting task as it requires simultaneous measurements of the dynamics of multiple drops and of the flow fields within the continuous phase able to resolve very small space scales during very short (< 1 ms) time intervals.

In order to concentrate on the shear-thinning flow properties within the microfluidic emulsification process, the continuous phase solutions used herein will be solutions of xanthan gum mainly used industrially as a stabilizer in emulsions and/or as a viscosity control agent in aqueous systems in many applications covering a wide range of fields [START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF] including pharmaceuticals, cosmetics, agriculture, etc., since it has a strong shear rate dependence of the viscosity and small elastic effects [START_REF] Katzbauer | Properties and applications of xanthan gum[END_REF][START_REF] Rafaï | Spreading of non-Newtonian fluids on hydrophilic surfaces[END_REF]Hublik, 2012].

During turbulent flows of either viscoelastic or shear thinning solutions (particularly xanthan gum solutions) one typically observes the so-called drag reduction phenomenon discovered over seven decades ago by [START_REF] Toms | Some observations on the flow of linear polymer solutions through straight tubes at large Reynolds numbers[END_REF]. To our best knowledge, the coupling between the drag reduction phenomenon and the generation of emulsions in the presence of shear thinning rheology at high throughput has not been investigated previously which sets another scope of the present study.

As already stated above, the global aim of the project is to study the possibility of increasing the energy efficiency of the microfluidic emulsification device already developed, tested and patented (at LTeN and GEPEA) by finely tuning the rheological properties of the fluids. The global aim is to produce more stable emulsions with fine drops without compromising the overall energetic costs of the emulsification process. The manuscript presenting the results of this study is organized into five chapters which may be briefly summarized as follows.

The first chapter provides a bibliographical synthesis of the general background of the emulsification process and the basic knowledge necessary to approach it in this study. It recalls the physico-chemical definition of an emulsion, the thermodynamics of emulsion formation, the mechanisms of thermodynamic destabilization and the use of surfactants.

Then it presents the different mechanisms governing the liquid-liquid dispersion and emulsion formation, and the different physical setups for emulsion production with a particular focus on microscopic flow systems. Next, unstable and inertially turbulent
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flows which prove instrumental in deforming interfaces between immiscible fluids and efficiently producing emulsions will be discussed. Essential notions on non-Newtonian fluids will be presented together with a short review about the impact of non-Newtonian behavior on liquid-liquid dispersion, precisely shear thinning. Finally, a review of the different physico-chemical and rheological properties of the xanthan gum solutions will be presented and the drag reduction phenomenon, typically observed during inertially turbulent flows of xanthan solutions will be discussed.

The second chapter is dedicated to the description of the working fluids and their physical properties, the solution preparation, the interfacial tension measurements and especially the rheological characterization of the xanthan gum solutions.

The experimental equipment and methods used during the emulsification process are described in detail in the third chapter. First, the microsystem used for emulsion production is described. Second, the experimental test bench is described in a global way and then, each of the equipment composing this test bench is detailed and its function is explained. Third, the granulometry measurements of the obtained emulsions is presented. Then, the data analysis for the study of the single drop dynamics are explained and finally, the implementation of the microscopic PIV setup and the flow field analysis is presented.

A first step towards understanding the physically complex problem of turbulent emulsification using shear thinning fluids is to study the dynamics of a single Newtonian drop in the turbulent microscopic flow of xanthan gum solutions with various concentrations.

The fourth chapter focuses on this presumably simpler physical setting. Several fundamental aspects in relation to both the rheology of the continuous phase and the flow conditions are investigated: statistics of drop shapes, statistics of drop breakup events, morphology of the dispersed phase fragmented upon the primary breakup of a drop and kinematics of the drop breakup process.

The final chapter presents the investigation of the influence of xanthan addition to the continuous phase on the dynamics of emulsification in a turbulent impingement flow in a microchannel. Several fundamental aspects are addressed herein. First, the impact of shear thinning rheological behavior of the continuous phase on the granulometry of the final emulsion is assessed. Second, the flow regimes in a wide range of Reynolds numbers with a particular emphasis on the emergence of the drag reduction phenomenon are descussed. Third, a systematic characterization of the liquid-liquid dispersion modes in connection to the rheological properties of the continuous phase is provided. Last, a space and time resolved characterization of the flow fields is presented and the results in the context of the drag reduction are discussed.

The manuscript concludes with a general conclusion of the main findings of this thesis, followed by a discussion of future prospects. Finally, the conclusion will offer some perspectives aimed at overcoming certain technical constraints encountered in the course of this work, but also at exploring new avenues for future research into the application of microfluidic technologies to industrial processes. 

Introduction

The general scope of this chapter is to provide a bibliographical synthesis of the general background of the emulsification process and the basic knowledge necessary to approach it in this study.

At first, it is essential to recall concepts such as the physico-chemical definition of an emulsion, the thermodynamics of emulsion formation, the mechanisms of thermodynamic destabilization and the use of surfactants. Moreover, it is essential to recall the different mechanisms governing the liquid-liquid dispersion and emulsion formation, and the different physical setups for emulsion production with a particular focus on microscopic flow systems.

Next, unstable and inertially turbulent flows which prove instrumental in deforming interfaces between immiscible fluids and efficiently producing emulsions will be discussed.

CHAPTER 1. STATE OF THE ART Essential notions on non-Newtonian fluids will be presented with a short review about the impact of non-Newtonian behavior on liquid-liquid dispersion, precisely, both shearthinning and viscoelastic behaviors. In order to concentrate on these flow properties within the microfluidic emulsification process, the continuous phase solutions used herein will be aqueous solutions of xanthan gum. Therefore, different physico-chemical and rheological properties of the xanthan gum will be presented.

Last, the phenomenon of drag reduction, typically observed during inertially turbulent flows of xanthan solutions, which plays a crucial role in the dynamics of emulsification described through the thesis will be discussed.

Emulsions 1.2.1 Physico-chemical definition of emulsions

An emulsion is a system of at least two immiscible liquids, with one liquid dispersed into the second in the form of small drops [START_REF] Brochette | Émulsification Élaboration et étude des émulsions[END_REF] with the necessity of a surface agent and energy in order to overtake the interfacial tension between the two immiscible fluids [START_REF] Walstra | Principles of emulsion formation[END_REF]. The droplets in the emulsion constitute the dispersed phase while the surrounding liquid is referred to as the continuous phase. Classically, two main types of a simple emulsion exist (Figure 1.1), oil in water emulsion (o/w) if oil drops are dispersed in the continuous aqueous phase and water in oil emulsion (w/o) otherwise.

Emulsions are of paramount importance for a large number of applications such as:

• food industry: mayonnaise [START_REF] Depree | Physical and flavour stability of mayonnaise[END_REF], butter and margarine [START_REF] Norton | Development and characterisation of tempered cocoa butter emulsions containing up to 60% water[END_REF][START_REF] Juriaanse | Microstructure of Shortenings, Margarine and Butter -A Review[END_REF] • cosmetics industry: shampoo [START_REF] Connolly | Control of head lice with a coconut-derived emulsion shampoo[END_REF], lotions and creams [START_REF] Khan | Basics of pharmaceutical emulsions: A review[END_REF][START_REF] Miner | Rheological Proper ties of Cosmetics and Toiletries[END_REF] • pharmaceutics: ointment, creams, lotions, vaccines [START_REF] Fox | Squalene emulsions for parenteral vaccine and drug delivery[END_REF][START_REF] Alving | Adjuvants for human vaccines[END_REF] • fuels: water-in-diesel emulsions [START_REF] Brocart | Design of In-Line Emulsification Processes for Water-in-Oil Emulsions[END_REF]Belkadi et al., 2018] • oil industry [Schramm, 1992;[START_REF] Zolfaghari | Demulsification techniques of water-in-oil and oil-in-water emulsions in petroleum industry[END_REF]Schramm et al., 1992] • paintings [START_REF] Mizutani | Application of silica-containing nanocomposite emulsion to wall paint: A new environmentally safe paint of high performance[END_REF][START_REF] Cao | Polymeric N-halamine latex emulsions for use in antimicrobial paints[END_REF] Not only simple emulsions, but triple, quadruple and quintuple emulsions that consist of three, four or five phases respectively dispersed within a complex drop can be produced [START_REF] Abate | High-Order Multiple Emulsions Formed in Poly(dimethylsiloxane) Microfluidics[END_REF][START_REF] Kim | One-Step Emulsification of Multiple Concentric Shells with Capillary Microfluidic Devices[END_REF]. Such multiple emulsions play an important role in advanced chemical synthesis for a variety of bio-technology related applications.

Multiple emulsions are complex multi-phase dispersions consisting of a number of drops of one phase that are dispersed within larger drops of a middle phase, which are themselves dispersed in an outer phase [START_REF] Vladisavljević | Recent advances in the production of controllable multiple emulsions using microfabricated devices[END_REF][START_REF] Utada | Monodisperse Double Emulsions Generated from a Microcapillary Device[END_REF]. The two main types of multiple (triple) emulsions (Figure 1.2) are water in oil in water emulsions (w/o/w) in which a water in oil (w/o) emulsion is dispersed in an aqueous phase and oil in water Table 1.1: The general visual appearance of an emulsion depending on its average droplet size. [START_REF] Zendejas | Diatom-inspired microfluidic generation of tunable emulsions for macroporous silica[END_REF] in oil emulsions (o/w/o) in which an oil in water (o/w) emulsion is dispersed in an oil phase [START_REF] Nisisako | Capillary-Assisted Fabrication of Biconcave Polymeric Microlenses from Microfluidic Ternary Emulsion Droplets[END_REF].

Multiple emulsions are widely used in cosmetics [START_REF] Miyazawa | Preparation of a new soft capsule for cosmetics[END_REF], food science [START_REF] Matsumoto | Preparation of Water-in-Olive Oilin-Water Multiple-phase Emulsions in an Eatable Form[END_REF][START_REF] Matsumoto | w/o/w-type multiple emulsions with a view to possible food applications[END_REF] and pharmaceutics [START_REF] Dams | Drug and Enzyme Targeting Part B[END_REF], particularly for the synthesis of microcapsules [START_REF] Haber | Microfluidics in commercial applications; an industry perspective[END_REF]Whitesides, 2006;[START_REF] De Rose | Internalization, and Antigen Presentation of Vaccine-Loaded Nanoengineered Capsules in Blood[END_REF] and the production of complex capsules for co-encapsulation [START_REF] Kim | One-Step Emulsification of Multiple Concentric Shells with Capillary Microfluidic Devices[END_REF][START_REF] Couvreur | Multiple emulsion technology for the design of microspheres containing peptides and oligopeptides[END_REF][START_REF] Freytag | Improvement of the encapsulation efficiency of oligonucleotide-containing biodegradable microspheres[END_REF].

The droplet size of an emulsion can be greater than 1 µm (macro-emulsions) and less than 50 nm (micro or nano-emulsions) resulting in an overall appearance of an emulsion (Table . 1.1) that depends on its granulometry [START_REF] Zendejas | Diatom-inspired microfluidic generation of tunable emulsions for macroporous silica[END_REF]. The average diameter of the droplets has an inverse effect on the stability of the final emulsion that also depends on different factors.

Thermodynamics of emulsion formation

For a miscible system there is a huge number of different possible arrangements of the two different types of molecules (high entropy), whereas for an immiscible system, there is only one possible arrangement (zero entropy) [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF].

The preparation of emulsions requires energy to disperse one phase in another. Thermodynamic-wise, the change in the Gibbs free energy of the system, ∆G f ormation , provided by the particular dispersing procedure at constant composition and pressure, can be expressed by :

∆G f ormation = ∆G surf ace -∆G entropic = γ cd ∆A -T ∆S (1.1)
where:

∆G f ormation = variation of the emulsion formation free enthalpy [J] ∆G surf ace = variation of the surface free enthalpy ∆G surf ace is a surface energy term that results from the creation of a very large interface between the two phases. This term, generally positive, is equal to the product of the variation of the interfacial area by the interfacial tension. ∆G entropic takes into account all the possible distributions of drops in the volume occupied by the emulsion and is equal to the product of the temperature and the entropic variation of the system. The entropy ∆S is a measure of the extent of disorder in the system and hence measures the extent of size reduction of the dispersed phase (or increase in droplet number). The increasing disorder during the formation of an emulsion means a positive ∆S contributing to stability.

Thermodynamics tells us that if ∆G f ormation is highly positive, mixing is unfavorable and the molecules tend to exist as two separate phases. However, if ∆G f ormation is highly negative, mixing is favorable and the molecules tend to be intermingled with each other.

The difference in free enthalpy between a state G 1 , corresponding to the emulsion and a second state G 2 , corresponding to the two separated phases, is called the free enthalpy of demixing ∆G demixing (Figure 1.3), and is equal to the opposite of the free enthalpy of formation of the emulsion [START_REF] Galindo Alvarez | Étude de l'inversion de phase catastrophique lors de l'émulsification de produits visqueux[END_REF]:

∆G demixing = -∆G f ormation (1.2)
Thermodynamically, an emulsion is an unstable system that tends towards a separation of phases in the short or long term, in order to regain its stable energy state (phase separation). Therefore, in the absence of a stabilization mechanism, the emulsion is subject to different types of destabilization mechanisms.

Destabilization mechanisms of an emulsion

At rest, a bottle filled with oil and water will exhibit two separated phases. Once the bottle shaken, one of the liquids will be dispersed into droplets within the second one. When the bottle is at rest again, the dispersed droplets will coalesce and after a given time, phase separation occurs. Emulsions are thermodynamically unstable and the CHAPTER 1. STATE OF THE ART recombination of droplets into phase-separated bulk liquids is a natural process. Some factors of destabilization are [START_REF] Canselier | Procédés d'émulsification Mécanismes de formation des émulsions[END_REF]]:

• high average droplet size and/or large droplet size dispersion

• high fraction of the dispersed phase

• low viscosity of the continuous phase

• large difference in the densities of both phases

• high or very low interfacial tension

• rise in temperature Different destabilization mechanisms (Figure 1.4) can occur independently or simultaneously. These can be divided into two different categories, reversible phenomena (creaming, sedimentation and flocculation) related to migration of droplets within the continuous phase, and irreversible phenomena (coalescence, Otswald ripening and phase inversion) related to the variation in droplets' size [START_REF] Galindo Alvarez | Étude de l'inversion de phase catastrophique lors de l'émulsification de produits visqueux[END_REF][START_REF] Canselier | Procédés d'émulsification Mécanismes de formation des émulsions[END_REF].

Flocculation

Flocculation is the aggregation of emulsion drops, without fusion into one drop. It is the result of thermal agitation and Van der Waals attraction, which is inversely proportional to the distance of separation between drops. Individual drops undergo a Brownian motion which induces collisions among them. This physico-chemical phenomenon causes the creation of clusters of drops [START_REF] Brochette | Émulsification Élaboration et étude des émulsions[END_REF].

Creaming and Sedimentation

Creaming and sedimentation result from the difference of the densities of both phases [START_REF] Galindo Alvarez | Étude de l'inversion de phase catastrophique lors de l'émulsification de produits visqueux[END_REF][START_REF] Debas | Émulsification en systèmes microstructurés[END_REF], which leads to either buoyancy (light drops) or gravity (heavy drops) effects respectively [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF]. Creaming mainly occurs in an emulsion of o/w where the oil droplets move upwards due to their lower density relative to that of the continuous aqueous phase. Sedimentation of the dispersed phase occurs in an emulsion of w/o where water droplets with higher density than oil move to the bottom.

The drops of the dispersed phase are subjected to forces of attraction and repulsion (Van der Waals forces, Brownian motion, electrical interactions, etc.) even when the system is in a kinetic equilibrium. These interactions between the drops, added to the effect of gravity or buoyancy lead to a non-homogeneity of the emulsion left without agitation [START_REF] Belkadi | Etude expérimentale du fractionnement liquide-liquide en micro-canaux pour la production en continu de biodiesels émulsionnés[END_REF].

The migration speed of droplets is governed by Stokes law for diluted dispersions [START_REF] Brochette | Émulsification Élaboration et étude des émulsions[END_REF]: [START_REF] Galindo Alvarez | Étude de l'inversion de phase catastrophique lors de l'émulsification de produits visqueux[END_REF][START_REF] Abismail | Emulsification by ultrasound: drop size distribution and stability[END_REF].

v = 2 9 ∆ρ gr 2 η c (1.3)

Coalescence

Coalescence is the fusion of two or more drops, by a rupture of the stabilizing layer at the interface of the drops, forming one larger drop. A severe repetitive coalescence leads back to the steady two phase system.

Ostwald ripening

Ostwald ripening is the growth of large droplets at the expense of small ones. It depends on the particle size and on the Laplace over-pressure. At the end of the emulsification process, the droplets are polydispersed (usually follow a log-normal distribution). For CHAPTER 1. STATE OF THE ART each size class there is a different Laplace over-pressure that is greater for small drops which implies that the chemical potential in small drops is higher than in large drops [START_REF] Brochette | Émulsification Élaboration et étude des émulsions[END_REF]. Therefore, the content of small drops diffuses, through the continuous phase, towards larger drops making them even larger which modifies the granulometry with decreasing number of small drops and increasing number of larger drops.

Phase inversion

A phase inversion occurs when the continuous phase of an emulsion becomes the dispersed phase, and and vice versa. It can occur by changing the temperature of the system, by changing the volume fraction of the phases or by adding salts which leads to a change in the formulation or composition of an emulsion causing a change in its type [START_REF] Pierat | Préparations d'émulsions par inversion de phase induite par agitation[END_REF].

A phase inversion can be favorable or unfavorable, and therefore, avoided or exploited for the formulation of emulsions, in particular for the pharmaceutical or cosmetic industries [START_REF] Preziosi | Phase Inversion Emulsification[END_REF] and for paints.

Surfactants

Physico-chemical definition

Droplets must not sediment, aggregate or coalesce so that no phase separation may occur.

In order to achieve this, or rather to delay the destabilization and as a result obtain a more stable emulsion, the addition of an emulsifier is a must. The emulsifier is any surface-active substance that is capable of being absorbed at the liquid-liquid interface and limiting the instabilities [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF]. It is named surfactant, which is an abbreviation of a surface active agent [START_REF] Larpent | Techniques de l'ingénieur Caractérisation et propriétés de la matière[END_REF]. Surfactant molecules (Figure 1.5) are complex molecules that can be dissociated into two distinct parts:

• a hydrophobic, lipophilic, apolar part that is generally consisting of one or more aliphatic, linear or branched, aromatic or alkylaromatic hydrocarbon chain(s), presenting an affinity for the lipidic phases (soluble in these phases) and with which water cannot share H-bonds;

• a hydrophilic, polar part consisting of one or more, ionic or non-ionic, polar group(s) and presenting an affinity for water (soluble in water) [START_REF] Larpent | Techniques de l'ingénieur Caractérisation et propriétés de la matière[END_REF].

Depending on the nature of the polar head, surfactants may be ionic (anionic, cationic, zwitterionic or amphoteric) or non-ionic [START_REF] Larpent | Techniques de l'ingénieur Caractérisation et propriétés de la matière[END_REF].

Surfactant molecules adsorb spontaneously at the interface between oil and water (Figure 1.6) and form a layer that reduces the interfacial tension between the two liquids and enhance the break up of the droplets. This layer is able to resist compression and exhibits viscoelastic properties [Georgieva et al., 2009]. Surfactant molecules also prevent the immediate recoalescence of the newly formed drops [START_REF] Walstra | Principles of emulsion formation[END_REF].

Surfactants have the ability to form organized molecular systems in a solution (micelles, liquid crystals). The concentration at which a surfactant self-associates in the form of micelles in an aqueous solution is called the critical micellar concentration (CMC) [START_REF] Bognolo | Tensioactifs non ioniques: mise en oeuvre industrielle[END_REF]. The value of the critical micellar concentration is a characteristic of the surfactant, it depends on the chemical nature of the surfactant (length of the lipophilic chain, nature of the polar head) and also on external factors such as the temperature or the concentration of electrolytes [START_REF] Larpent | Techniques de l'ingénieur Caractérisation et propriétés de la matière[END_REF].

Uses and choice criteria of surfactants

As mentioned above, the preparation and stabilization of emulsions requires the presence of one or more surfactant(s) in order to decrease the interfacial tension between water and oil and to allow dispersion. Therefore, the ability of the surfactant to decrease the interfacial tension between the two phases is a criterion for the choice of the surfactant [START_REF] Larpent | Techniques de l'ingénieur Caractérisation et propriétés de la matière[END_REF]. Moreover, the surfactant must have a good affinity for the continuous phase: obtaining an oil-in-water (o/w) type emulsion requires a surfactant with a rather hydrophilic character and conversely a water-in-oil (w/o) type emulsion will require a surfactant with a lipophilic character [START_REF] Kabalnov | Macroemulsion stability: the oriented wedge theory revisited[END_REF].

Several physico-chemical concepts allow to choose precisely the most suitable surfactant for a given formulation. The most used are the hydrophilic/lipophilic balance [START_REF] Griffin | Classification of surface-active agents by HLB[END_REF], the Winsor ratio [START_REF] Winsor | Solvent properties of amphiphilic compounds[END_REF], the phase inversion temperature [START_REF] Shinoda | The stability of O/W type emulsions as functions of temperature and the HLB of emulsifiers: the emulsification by PIT-method[END_REF] and the hydrophilic/lipophilic difference [START_REF] Salager | Formulation des micro-émulsions par la méthode HLD[END_REF].

The hydrophilic-lipophilic balance (HLB), defined by Griffin [START_REF] Griffin | Classification of surface-active agents by HLB[END_REF], allows to specify the hydrophilic or lipophilic nature of a surfactant. In other words, it expresses the ratio between the proportion of hydrophilic groups and the length of the lipophilic chain [START_REF] Poré | micro-émulsions, émulsions multiples: Les agents de surface. 2, Balance hydrophile[END_REF]. The classification of the HLB, which increases with the hydrophilic character of the surfactant, is done in the Davies scale [START_REF] Davies | others A quantitative kinetic theory of emulsion type, I. Physical chemistry of the emulsifying agent[END_REF], from 1 to 20. Emulsifiers with a lipophilic character used for water in oil type emulsions are identified by an HLB lower than 9 (HLB < 9). In the case where the HLB is between 11 and 20 (HLB ≥ 11) the hydrophilic character is dominant and the surfactant is used for oil in water type emulsions. Two surfactants are commonly used (one in each phase) for the production of emulsions with complex formulations, i.e. cosmetic milks or creams. 

Mechanisms of liquid-liquid dispersion and emulsion formation

The first step in dispersing one fluid into a second one, that is immiscible with the first, consists of deforming the interface separating them. When the topological features of the deformed interface are sufficiently "fine", large drops of one fluid may detach into the second one. Subsequent deformations of the newly formed interfaces may lead to the generation of finer topological details leading to the pinching and breakup of the large drops into smaller ones. Therefore, it is important to review the mechanisms responsible of the deformation and the breakup of drops.

In order to do so, it is essential to identify the forces involved. These three forces [START_REF] Belkadi | Etude expérimentale du fractionnement liquide-liquide en micro-canaux pour la production en continu de biodiesels émulsionnés[END_REF][START_REF] Grace | Dispersion phenomena in high viscosity immiscible fluid systems and application of static mixers as dispersion devices in such systems[END_REF] are:

• the external mechanical flow stresses, viscous stresses (dominant in a laminar flow) and inertial stresses (dominant in a turbulent or inertial flow), which tend to deform the drop

• the interfacial or capillary forces which tend to oppose the deformation and to keep the spherical shape of a drop

• the internal viscous forces which oppose resistance to deformation [START_REF] Habchi | Liquid/liquid dispersion in a chaotic advection flow[END_REF].

At equilibrium, the interfacial forces follow the Laplace's law [START_REF] Pellicer | On the demonstration of the Young-Laplace equation in introductory physics courses[END_REF]: In fact, the tensile stress of the interface generates a pressure difference between the internal and external phases, which is more pronounced when the diameter is smaller. Any change in this equilibrium will result in a change in the radius of curvature, and therefore in the shape of the drop [START_REF] Lemenand | Étude expérimentale de l'intensification des transferts dans un échangeur réacteur statique : mélange de deux fluides non-miscibles[END_REF]. It can even break it up to smaller drops that are more resistant to the external conditions. Moreover, according to Laplace's equation, the stress required to deform and break a drop is proportional to the interfacial tension. Therefore, any decrease in the interfacial tension results in a decrease in the required stress. Thus, the addition of the surfactant (Section. 1.2.1.3) favors the formation of the emulsion by decreasing the interfacial tension.

∆P = γ c/d . 1 r 1 + 1 r 2 (1.

Non-dimensional numbers governing the emulsification process

The different relationships between the three different forces involved in the deformation and the breakup of drops mentioned just above define a set of non-dimensional numbers. These numbers are formed by a set of dimensional parameters [START_REF] Zhao | Two-phase microfluidic flows[END_REF]: the physico-chemical properties of the two fluids making up the emulsion (the interfacial tension γ cd , the densities ρ c and ρ d and the dynamic viscosities η c and η d ), the hydrodynamic parameters of the flow (flow rates Q c and Q d , pressures P c and P d , velocities U c and U d , etc.) as well as the geometry of the flow via one or more length scale(s).

The different non-dimensional numbers that describe the phase dispersion phenomena and the properties of the flow are the Reynolds number, the Capillary number, the Ohnesorge number and the Weber number.

The Reynolds number Re (eq. 1.5) describes the relative importance of inertial forces to viscous ones and characterizes the laminar or turbulent nature of the flow. The Capillary number Ca (eq. 1.6) represents the relative effect of viscous forces generated in the flow and deforming the drops to interfacial tension forces that tend to conserve the spherical shape of drops [START_REF] Müller-Fischer | Single bubble deformation and breakup in simple shear flow[END_REF]; it describes the mechanical dispersion. The Ohnesorge number Oh (eq. 1.7) relates the importance of viscous forces to inertial and interfacial tension forces, it simultaneously characterizes the deformation and the transport (advection) imposed by the continuous phase on the dispersed phase drops [START_REF] Zhao | Two-phase microfluidic flows[END_REF]. Finally, the Weber number We (eq. 1.8) compares inertial effects to interfacial tensions. In a laminar flow, three types of kinematics can be distinguished [START_REF] Lemenand | Étude expérimentale de l'intensification des transferts dans un échangeur réacteur statique : mélange de deux fluides non-miscibles[END_REF]: a rigid body rotation causing the mass rotation of the drop without deformation, an elongational flow producing a deformation of the spherical drop into an ellipsoid without rotation of the drop and a pure shear flow leading to a rotation and a deformation of the drop.

Re = ρU D h η (1.5) Ca = ηU γ c/d (1.6) Oh = η ργ c/d d drop (1.
In the mechanism of deformation and rupture of drops in a laminar flow, the role of the viscosity of each phase is predominant [START_REF] Walstra | Principles of emulsion formation[END_REF][START_REF] Grace | Dispersion phenomena in high viscosity immiscible fluid systems and application of static mixers as dispersion devices in such systems[END_REF]. The pioneering work of Taylor [Taylor, 1934] shows that in quasi-static conditions (a controlled flow applied at the scale of a drop thanks to test benches designed for this purpose [START_REF] Leal-Calderon | Emulsion Science. Basic Principles[END_REF]), a drop submitted to a flow deforms and bursts if the capillary number Ca exceeds a certain critical value Ca cr that depends on the viscosity ratio between the dispersed and continuous phases [START_REF] Mabille | Monodisperse fragmentation in emulsions: Mechanisms and kinetics[END_REF]. [START_REF] Grace | Dispersion phenomena in high viscosity immiscible fluid systems and application of static mixers as dispersion devices in such systems[END_REF] for shear and elongational flow. Ca cr is the critical capillary number. R v is the dispersed to continuous phase viscosity ratio.

Thus, in a laminar shear flow, the drop is deformed into an ellipsoid and tilts in the direction of the velocity (Figure 1.7) and the splitting stays possible as long as the capillary number remains greater than the critical value Ca cr . This value depends strongly on the ratio of the viscosities R v = η d ηc , where the most efficient fragmentation occurs for values of R v close to unity in pure shear, under stationary conditions [START_REF] Grace | Dispersion phenomena in high viscosity immiscible fluid systems and application of static mixers as dispersion devices in such systems[END_REF]. Depending on the value of this viscosity ratio R v , different drop breakup modes [START_REF] Colonna | Mise en oeuvre des matières agroalimentaires 1[END_REF]] in a shear flow can be identified such as tip streaming [START_REF] De Bruijn | Tipstreaming of drops in simple shear flows[END_REF] or end pinching [START_REF] Stone | Engineering flows in small devices : microfluidics toward a Lab-on-a-Chip[END_REF] for R v < 0.02, binary break for 0.02 < R v < 1, monodisperse domain for 1 < R v < 4 or impossible breakup for for 4 < R v (Figure 1.8).

In an elongational laminar flow, drops also follow an ellipsoidal deformation, for which the major axis is directed in the direction of the velocity gradient (Figure 1.7). The main stresses are in the direction of the flow: therefore, the deformation of even highly viscous drops is not limited by rotation. Different breakup modes [START_REF] Colonna | Mise en oeuvre des matières agroalimentaires 1[END_REF] can be identified in an elongational flow such as streching and compression.

However, for the same strain rate, an elongational flow is more efficient than a shearing flow in drop breakup and is not limited by the viscosity ratio [START_REF] Grace | Dispersion phenomena in high viscosity immiscible fluid systems and application of static mixers as dispersion devices in such systems[END_REF][START_REF] Janssen | Influence of dynamic interfacial properties on droplet breakup in plane hyperbolic flow[END_REF] (the critical Weber number is much lower, especially for high viscosity ratios). In fact, as compared to the case of shear flows where neighbouring fluid elements separate linearly with time, the material elements undergo much higher strains during extensional flows which typically leads to a strongly nonlinear dependence of the extensional stresses on the strain and therefore the separation is exponential in time [START_REF] Burghelea | Transport phenomena in complex fluids[END_REF]. In other practical words, the deformation of droplets may be linear in time with only shear flow, while exponential in time in an extensional elongational flows (Figure 1.9), working with the same rate (shear rate γ = ε extensional rate) under different flow kinematics, which can be described by having a larger deformation (Figure 1.10 , black square) in an elongational flow than in a shearing flow (Figure 1.10, black circle) after a certain given time.

Therefore, for complex flows characterized by a high value of R v (which is the case of the following study) one should try to find flows with a strong elongational component in order to deform and break the dispersed phase. [START_REF] Toutouh | Drag Reduction in Turbulent Flows by Polymers and Surfactants: An Experimental Study Into the Mechanisms of Drag Reduction by Additives[END_REF].

Turbulent flow

The use of laminar flows in order to generate emulsions is somewhat limited for several reasons. First, at a laboratory scale (in vessels with characteristic sizes ranging from mm to cm), laminar flows are slow (Re < 1). Thus, such flows are not well suited for emulsion production at high throughput. Second, the stresses generated within laminar flows are typically limited by the scale of the shear rates and usually do not become much larger than the Laplace pressure. This sets an additional limitation to the smallest drop size.

An efficient strategy to overcome these limitations would be to generate flows where shear and extension are alternated in a random manner over a variety of space and time scales in both Eulerian and Lagrangian frames. Inertially turbulent flows, which are briefly discussed through this subsection, are ideal candidates.

In essence, a laminar flow becomes turbulent when small perturbations or instabilities in the flow are provided with a sufficient input of energy to grow and destroy the orderly nature of the laminar flow. Although the turbulence regime is extremely frequent in natural or industrial processes [START_REF] Tennekes | others A first course in turbulence[END_REF][START_REF] Ting | Dynamics of surf-zone turbulence in a spilling breaker[END_REF], turbulence is very difficult to define precisely and even though a lot of scientists had tried to define it there is no consensus on its definition yet. This turbulent effect is due to the irregularity or obstruction on the path of the fluid flow. In fact, the fluid layers in a turbulent flow can cross paths due to the continuous change in the magnitude and direction of the flow; fluid particles may move along directions that are not parallel to stream lines, unlike laminar flows (Figure 1.11). The prediction of turbulence can be done to some extent by the Reynolds number.

Turbulent flows are characterized by irregularity, diffusivity, rotationality and dissipation. Turbulent flows are always highly irregular [START_REF] Pope | Turbulent flows[END_REF]. A plot of the velocity as a function of time at most points in the flow would appear random to an observer unfamiliar with these flows. Turbulence fluctuates on a broad range of length and time scales and this variability in both space and time is quite large. For this reason, turbulence problems are normally analysed statistically rather than deterministically. A turbulent flow is chaotic. However, not all chaotic flows are turbulent. Diffusivity is responsible for the enhanced mixing and increased rates of mass, momentum and energy transports in a turbulent flow [START_REF] Ferziger | Computational Methods for Fluid Dynamics[END_REF]. A turbulent flow is always rotational and three dimensional [START_REF] Kundu | Fluid mechanics[END_REF]. The time-averaged velocity may be a function of only two coordinates, but the instantaneous field fluctuates rapidly in all three spatial dimensions. Turbulence dissipates rapidly as the kinetic energy is converted into internal energy by viscous shear stress, therefore a persistent source of energy supply is required to sustain a turbulent flow.

CHAPTER 1. STATE OF THE ART

The readily available supply of energy in turbulent flows tends to enhance the homogenization of fluid mixtures. The existence of the turbulent eddies and swirls is a tremendous asset for mixing. It indeed promotes scalar advection in all directions of the fluid. Turbulence is thus highly wanted in industrial mixing and dispersion. However, the random components of turbulent flows cause these events to differ from each other in size, strength, and time interval between occurrences, making their study very difficult. On the other hand, generating fluctuations in a broad range of space and time scales comes at an energetic price called flow resistance since increased mixing of momentum results in increased frictional forces, thus increasing the power required to pump a fluid. As the sophistication of engineering devices increases, the levels of detail and accuracy required also increase, as does the cost and the difficulty of making measurements [START_REF] Toutouh | Drag Reduction in Turbulent Flows by Polymers and Surfactants: An Experimental Study Into the Mechanisms of Drag Reduction by Additives[END_REF][START_REF] Bibliography Buchhave | Measurement of turbulent spatial structure and kinetic energy spectrum by exact temporal-to-spatial mapping[END_REF].

Droplet breakup by turbulence

In a turbulent regime, dynamic fluctuations in pressure on dispersed drops apply inconsistently to the interface until the droplet deforms and bursts [START_REF] Galindo Alvarez | Étude de l'inversion de phase catastrophique lors de l'émulsification de produits visqueux[END_REF], and determine the maximum size of the drops in the system. These fluctuations span a broad range of space and time scales. Fluctuations at integral space scales will allow the initial deformation of the interface and unlike pattern forming instabilities, turbulent flows act at small scales as well.

In fact, when the dispersed phase is added to the continuous one in a turbulent flow, the dispersed phase breaks first into large liquid globules that are elongated next. These elongated globules are then deformed into large slugs that break up into large drops. Until a dynamic equilibrium is established in the turbulent flow of the continuous phase, these large drops will be further deformed either under the action of viscous forces or under the action of dynamic pressure fluctuations on length scales of the order of the drop diameter [START_REF] Lemenand | Étude expérimentale de l'intensification des transferts dans un échangeur réacteur statique : mélange de deux fluides non-miscibles[END_REF]. As a matter of fact, the regions where the combined action of the local shear and local extension has an effect on the fractionation of the drops are of a much smaller length scale compared to the size of the largest drops found in dynamic equilibrium.

"Big whirls have little whirls that feed on their velocity, and little whirls have lesser whirls and so on to viscosity" [START_REF] Richardson | Weather prediction by numerical process[END_REF]. [START_REF] Richardson | Weather prediction by numerical process[END_REF] studied the structure of turbulence for meteorological applications and states that big eddies are highly inertial and tend to be unstable. Their motion feeds smaller eddies thanks to a local transfer of kinetic energy. These smaller eddies undergo the same process, giving rise to even smaller eddies that inherit the energy of their parent eddy, and so on. This transfer of energy is usually called "energy cascade" (Figure 1.12) and it is mainly inertial, thus almost no energy dissipation occurs until reaching a sufficiently small length scale such that the viscosity of the fluid can effectively dissipate the kinetic energy [START_REF] Richardson | Weather prediction by numerical process[END_REF].

The complexity of turbulence and its aleatory behavior led scientists to use statistical models to describe turbulence flows. [START_REF] Kolmogorov | On the breakage of drops in a turbulent flow[END_REF] enhanced Richardson's theory and the theory of turbulence of Kolmogorov gives an interesting approach to the mechanisms of emulsion formation [START_REF] Kolmogorov | The local structure of turbulence in incompressible viscous fluid for very large Reynolds numbers[END_REF]. The theory highlights three types of eddies. Large eddies, with a length scale of the order of the continuous phase fluid, are unstable and effectively transfer their kinetic energy to smaller eddies. Medium Figure 1.12: Sketch of the disintegration of parent eddies into successive smaller eddies until energy dissipation occurs [START_REF] Richardson | Weather prediction by numerical process[END_REF].

size eddies transport a significant part of the kinetic energy of the flow to the small eddies that are characterized by a critical size below which the energy of the eddies is transformed into heat by viscous friction.

The size of the smallest eddies is called the Kolmogorov scale (eq. 1.9) and droplets smaller than this are usually not greatly deformed. Medium-sized eddies (of the same order of magnitude as the diameter of the drops) are called energy-bearing eddies and they are mainly responsible for droplet breakup [START_REF] Walstra | Principles of emulsion formation[END_REF]. 1.9) where: In the case where the drop diameter d is larger than the Kolmogorov scale λ k (d > λ k ), the drop undergoes longitudinal and transverse heave related to the pressure fluctuations applied to its interface. When these fluctuations are totally uncorrelated, the dynamic pressure force associated with these fluctuations of speed causes local deformations that can lead to the breakup of the drop (Figure 1.13, Top panel).

λ k = η c ρ c 0.75 × ϵ -0.25 ( 
λ k =
In the case where the drop diameter d is smaller than the Kolmogorov scale λ k (d < λ k ) then the viscous force associated with the continuous phase plays a dominant role and the drop deformation and breakup occur rarely (Figure 1.13, Bottom panel). Drops deform under the action of viscous stress inside and between the eddies. 

Mechanical systems for emulsion production

After discussing the physical principles underlying the breakup of drops in a flow, several engineering approaches commonly used to produce emulsions will be discussed in the following part.

Depending on the emulsification technology used, shear or elongation flow will be predominant. These devices thus lead to emulsions of variable quality in terms of drop size and particle size distribution because the flows (laminar or turbulent) as well as the force ratios are totally dependent on the operating mode of these technologies [START_REF] Debas | Émulsification en systèmes microstructurés[END_REF]. Different mechanical and non-mechanical ways of emulsion production exist. Nonmechanical processes include precipitation of the dispersed phase previously dispersed in the continuous phase and phase inversion. However, mechanical processes (Figure 1.14) are most frequently applied for emulsion production. A conventional and common practice is working in the batch mode, agitating the mixture of the immiscible liquids in a tank using impellers or magnetic force [START_REF] Chen | Drop size distribution in agitated liquid-liquid systems[END_REF].

Rotor-stator systems

The rotor-stator device [START_REF] Karbstein | Untersuchungen zum Herstellen und Stabilisieren von Öl-in-Wasser-Emulsionen[END_REF] is one of the most commonly used systems. It consists of a stator with holes or slots more or less tight and a rotor rotating at high CHAPTER 1. STATE OF THE ART Figure 1.14: Mechanical emulsification processes [START_REF] Schubert | Product and formulation engineering of emulsions[END_REF].

speed. The product is sucked into the working head and then expelled after passing through the rotor and stator blades, where it undergoes very high shear forces due to the air gap between the rotor and the stator (of the order of a millimeter or less) and the very high speed [START_REF] Pierat | Préparations d'émulsions par inversion de phase induite par agitation[END_REF].

Shear forces in the laminar regime, and shear and inertial forces in the turbulent regime are dominant in the rotor-stator systems.

Static mixers

Static mixers [START_REF] Lemenand | Droplets formation in turbulent mixing of two immiscible fluids in a new type of static mixer[END_REF]] are composed of a set of static elements placed end to end in a tube (no rotating mechanical part). Each element has a particular rigid geometrical structure that divides the flow and recombines it. These mixers have the advantage of generating homogeneous shear and turbulence, leading to relatively fine emulsions (1 µm) with a narrow particle size range. Their major disadvantage is their difficult cleaning due to a complex geometry which increases the risk of clogging. One of the most widely used mixers for the production of emulsions is the Sulzer SMX [START_REF] Theron | Turbulent Liquid-Liquid Dispersion in Sulzer SMX Mixer[END_REF].

High pressure systems

As in the case of rotor-stator systems, the mechanical energy is the driving force for the dispersion of drops. High-pressure homogenization [START_REF] Stang | Emulsification in high-pressure homogenizers[END_REF][START_REF] Yuan | Characterization and stability evaluation of βcarotene nanoemulsions prepared by high pressure homogenization under various emulsifying conditions[END_REF][START_REF] Schlender | High-pressure emulsion formation in cylindrical coaxial orifices: Influence of cavitation induced pattern on oil drop size[END_REF] is widely used for producing dairy and food emulsions. It consists of forcing a coarse premix (a pre-emulsion) to flow through an inlet valve, into a mixing chamber, under the effect of a very high pressure [START_REF] Leal-Calderon | Emulsion Science. Basic Principles[END_REF]. Depending on the elongation forces in the laminar regime or the turbulent one, the flow can cause the deformation and then the rupture of the droplets. The efficiency of droplet breakup depends largely on the geometry of the homogenizing valve. There are high-pressure systems working between 5 to 80 M P a and others up to 410 M P a.
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Ultrasound process

In the case of ultrasound [START_REF] Behrend | Influence of continuous phase viscosity on emulsification by ultrasound[END_REF][START_REF] Behrend | Influence of hydrostatic pressure and gas content on continuous ultrasound emulsification[END_REF], cavitation is the main effect that leads to rupture. Ultrasound is generated in 2 ways: by mechanical action (whistle) or by transforming an electrical signal into a vibration of the same frequency (transducer). The emulsions generated by ultrasound are very fine but with wide droplet size distributions which limits their application.

Membranes

Emulsions may also be produced by droplet formation at membranes [START_REF] Nakashima | Development of membrane emulsification and its applications to food industries[END_REF][START_REF] Joscelyne | Membrane emulsification -a literature review[END_REF]. This process consists of forcing the dispersed phase to permeate into the continuous phase through a membrane having a uniform pore size distribution. The dispersed phase is pressed perpendicular to the membrane and droplets forming at the pore outlets are detached by the continuous phase flowing parallel to the membrane [START_REF] Schubert | Product and formulation engineering of emulsions[END_REF]. The drop size distributions of emulsions obtained from membranes are usually narrow although the flow rates are rather small.

Microchannels

Numerous emulsification techniques are currently used in both batch and continuous processes. Even if traditional techniques are still widespread, manufacturers are beginning to study the possibility of using microtechnology, which offers multiple advantages in terms of cost, quality and safety. The use of microchannels for emulsification is a process that appeared only in the 2000s for the production of mono-disperse emulsions [START_REF] Schubert | Product and formulation engineering of emulsions[END_REF].

For the microchannel technology, the principle is reminiscent of membrane emulsification, the dispersed phase is forced into the continuous phase through microchannels. These devices allow a production of drops and bubbles with an unprecedented uniformity as well as a control of the volume and the frequency of production [START_REF] Kawakatsu | Regular-sized cell creation in microchannel emulsification by visual microprocessing method[END_REF][START_REF] Anna | Droplets and bubbles in microfluidic devices[END_REF].

Liquid-liquid dispersion in microchannels

As the bulk of this thesis concerns the emulsification in microchannels, the current progress on emulsion production in microchannels will be discussed in more details.

Microfluidics is a field that deals with the implementation of micrometer-sized systems acting on small amounts of fluids. It is now established as a new field of research [START_REF] Beebe | Physics and applications of microfluidics in biology[END_REF]Whitesides, 2006;[START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction-scaling and mechanism of break-up[END_REF]. Depending on the application for which the emulsion is intended, the microchannel emulsification process allows the production of a more or less fine dispersion.

This study is based on the continuous emulsion production using microchannels that allow an intensification of the transfers and that come out as an excellent technology due to their relatively low production cost, ease of production by machining and ease of maintenance. Therefore, the following part of this section invites to investigate the major potentials of the use of microchannels: liquid-liquid dispersion via the different Figure 1.15: Geometric structures of common microfluidic devices used for emulsification [START_REF] Zhao | Two-phase microfluidic flows[END_REF].

geometries listed for microchannels and types of flows identified within these microdevices.

Different techniques are used for the manufacture of microchannels. The choice of the material must necessarily meet several criteria: physico-chemical characteristics, manufacturing techniques, price, etc. Normally, it should withstand relatively high pressures [START_REF] Pipe | High shear rate viscometry[END_REF][START_REF] Costa | Studies of droplets formation regime and actual flow rate of liquid-liquid flows in flow-focusing microfluidic devices[END_REF], offer a suitable surface energy, be able to be shaped and machined by simple techniques and, if necessary, be transparent to allow optical investigations [START_REF] Belkadi | Etude expérimentale du fractionnement liquide-liquide en micro-canaux pour la production en continu de biodiesels émulsionnés[END_REF]. In fact, due to the size of the microchannels and depending on the process conditions, the drops formed inside these devices can reach significant speeds of the order of 0.1 to 16 m/s [START_REF] Fu | Bubble formation and breakup mechanism in a microfluidic flow-focusing device[END_REF][START_REF] Laporte | Flow process conditions to control the void fraction of food foams in static mixers[END_REF]. Therefore, a transparent system gives a direct visual access to the phenomena of drop formation and their evolution by means of microscopy and photography.

Geometric classification of microscopic flow patterns

Early microfluidic devices proposed for multiphase flows were classified [START_REF] Zhao | Two-phase microfluidic flows[END_REF][START_REF] Van Hoeve | Fluid dynamics at a pinch: droplet and bubble formation in microfluidic devices[END_REF] based on their geometry into: T-junction [START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF][START_REF] Link | Geometrically mediated breakup of drops in microfluidic devices[END_REF][START_REF] Tice | Effects of viscosity on droplet formation and mixing in microfluidic channels[END_REF][START_REF] Pugh | Bubble and foam chemistry[END_REF], flow-focusing [START_REF] Garstecki | Formation of monodisperse bubbles in a microfluidic flow-focusing device[END_REF][START_REF] Costa | Studies of droplets formation regime and actual flow rate of liquid-liquid flows in flow-focusing microfluidic devices[END_REF] and co-flow [START_REF] Nisisako | Synthesis of Monodisperse Bicolored Janus Particles with Electrical Anisotropy Using a Microfluidic Co-Flow System[END_REF][START_REF] Perro | Mastering a double emulsion in a simple co-flow microfluidic to generate complex polymersomes[END_REF].
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T-junction

The T-junction microchannel (Figure 1.15.A) is one of the most frequently used microfluidic geometries for the production of immiscible fluid segments. It corresponds to the case of two channels meeting at an angle of 90°. Consequently, it is possible that one of the fluids is strongly slowed down by the wall in front of it. Generally, liquid-liquid flows in T-junction geometries are achieved by operation in one of two modes [START_REF] Zhao | Two-phase microfluidic flows[END_REF]: the cross-flowing [START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF] and the perpendicular flowing [Xu et al., 2006]. In the cross flowing (Figure 1.15.A,b), the continuous phase is introduced from the horizontal channel and the dispersed phase flows through the perpendicular one so that droplets are sheared-off by the cross-flowing shear force. In the perpendicular flowing (Figure 1.15.A,c), contrary to cross-flowing, the continuous phase is introduced from the perpendicular channel and the dispersed phase flows through the horizontal channel. The cross-flowing rupture technique produces droplets with a narrower range of droplet size compared with the perpendicular flowing technique.

Two kinds of flow patterns are discerned in T-junction microchannels by varying the flow rates of the continuous and dispersed phases, namely, plug flow and droplet flow [START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF][START_REF] Tice | Effects of viscosity on droplet formation and mixing in microfluidic channels[END_REF].

Flow-focusing

In this type of flow [START_REF] Anna | Formation of dispersions using "flow focusing" in microchannels[END_REF][START_REF] Hamlington | Liquid crystal droplet production in a microfluidic device[END_REF], the dispersed phase is pressed by two continuous phase flows coming from the sides (Figure 1.15.B), leading to the breaking of the dispersed phase stream and the formation of droplets. In most of the cases, one fluid travels through two channels facing each other while the other fluid arrives through a channel at a 90°angle.

Flow-focusing microchannels are widely used for generating spherical monodisperse droplets [START_REF] Hamlington | Liquid crystal droplet production in a microfluidic device[END_REF][START_REF] Yobas | High-performance flow-focusing geometry for spontaneous generation of monodispersed droplets[END_REF]. In comparison with T-junction microchannels, the flow-focusing device usually generates droplets rather than plugs due to the confinement of the dispersed phase in the central region of the main channel. Therefore, the droplets can be protected from shear, and contact with the channel walls, which might result in adhesion or damage of the droplets [START_REF] Zhao | Two-phase microfluidic flows[END_REF].

Co-flow

In the co-flowing geometry (Figure 1.15.C), two fluids travel in parallel through two concentric channels. One fluid travels through an inner channel, while the other travels through the outer channel. The three channels eventually merge into a single channel and the shear caused by the velocity gradient allows the drops (or bubbles) formed by the fluid traveling through the central channel to be detached [START_REF] Cramer | Drop formation in a co-flowing ambient fluid[END_REF][START_REF] Hua | Numerical simulation of microdroplet formation in coflowing immiscible liquids[END_REF]. By varying a certain number of physical parameters, the droplets can be formed either, at the end of the tube or the needle (Figure 1.15.C,b) or much further in the main channel, at the end of the fluid stream (Figure 1.15.C,c). This technique is used to produce monodisperse droplets.

Currently, a large number of new and increasingly complex geometries are being proposed for different applications and the classification of microfluidic systems has also expanded and became more complex depending on the fluid injection configuration [START_REF] Bibliography Haase | Characterisation of gas-liquid two-phase flow in minichannels with co-flowing fluid injection inside the channel, part II: gas bubble and liquid slug lengths, film thickness, and void fraction within Taylor flow[END_REF][START_REF] Pimenta | Electro-elastic instabilities in cross-shaped microchannels[END_REF].
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Mechanisms of drop formation in microchannels

Even if there are several microfluidic geometries, the mechanisms of drop and bubble formation inside these devices present similarities for most of these geometries. These mechanisms depend on the mean velocities of the two flowing phases U c and U d , their viscosities η c and η d , their densities ρ c and ρ d , their interfacial tension γ c/d and the geometry of the system [START_REF] Utada | Dripping to jetting transitions in coflowing liquid streams[END_REF]. Hence, three distinct mechanisms of drop formation in microchannels can be identified (Figure 1.16): squeezing, dripping and jetting [Muijlwijk et al., 2016b;[START_REF] Anna | Droplets and bubbles in microfluidic devices[END_REF][START_REF] Pugh | Bubble and foam chemistry[END_REF].

Squeezing

Squeezing occurs at low capillary numbers (Ca cr < 0.02 [START_REF] De Menech | Transition from squeezing to dripping in a microfluidic T-shaped junction[END_REF][START_REF] Liu | Droplet formation in a T-shaped microfluidic junction[END_REF][START_REF] Tostado | The effects of hydrophilic surfactant concentration and flow ratio on dynamic wetting in a T-junction microfluidic device[END_REF]), where interfacial forces are dominant. It starts with an expansion of the droplet into the main channel after which the post-junction channel becomes blocked (Figure 1.16.A) because the shear force is not strong enough to extend the droplet more [Muijlwijk et al., 2016b]. Hence, the pressure upstream of the emerging droplet increases [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction-scaling and mechanism of break-up[END_REF][START_REF] De Menech | Transition from squeezing to dripping in a microfluidic T-shaped junction[END_REF][START_REF] Vladisavljević | Production of uniform droplets using membrane, microchannel and microfluidic emulsification devices[END_REF] which results in squeezing of the neck and finally detachment of the droplet.

The squeezed drops look more like slugs than spherical drops [START_REF] Fu | Bubble formation and breakup dynamics in microfluidic devices: A review[END_REF].

Dripping

Dripping occurs at higher capillary numbers relative to squeezing. In this regime (Figure 1.16.B) the shear stress exerted by the continuous phase is large enough to deform the emerging droplet so it does not block the entire channel [Muijlwijk et al., 2016b]. Shear stress increases up to a certain critical value that exceeds the interfacial tension force at which the droplet reaches a critical size and then detaches [START_REF] Chen | CFD Simulation of Droplet Formation in a Wide-Type Microfluidic T-Junction[END_REF].

Drops are produced directly at the outlet of the needle for co-flowing geometries [START_REF] Utada | Dripping to jetting transitions in coflowing liquid streams[END_REF], at the orifice in flow-focusing geometries or at the crossing in the T-junction microchannel.

Jetting

Jetting occurs at very high flow rates or at small interfacial tensions [START_REF] De Menech | Transition from squeezing to dripping in a microfluidic T-shaped junction[END_REF], thus at high capillary numbers (Ca cr > 0.1 [START_REF] Anna | Droplets and bubbles in microfluidic devices[END_REF][START_REF] Herrada | Theoretical investigation of a technique to produce microbubbles by a microfluidic T junction[END_REF]).

The dispersed phase now has the form of a filament jet that ends up splitting into drops (Figure 1.16.C). In this regime, the drop sizes tend to be less uniform since the instability is driven along the filament and therefore the detachment point is not stationary [START_REF] Utada | Dripping to jetting transitions in coflowing liquid streams[END_REF].

This regime is the interesting mechanism for drop formation in the current work since the capillary numbers herein exceed the critical value of 0.1 for this regime.

High flow rate cross-slot microsystem

The microsystem [START_REF] Belkadi | Etude expérimentale du fractionnement liquide-liquide en micro-canaux pour la production en continu de biodiesels émulsionnés[END_REF] used in the present study uses head-on impinging configuration and is designed to handle much higher flow rates than most of those traditionally CHAPTER 1. STATE OF THE ART Figure 1.16: Mechanisms of droplet formation in microchannels [Muijlwijk et al., 2016b].

used in microfluidic devices. In particular, the kinetic energy transported into the collision area is much greater than that in the conventional use of microsystems [START_REF] Ji | Fast oil-in-water emulsification in microchannel using head-on impinging configuration: Effect of swirl motion[END_REF].

The first work [START_REF] Tamir | A new two-impinging-streams emulsifier[END_REF][START_REF] Tamir | Impinging stream reactors: fundamentals and applications[END_REF] initiated on the use of impacting jets in order to achieve a liquid-liquid dispersion of immiscible fluids was firstly developed employing spray guns to inject two streams of kerosene in water mixture for face-to-face impinging and thus forming final emulsions. Experiments in a modified version setup of this apparatus was carried out [START_REF] Bibliography Kiljański | Preparation of emulsions using impinging streams[END_REF] highlighting an optimum distance between the outlets at which the best disintegration of drops would be realized. Jets from mini or micro channels impinging in confined space were also studied [Mahajan and Kirwan, 1996;[START_REF] Bothe | Fluid mixing in a T-shaped micro-mixer[END_REF][START_REF] You | Influence of adjusting the inlet channel confluence angle on mixing behaviour in inertial microfluidic mixers[END_REF] to characterize micro-mixing effect and timescale in the two-impinging scheme.

This principle of impacting jets is taken up and applied in the microchannel using miscible fluids [START_REF] Ait Mouheb | Flow characterization in T-shaped and cross-shaped micromixers[END_REF][START_REF] Ait Mouheb | Caractérisations expérimentale et numérique de l'écoulement et du transfert de matière dans des micromélangeurs[END_REF], giving rise to confined impact jets, and used later with immiscible fluids, oil and water, in order to produce emulsions [START_REF] Montillet | Continuous production of water-in-oil emulsion using micromixers[END_REF][START_REF] Tsaoulidis | Liquid-liquid dispersions in intensified impinging-jets cells[END_REF][START_REF] Siddiqui | Oil-in-water emulsification using confined impinging jets[END_REF][START_REF] Siddiqui | The effect of oils, low molecular weight emulsifiers and hydrodynamics on oil-in-water emulsification in confined impinging jet mixer[END_REF].

A confined impinging jet flow is based on the principle of the impact of two immiscible fluids within a microchannel (Figure 1.17). Three flow configurations were tested on this microchannel with a 90°angle clearly identified between the four channels (Figure 1.18). Using a T-system having channels with a hydraulic diameter of 500 µm , the configuration where the two phases flow in two opposite directions on the same axis (Figure 1.18, Configuration B) produces emulsions characterized by a mean droplet size which is slightly smaller and less dispersed than with the other configuration (Figure 1.18, Configuration A), in which the continuous phase flows perpendicular to the dispersed phase [START_REF] Montillet | Continuous production of water-in-oil emulsion using micromixers[END_REF].

Inspired by these works, a new microchannel system was developed and patented within the LTEN and GEPEA for the production of emulsions [START_REF] Bellettre | Device and method for carrying out a continuous emulsion of two immiscible liquids[END_REF]. The overall problem which the present invention seeks to solve is to provide an emulsification system dedicated particularly to the continuous production of emulsions of two immiscible liquids. Moreover, the operating flow rates of this microsystem can go up to 500 mL/min which is well above the flow rates usually implemented in the field of milli and microfluidics. This emulsifying device (Figure 1.19) consists of a cross-shaped microsystem with two inlet channels for each fluid which face each other along a central intake axis and two outlet microchannels from which the formed emulsion will exit the device (Figure 1.18, Configuration C). The inlet and outlet microchannels intersect at a crossing impact zone able to generate an interface between the fluids, and thus constitute a pre-emulsion intended to circulate in the outlet microchannels up to upon completion of emulsion formation.

The microsystem consists of two P M M A plates in order to facilitate optical investigations. The microchannel was machined using a fast spinning (14000 rot/min) micromilling head (Nakanishi, model HES510 -BT 40) mounted on a commercial computer controlled milling machine (Twinhorn, model V H1010). This micro-milling technique has been previously used in microfluidics, [START_REF] Montillet | Continuous production of water-in-oil emulsion using micromixers[END_REF]; [START_REF] Lopes | Low cost microfluidic device for partial cell separation: Micromilling approach[END_REF]. By a precise alignment of the initial P M M A slab on the stage of the milling machine, the depths of the micro-channel was accurately controlled over its entire length with an end to end variation smaller than one percent. The average roughness of the edges of the microchannel as resulted from the micro-milling process is roughly of the order of a micron which accounts for less than one percent of the channel width. The edge smoothness obtained with this micro-machining technique is comparable to that obtained via the classical micro lithography techniques used to produce P DM S microchannels [START_REF] Torsen | Microfluidic large-scale[END_REF]. However, unlike the more popular P DM S microchannels, the micro-milled Initially, the microchannels of the microsystem were machined so as to present a square section of (600 µm) 2 . Then, for the sake of reducing the volume fraction of the dispersed phase and generating a swirl flow favoring the breakup of the filaments or the dispersed phase drops, the section of the dispersed phase inlet channel was reduced to (300 µm) 2 , the other channels keeping a section of (600 µm) 2 (more details about the geometry of the microchnnel will be provided in Sec. 3.2.

Different advantageous improvements, have been applied to this device such as making bends at the outlet microchannel (Figure 1.20), having a sudden widening or narrowing formed in each outlet microchannel or even further having a second microsystem in series or in parallel with it [START_REF] Belkadi | Study of two impinging flow microsystems arranged in series. Application to emulsified biofuel production[END_REF].

This device has been studied and used for some years now for the production of waterin-oil and oil-in-water emulsions and foams. It is therefore important to recall briefly the main findings of these studies.

Previous work done using this microsystem

In the composition of an emulsified biofuel, the presence of a small fraction of water in the form of droplets, with a diameter of about 5 µm, is essential for the pollutants reduction during combustion due to micro-explosion. Therefore, [START_REF] Belkadi | Etude expérimentale du fractionnement liquide-liquide en micro-canaux pour la production en continu de biodiesels émulsionnés[END_REF] focused on the process of water in a lipid phase emulsification that may be used as biofuel. Figure 1.20: 2D representation of the 600-300 microsystem with one bend at each oulet microchannel [Belkadi et al., 2018;[START_REF] Nehme | Production of oil in water emulsions in microchannels at high throughput: Evaluation of emulsions in view of cosmetic, nutraceutical or pharmaceutical applications[END_REF].

CHAPTER 1. STATE OF THE ART He used the microsystem based on impinging flows to form water-in-oil emulsions (w/o) where different geometries were tested and discussed in order to generate a frontal impact of suffcient power between the two phase inflows. The Newtonian working fluids were sunflower oil as the continuous phase and water as a dispersed phase. The comparison of the emulsions obtained by the different systems was made in terms of mean size and size distribution of the water droplets in the dispersion, and process energy consumption [Belkadi et al., 2015[Belkadi et al., , 2018]]. The emulsions obtained were polydisperse and contained less than 20 % by volume of water for an average dispersion diameter of 10 µm with applied capillary numbers of Ca = 4 -12, i.e. 10 to 1000 times higher than those previously investigated in the literature [START_REF] Nisisako | Droplet formation in a microchannel network[END_REF][START_REF] Zheng | Formation of droplets of alternating composition in microfluidic channels and applications to indexing of concentrations in droplet-based assays[END_REF]Xu et al., 2006;[START_REF] Salim | Oil-water two-phase flow in microchannels: Flow patterns and pressure drop measurements[END_REF][START_REF] Bibliography Kim | Liquid-liquid segmented flows in polycarbonate microchannels with cross-sectional expansions[END_REF]. Depending on applied flow rates and water fraction, the use of two microsystems in series allowed to reduce the mean size of droplets by a factor 2 to about 3 [START_REF] Belkadi | Study of two impinging flow microsystems arranged in series. Application to emulsified biofuel production[END_REF]. A high speed camera and a collecting polarized light technique enabled respectively the characterization of the hydrodynamic liquid-liquid flow and the determination of the active area of fractionation in these microsystems [Belkadi et al., 2015].

Following this work, [START_REF] Ji | Fast oil-in-water emulsification in microchannel using head-on impinging configuration: Effect of swirl motion[END_REF] used this device to form oil-in-water (o/w) emulsions, experimentally investigated at broad range of flow rate conditions. Flow pattern observation in the vicinity of impinging region was used to characterize the effect of Reynolds number (1000 -7000) and oil volume fraction (3% -30%) on the water-oil interaction and thus emulsification process. Based on the measured droplet size and size distribution, two geometries were compared, the so-called classical one (600 µm -600 µm) and a second one (600 µm -300 µm) with an off-axis for the dispersed phase, in order to evaluate swirl flow in the collision region for producing high quality emulsions and found that the latter geometry only exhibits a superior performance, compared to the conventional equal-size geometry, at relatively higher Reynolds numbers where the turbulent flow leads to finer and monodispersed droplets in the o/w emulsion. Ji et al. [2021a] also studied drop by drop atomization and then drop breakage by observing single drop breakup process (Figure 1.21) and noticed that the breakage time and the number of daughter drops in the resulting population were found to be highly dependent on the mother drop size and energy dissipation rate. Ji et al. [2021b] then experimentally investigated the liquid-liquid dispersion process to produce oil-in-water emulsions working at high flow rates in the cross-slot microchannel by characterizing the droplet size and size distribution and, the continuous and dispersed phase flow interactions in the vicinity of the collision region. The arithmetic averaged diameter is smaller than 10 µm at all tested flow conditions and the minimum mean diameter reaches 3.9 µm at the highest energy consumption case.

Liquid-liquid breakup with non-Newtonian fluids

Most applications of microsystems for emulsion production to date have involved the use of very controlled conditions such as very low flow rates of the order of 0 to 1 mL/min and solutions with a Newtonian character. The previous works on emulsification used mainly a Newtonian aqueous and a lipid phase and compared energy consumption and energy dissipation rate for different conditions. However, in order to widen the study on the energy effciency of the system in hand, the present work will replace the Newtonian aqueous phase by a non-Newtonian shear-thinning one. The idea is to explore the possibility of controlling the emulsification process by a fine rheological tuning on one hand. And on the other hand, many non-Newtonian fluids are used as aqueous phases in the industry such as in cosmetics, foods or paints.

Non-Newtonian fluids

By contrast, a fluid is called non-Newtonian when it does not respect Newton's Law. This means that the relation between shear stress (τ ) and shear rate ( γ) is no longer linear [START_REF] Burghelea | Transport phenomena in complex fluids[END_REF], the viscosity may be time-dependent, and depends on both flow conditions (flow geometry, pressure and temperature) and external forcing (magnitude of the shear stress applied to the fluid, shear rate developed within the fluid, degree of steadiness of the imposed stress and kinematic history of the deformation state of the fluid [START_REF] Ionescu | Mathematical modelling with experimental validation of viscoelastic properties in non-Newtonian fluids[END_REF]). The non-Newtonian fluid behaviour is so widespread in nature and in technology that it would be no exaggeration to say that the Newtonian fluid behaviour is an exception rather than the rule [START_REF] Chhabra | Non-Newtonian fluids: an introduction[END_REF]! Complex fluids are liquid phases containing small sized particles, droplets, bubbles, cells, large molecules, fibers, or any other micro scale objects giving those fluids specific macroscopic properties [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF]. They exhibit unusual mechanical responses to applied stress or strain (mechanical, physico-chemical, aggregation...) due to the geometrical constraints that the phase coexistence imposes. These fluids are most of the time non-Newtonian and may elaborate different relationships between shear stress and shear rate (Figure 1.22), thus, belong to different non-Newtonian categories. Of course, some fluids may combine several of these behaviors making the understanding of their dynamic even more complex [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF]. 

Shear-thinning

Shear-thinning fluids or pseudo-plastic fluids are fluids for which the viscosity decreases with the shear rate. Perhaps, these are the most widely encountered type of timeindependent non-Newtonian fluid behaviour in engineering practice [START_REF] Chhabra | Non-Newtonian fluids: an introduction[END_REF].

The dependence of viscosity on shear is a characteristic of complex fluids which is due to the presence of additives and their nature. When the concentration of the additive is high enough, the overall zero shear rate viscosity of the liquid increases compared to the one of the solvent alone. Applying a shear rate, the viscosity evolution then depends on the suspended additive's behavior [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF]. In complex fluids, the shearthinning behavior comes from the ability of some molecules to deform and adapt their configuration to the shearing flow, just like long chain polymers diluted in Newtonian solvents that can be deformed by a flow.

Pseudo-plastic fluids are characterized by an apparent viscosity which gradually decreases with increasing shear rate. At low shear rates, the apparent viscosity approaches a Newtonian plateau (zero shear viscosity η 0 , eq. 1.10), where the viscosity is independent of shear rate. At high shear rates, the flexibility of the long chain polymers' carbon backbone allows them to stretch and align with the main shear direction (Figure 1.23), thus, the polymer solution's viscosity decreases to a second Newtonian plateau at very high shear rates (infinite shear viscosity η ∞ , eq. 1.11). In most cases, the value of η ∞ is only slightly higher than the solvent viscosity η s . .11) where: Furthermore, the value of the shear rate marking the onset of shear-thinning is influenced by several factors such as the nature and concentration of polymer, the nature of solvent, etc. It is therefore impossible to generalize, but most of the polymeric solutions exhibit the zero-shear viscosity region for values of the shear rate γ < 10 -2 s -1 . Usually, the zero-shear viscosity region expands as the molecular weight of the polymer decreases, or its molecular weight distribution becomes narrower, as the concentration of the polymer in the solution is reduced [START_REF] Chhabra | Non-Newtonian fluids: an introduction[END_REF].

η 0 = lim γ→0 η ( γ) (1.10) η ∞ = lim γ→∞ η ( γ) ( 1 
η 0 =
This polymer shear-thinning behavior is similar to that of blood caused by red blood cells gathering in lines and which eventually split up and deform when passing through narrow vessels [START_REF] Baskurt | Seminars in thrombosis and hemostasis[END_REF][START_REF] Brust | Rheology of human blood plasma: Viscoelastic versus Newtonian behavior[END_REF]. Paints also exhibit a pseudo-plastic behavior that is of interest when trying to efficiently spread a liquid film on a solid surface without having it flowing when the spreading shear stress is no longer applied, which is the same behavior of human tears [START_REF] Tiffany | Viscoelastic properties of human tears and polymer solutions[END_REF]. Other examples of shear-thinning fluids are ketchup, whipped cream and toothpaste.

Shear-thickening

Shear-thickening fluids, also called dilatant, are fluids for which the viscosity increases with the shear rate. An example of a shear-thickening fluid is cornstarch suspended in water (oobleck).

Shear thickening often arises for concentrated colloids or fibers suspensions. Under certain conditions, the interaction forces of colloids may increase with the shear rate making the fluid transition to a solid-like behavior through a major increase in viscosity [START_REF] Melrose | Continuous shear thickening and colloid surfaces[END_REF]. Shear thickening also happens when high shear rates cause rigid colloidal particles collision and the formation of local solid like hydroclusters of particles. This property is used to build body armors or military bullet proof equipments [START_REF] Wagner | Advanced body armor utilizing shear thickening fluids. 23rd army science conference[END_REF].

Viscoelasticity

Fluids that can present elastic properties as well as viscous ones are named viscoelastic fluids [START_REF] Campanella | Engineering and Food for the 21st Century[END_REF][START_REF] Sochi | Flow of non-Newtonian fluids in porous media[END_REF]. Elasticity comes from the solid-like behavior, and the viscous property is representative of a fluid-like nature, therefore, viscoelasticity can be found in solids as well as in liquids. This behavior characterizing what is called "soft" matter can be found in elastomers, rubbers, gels, etc. In its most simple form, viscoelasticity can be modeled by combining Newton's law for viscous fluids (stress/rate of strain) with Hooke's law for elastic solids (stress/strain), as given by Maxwell models for nonlinear viscoelastic fluids.

An example of viscoelastic fluids are highly concentrated polymer solutions [START_REF] Poryles | Rising bubble instabilities and fragmentation in a confined polymer solution[END_REF]. Entangled polymer chains tend to form a quite elastic network that has a quasi solid-like behavior at low deformation or low shear rate. However, elasticity can also be found in dilute polymer solutions, because of the mechanical behavior of polymer molecules. Depending on the polymer chains conformation, their stretching can be more or less elastic and reversible. Energy taken from the fluid during this coil-stretch transition and stored in the deformed polymer chains can be restored to the fluid under different shear conditions [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF]. Another example of viscoelastic fluids is blood [START_REF] Thurston | Effects of flow geometry on blood viscoelasticity[END_REF].

The continuous phase solution in this study will mostly be shear-thinning with a viscoelastic behavior. These fluids are characterized by their extensional viscosity which is the resistance of a fluid to extension. This viscosity, also called Trouton viscosity (Figure 1.24), is the ratio of tensile stress to the extension rate under steady flow conditions where both these quantities attain constant values. Trouton found that the ratio of extensional to shear viscosity is equal to 3 for all Newtonian fluids (eq. 1.12) while the extensional viscosities (η e,0max ) of elastic polymer solutions can be thousands of times greater than their shear viscosities [START_REF] Campanella | Engineering and Food for the 21st Century[END_REF][START_REF] Sochi | Flow of non-Newtonian fluids in porous media[END_REF].

η extensional η shear = 3 (1.12)
where:
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η extensional = extensional viscosity [P a.s] η shear = shear viscosity [P a.s]
The deformation in the microchannel will be a mixture of shear and extension since inertial instabilities will generate local extension. The turbulent properties of the flow in the channels will induce higher deformations and therefore the Trouton ratio is expected to be very high.

Yield-stress

By definition, the verb to yield means to give way under pressure. A simplistic definition of the yield stress of a solid is essentially the point at which, when increasing the applied stress, the solid first shows liquid-like behaviour, i.e. continual deformation. Conversely, a simple definition of the yield stress of a liquid is the point at which, when decreasing the applied stress, solid-like behaviour is first seen, i.e. no continual deformation [START_REF] Barnes | The yield stress-a review or 'παντ α ρει'-everything flows?[END_REF].

Many complex fluids exhibit a soft microscopic scale structure that prevents the flow when the external forcing applied onto them is too small to affect the mechanical integrity. Thus, in conditions of small imposed forcing such materials behave as solids (they may deform but they do not flow). When the external forcing exceeds a certain threshold commonly referred to as the yield point the mechanical integrity of the microstructure is altered and the material starts to flow.

Sometimes, the shear-thinning and/or viscoelastic behavior of a fluid can be associated with a yield stress under which no flow occurs and the fluid behaves like a solid body. This type of fluids is called viscoplastic. A Bingham fluid [START_REF] Bingham | Plastic flow[END_REF][START_REF] Bingham | Fluidity and plasticity[END_REF]] is a yield stress fluid that behaves like a Newtonian fluid once the minimum yield stress is applied.

In an entangled polymer solution, the shear stress needed to break the entanglement network can be seen as the yield stress above which the polymer solution flows. However, the notion of yield stress and flow/no flow distinction is only valid under given observation conditions [START_REF] Barnes | The yield stress-a review or 'παντ α ρει'-everything flows?[END_REF]. In fact, viscoelasticity and yield stress are properties that can be found in all liquid and solid materials: everything flows if one waits long enough, everything can behave like a solid if one looks at it for a time short enough.

Impact of shear thinning and viscoelasticity on liquidliquid dispersion: A brief review

With few exceptions, previous research has been mainly restricted to Newtonian fluids when it comes to emulsification, especially in microchannels. A small amount of polymer added to the liquid solvent has been shown to significantly influence droplet formation in terms of filament formation and droplet pinch-off [START_REF] Zhao | Two-phase microfluidic flows[END_REF]. Therefore, understanding the effects of non-Newtonian rheological behavior on liquid breakup and drop formation in microchannels is of both fundamental and practical importance.

The bulk of emulsification studies involving non-Newtonian fluids relates to shearthinning and viscoelastic fluids. [START_REF] Shimizu | Drop breakage in stirred tanks with Newtonian and non-Newtonian fluid systems[END_REF] measured experimentally drop CHAPTER 1. STATE OF THE ART size distributions in stirred tanks with Newtonian and non-Newtonian (aqueous solutions of carboxymethyl cellulose and xanthan gum) fluid systems. They show that the characteristics of the non-Newtonian continuous phase cause an increase in the maximum drop size and broadens the drop size distributions. [START_REF] Guido | Effects of matrix viscoelasticity on drop deformation in dilute polymer blends under slow shear flow[END_REF] investigated the deformation of a single drop in a dilute polymer blend for a slow steady shear flow by microscopy and image analysis. They conclude that the drop orientation in the shear flow is strongly enhanced due to normal stresses of the matrix fluid. The viscoelastic behaviour of the continuous phase also influences the breakup dynamics of Newtonian liquid bridges.

Husny and Cooper- [START_REF] Husny | The effect of elasticity on drop creation in T-shaped microchannels[END_REF] studied the effects of viscosity ratio and fluid elasticity on the mechanism of drop breakup, final drop size and frequency of drop formation in a non-Newtonian-Newtonian multiphase system in T-shaped microchannels. They used silicone oils of various viscosities as the continuous phase and dilute aqueous solutions of polyethylene oxide of various molecular weights as dispersed phase. They observed elongated filaments between subsequent drops produced by the presence of elasticity in the dispersed phase. These filaments created secondary drops that were, depending on the viscosity ratio and the cross-flow rates, polydisperse through to monodisperse in size. [START_REF] Arratia | Stretching and mixing of non-Newtonian fluids in time-periodic flows[END_REF][START_REF] Arratia | Polymer drop breakup in microchannels[END_REF] compared the thinning and breakup of Newtonian (90 % glycerin aqueous solution) and viscoelastic fluids (100 ppm of polyacrylamide added to an 85 % glycerin aqueous solution) of similar shear viscosity in a cross-slot microchannel, where an outer oil phase enters and stretches a more slowly flowing inner aqueous phase (Figure 1.25). They noticed that at short times, both Newtonian and polymeric fluids exhibit an identical initial thinning (due to common shear viscosity). However, at longer times, the polymeric filaments last at least an order of magnitude longer before breakup. Then, [START_REF] Arratia | Polymeric filament thinning and breakup in microchannels[END_REF][START_REF] Arratia | The effects of polymer molecular weight on filament thinning and drop breakup in microchannels[END_REF] investigated experimentally the effects of elastic stresses on the filament thinning and drop breakup processes in a cross-flow microchannel. Their results show that for similar shear viscosity, polymeric fluids have a much longer filament than Newtonian fluids, the fluid filament becomes longer, and the breakup time increases as the polymer molecular weight is increased. [START_REF] Christopher | Passive breakup of viscoelastic droplets and filament selfthinning at a microfluidic T-junction[END_REF] studied the passive breakup of viscoelastic droplets and filament self-thinning at a microfluidic T-junction. They observed the formation of elongated filaments between subsequent droplets. [START_REF] Gu | Micro-droplet formation with non-Newtonian solutions in microfluidic T-junctions with different inlet angles[END_REF] employed xanthan solutions with various concentrations as dispersed phase with various oils used as continuous phase to study the formation time for drops in a T-junction. They observed that the droplet formation time decreased with increasing continuous and/or dispersed flow rates. Solutions with higher xanthan gum concentrations resulted in a longer formation time. [START_REF] Derzsi | Flow focusing with viscoelastic liquids[END_REF] studied experimentally the effect of elasticity of the continuous liquid on the generation of droplets in microfluidic flow focusing devices. In comparison to the Newtonian fluid, the dispersion is lower and the volume of the produced droplets is decreased with the focusing liquid with viscoelasticity. Chiarello et al. in the droplets' Sauter mean diameter and makes the droplet size distribution of the emulsions narrower. [START_REF] Ren | Breakup dynamics and dripping-to-jetting transition in a Newtonian/shear-thinning multiphase microsystem[END_REF] have characterized the breakup dynamics under various flow conditions in a Newtonian shear-thinning multiphase flow focusing microsystem with both experiments and numerical simulations. For shear-thinning fluids, they show that the droplet size increases when the capillary number is smaller than a critical value, while it decreases when the capillary number is beyond the critical value. [START_REF] Fragkopoulos | Breakup dynamics of toroidal droplets in shear-thinning fluids[END_REF] presented an experimental investigation of the breakup dynamics of toroidal droplets of a Newtonian liquid in a shear thinning continuous phase. They pointed out that the droplets resist to breakup for times that are longer than those in the linear behavior Newtonian liquids. [START_REF] Nooranidoost | Droplet formation in a flow focusing configuration: Effects of viscoelasticity[END_REF] have studied the effect of the bulk fluid viscoelasticity on droplet formation and dynamics in the flow focusing configuration using numerical methods and concluded that the viscoelasticity has a similar effect as decreasing flow rate ratio and thus acts to delay transition from different regimes. Numerical simulations [START_REF] Gupta | Deformation and breakup of viscoelastic droplets in confined shear flow[END_REF] indicate that (for fixed flow conditions) the effects of viscoelasticity are more pronounced in the case of Newtonian droplets in a viscoelastic carrier liquid than in the complementary case of viscoelastic droplets in a Newtonian medium. This difference is quantitatively attributed to the fact that the flow driving the break-up process upstream of the emerging thread can be sensibly perturbed by a viscoelastic behavior of the continuous phase, obtained for example by adding polymers [START_REF] Gupta | Deformation and breakup of viscoelastic droplets in confined shear flow[END_REF]. Recently, [START_REF] Agarwal | Dynamics of droplet formation and flow regime transition in a T-shaped microfluidic device with a shear-thinning continuous phase[END_REF] performed a parametric numerical study of the process of droplet formation in a T-junction microchannel with a shear-thinning continuous phase. Using the Carreau-Yasuda to model the shear-thinning behaviour, they found that higher shear-thinning tends to produce larger droplets with a plug-like shape instead of the spherical one typically observed in the Newtonian case.

The studies concerning drop dynamics within a shear thinning viscoelastic matrix briefly reviewed above relate to small flow throughput (of the order of mL/h) applications or laminar flows. However, the continuous production of emulsions in a turbulent regime at high throughput using non-Newtonian fluids is insufficiently studied to the best of our knowledge. A comprehensive analysis about the effect of the high flow rates (turbulent regime) on the typical droplet regimes for different values of the continuous phase viscosity, as well as an analysis of the impact of the non-Newtonian nature of the continuous phase on the droplet formation mechanism (and subsequently on the droplet size and droplet size distribution) will be documented herein using aqueous solutions of xanthan gum as continuous phase fluids.

Xanthan gum

In order to concentrate on the shear-thinning flow properties within the microfluidic emulsification process, the continuous phase solutions used herein will be solutions of xanthan gum mainly used industrially as a stabilizer in emulsions and/or as a viscosity control agent in aqueous systems since it has a strong shear rate dependence of the viscosity and small elastic effects [START_REF] Katzbauer | Properties and applications of xanthan gum[END_REF][START_REF] Rafaï | Spreading of non-Newtonian fluids on hydrophilic surfaces[END_REF]Hublik, 2012;[START_REF] Bibliography Carré | Spreading kinetics of shear-thinning fluids in wetting and dewetting modes[END_REF]].

Production and industrial applications

The xanthan gum is a microbial heteropolysaccharide obtained by fermentation of sugar in presence of the bacterium Xanthomonas campestris [START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF][START_REF] Jeanes | Polysaccharide B-1459: A new hydrocolloid polyelectrolyte produced from glucose by bacterial fermentation[END_REF][START_REF] Stephen | Food polysaccharides and their applications[END_REF]. It was discovered at the end of the 1950s by scientists from the U.S. Department of Agriculture [START_REF] Vandamme | Polysaccharides I: Polysaccharides and Prokaryotes[END_REF][START_REF] Morris | Bacterial polysaccharides[END_REF]. It became the object of numerous academic and industrial researches, because of its particular rheological properties (Sec. 1.4.3). The first industrial process for the production of xanthan was developed back in 1960 by the company Kelco ® , and this polysaccharide became available on the market in 1964 [START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF][START_REF] Vandamme | Polysaccharides I: Polysaccharides and Prokaryotes[END_REF]. It is today the most widely sold polysaccharide of microbial origin in the world.

The main field of application of xanthan is the food industry [START_REF] Katzbauer | Properties and applications of xanthan gum[END_REF]Hublik, 2012] 

Chemical structure of xanthan molecules

Xanthan gum is one of the most popular hydrocolloids. It is an anionic heteropolysaccharide consisting of a linear cellulose skeleton (Figure 1.26) of β-D-glucoses of which one of two units is substituted in C 3 by a trisaccharide side chain.

In a solution subjected to heating, xanthan is characterized by an order-disorder conformational transition [START_REF] Morris | Order-disorder transition for a bacterial polysaccharide in solution. A role for polysaccharide conformation in recognition between Xanthomonas pathogen and its plant host[END_REF]Milas and Rinaudo, 1979] due to hydrogen bonds breakage, during which the chains change from a semi-rigid ordered conformation to a flexible coil disordered conformation [START_REF] Capron | About the native and renatured conformation of xanthan exopolysaccharide[END_REF]. This transition is observed at a critical temperature T t and is accompanied by a change in the rheological properties of xanthan [START_REF] Capron | About the native and renatured conformation of xanthan exopolysaccharide[END_REF][START_REF] Roy | Synthèse et caractérisation de dérivés amphiphiles du xanthane[END_REF].

This conformational transition is also highly dependent on the ionic content of the solvent. In fact, in a salt-free solution, the xanthan backbone is disordered and highly extended due to electrostatic repulsions between charges on the side chains. In this state, the chains are relatively stiff, but retain some degree of flexibility. When salt ions are present in the solution, the ordered helical conformation is stabilized. Xanthan chains in the helical conformation are much more rigid than the disordered chains [START_REF] Cuvelier | Concentration regimes in xanthan gum solutions deduced from flow and viscoelastic properties[END_REF][START_REF] Morris | Order-disorder transition for a bacterial polysaccharide in solution. A role for polysaccharide conformation in recognition between Xanthomonas pathogen and its plant host[END_REF]Milas and Rinaudo, 1979;Holzwarth, 1978; Whereas this order-disorder transition has been widely studied, denatured [START_REF] Milas | Properties of xanthan gum in aqueous solutions: role of the conformational transition[END_REF][START_REF] Liu | Thermally induced conformational change of xanthan in 0.01 M aqueous sodium chloride[END_REF] and renatured [START_REF] Milas | Properties of xanthan gum in aqueous solutions: role of the conformational transition[END_REF][START_REF] Holzwarth | Multistranded helix in xanthan polysaccharide[END_REF][START_REF] Kawakami | Dissociation of dimerized xanthan in aqueous solution[END_REF] states showed comparatively little interest in the literature. Generally, the fermentation broths are thermally treated, inducing therefore an order-disorder conformation change in the polymer and on subsequent cooling the renatured ordered structure should differ from that of the native xanthan [START_REF] Capron | About the native and renatured conformation of xanthan exopolysaccharide[END_REF].

In fact, xanthan can be presented (Figure 1.27) in three different conformations depending on the temperature and the ionic strength of the medium [START_REF] Capron | About the native and renatured conformation of xanthan exopolysaccharide[END_REF][START_REF] Lecourtier | Salt-induced extension and dissociation of a native double-stranded xanthan[END_REF][START_REF] Matsuda | Thermal Denaturation, Renaturation, and Aggregation of a Double-Helical Polysaccharide Xanthan in Aqueous Solution[END_REF]. At low temperature and high ionic strength, xanthan exists in an ordered form called native. This state corresponds to the one adopted by the chains in the reaction wort that has not undergone any thermal treatment. If the medium is heated to a temperature higher than T t and/or diluted in the presence of a very small amount of salt ([N aCl] < 10 -4 M ), the xanthan adopts a disordered conformation, qualified as denatured. The transition from the native state to the denatured state is an irreversible process. The addition of salt to the solution or the cooling of this latter to a temperature lower than T t allows the chains to adopt an ordered conformation again, but different from that of the native state. It is then the renatured form of xanthan. Unlike the transition from the native form to the renatured form, the transition between the denatured and renatured states of xanthan is reversible [ [START_REF] Roy | Synthèse et caractérisation de dérivés amphiphiles du xanthane[END_REF].

Xanthan is a polysaccharide that has a strong tendency to aggregate [START_REF] Southwick | Self-association of xanthan in aqueous solvent-systems[END_REF]Meyer et al., 1993;[START_REF] Berth | Static light scattering studies on xanthan in aqueous solutions[END_REF], even at low polymer concentrations, Because of this characteristic, widely varying molar masses, ranging from 2 to 50×10 6 g/mol have been reported in the literature [START_REF] Lecourtier | Salt-induced extension and dissociation of a native double-stranded xanthan[END_REF][START_REF] Southwick | Self-association of xanthan in aqueous solvent-systems[END_REF]Holzwarth, 1978]. This molecular weight distribution depends not only on the association between chains, forming aggregates of several individual chains, but also on the variations of the fermentation conditions used in production [START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF].

Rheological properties

Xanthan gum is highly soluble in both cold and hot water, and this behavior is related with the polyelectrolyte nature of the xanthan molecule Garcıa-Ochoa et al. [2000]; [START_REF] Kang | Industrial gums[END_REF].

Moreover, xanthan solutions have a non-Newtonian shear-thinning rheology: they have a very high viscosity at rest and a very low viscosity at high shear rates [START_REF] Kang | Industrial gums[END_REF], even at low polymer concentrations. This pseudoplastic flow behavior is a consequence of the stiffness of the xanthan chains and the weak network between the macromolecules involving hydrogen bonds [START_REF] Narchi | Effect of protein-polysaccharide mixtures on the continuous manufacturing of foamed food products[END_REF]. These characteristics are highly valued in several industrial applications. Indeed, a high viscosity at rest improves the stability of some products such as foams [START_REF] Laporte | Flow process conditions to control the void fraction of food foams in static mixers[END_REF] and emulsions [START_REF] Martínez-Padilla | Effects of xanthan gum rheology on the foaming properties of whey protein concentrate[END_REF] as it imparts excellent stability to oil-in-water emulsions by preventing the oil droplets from coalescing. Conversely, a very low viscosity at high shear rates gives good flow properties when poured or pumped [START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF]. However, for a certain range of concentrations, xanthan solutions exhibit an CHAPTER 1. STATE OF THE ART initial yield stress that must be overcome for the solution to flow. Yield stress imparts stability to emulsions in low stress situations during storage or transportation when the prevailing stress is less than the yield stress [Zatz and Knapp, 1984;[START_REF] Ma | Instrumentation for the rheological characterization of foods[END_REF].

The viscosity of a xanthan gum solution depends on several parameters such as biopolymer concentration, temperature, concentration of salts, and pH.

The shear thinning behavior of Xanthan gum solutions increases strongly with the concentration of polymer [Zatz and Knapp, 1984;Giboreau et al., 1994;[START_REF] Zhong | Rheological behavior of xanthan gum solution related to shear thinning fluid delivery for subsurface remediation[END_REF]. This behavior is attributed to the intermolecular interaction or entanglement, increasing the effective macromolecule dimensions and molecular weight [START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF].

The viscosity of xanthan solutions depends on both dissolution and measurement temperatures. It decreases with increasing temperature. This behavior is reversible in a limited interval of temperatures (up to T t ) after which the xanthan adopts a disordered conformation, qualified as denatured [Milas and Rinaudo, 1979] as described above.

The xanthan viscosity is also influenced by the addition of salts in the solution. At low polymer concentration the viscosity declines slightly when a small amount of salt is added to the solution [START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF]. This effect has been attributed to the reduction in molecular dimensions resulting from diminished intermolecular electrostatic forces [START_REF] Smith | Recovery of microbial polysaccharides[END_REF]. When a large amount of salt is added, the viscosity increases probably due to increased interactions between the polymer molecules [START_REF] Smith | Recovery of microbial polysaccharides[END_REF]. Moreover, at a high salt concentration, aqueous solutions of xanthan keep a high viscosity up to high temperatures (70 -80 °C) [START_REF] Roy | Synthèse et caractérisation de dérivés amphiphiles du xanthane[END_REF].

A pH change between 1 and 13 does not really affect the viscosity of xanthan solutions [START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF]. For pH > 9, xanthan is gradually deacetylated [START_REF] Tako | Rheological properties of deacetylated xanthan in aqueous media[END_REF]. For pH < 3, xanthan loses its pyruvic acid acetyl groups [START_REF] Bradshaw | Modified xanthan-its preparation and viscosity[END_REF]. Both deacetylated or depyruvylated xanthan shows similar rheological properties as native xanthan [START_REF] Kang | Industrial gums[END_REF][START_REF] Bradshaw | Modified xanthan-its preparation and viscosity[END_REF]].

Concentration regimes

Xanthan gum, as all high molecular weight polymers, exhibits three concentration regimes in solution (Figure 1.28). The dilute regime is characterized by small or no steric effects which translates into a weakly shear-thinning behaviour [Van Aken, 2009] and is defined for concentrations below a certain critical concentration denoted C * (C XG < C * ). The unentangled semi-dilute regime, in which physical interaction gets significant between molecules [Rodd et al., 2000] and internal forces are still dominated by the interactions between the solvent and the polymer [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF], appears for concentrations between the first critical concentration C * and another critical one denoted as C * * (C * < C XG < C * * ). The concentrated regime is defined for (C XG > C * * ), where the polymer molecules become entangled [START_REF] Coussot | Yield stress fluid flows: A review of experimental data[END_REF], the viscosity increases significantly with the polymer concentration and a pronounced shearthinning behavior is observed [Van Aken, 2009].

The concentration regimes of a polymer in a solution are most often determined by viscosimetry, by plotting the evolution of the logarithm of the specific viscosity η sp0 (eq. 1.13) versus the logarithm of the reduced concentration C[η] 0 .

Figure 1.28: Concentration regimes of biopolymer solutions [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF].

η sp0 = η 0 -η s η s (1.13)
where: Each slope break corresponds to a critical concentration and hence a change in the concentration domain. This representation, proposed by [START_REF] Utracki | Corresponding state relations for the viscosity of moderately concentrated polymer solutions[END_REF], highlights that the specific viscosity obeys a power law of the type

η sp0 = specific
η sp0 = a. (C[η]) b .
Each domain is thus characterized by a slope value "b" and by the reduced concentration C[η] [START_REF] Roy | Synthèse et caractérisation de dérivés amphiphiles du xanthane[END_REF].

Several authors have determined the concentration domains of xanthan by using various techniques, such as rheological analyses [START_REF] Cuvelier | Concentration regimes in xanthan gum solutions deduced from flow and viscoelastic properties[END_REF], light scattering [START_REF] Southwick | Quasielastic light-scattering studies of xanthan in solution[END_REF], electrical birefringence [Meyer et al., 1993] or the study of the propagation of sound waves [START_REF] Pereira | Characterisation of interchain association in polysaccharide solutions by ultrasonic relaxation and velocity[END_REF] in polymer solutions. Abundantly, these studies were performed in the presence of salt, i.e. under conditions where xanthan is in ordered form. On the other hand, there are very few examples in the literature concerning the concentration ranges of xanthan in the absence of salt [START_REF] Wyatt | Rheology and viscosity scaling of the polyelectrolyte xanthan gum[END_REF], i.e. when this polymer is in disordered form. The different concentration domains and slope values obtained in the literature will be discussed in the following chapter in which the choice and rheological characterization of the different fluids will be presented (Chap.2).

Moreover, the rheological behaviour at large concentrations (typically ≥ 0.3%) is rather debated in the literature. As no consensus is found on this particular topic in the literature, a detailed discussion will also be presented in Chap.2.

Drag reduction

The energy losses due to turbulence friction can be of very high magnitude, which requires further attention for minimization. Drag reduction [START_REF] Toms | Some observations on the flow of linear polymer solutions through straight tubes at large Reynolds numbers[END_REF][START_REF] Bibliography Toms | On the early experiments on drag reduction by polymers[END_REF] is a phenomenon by which a small amount of additives, e.g. a few parts per million, can greatly reduce the turbulent friction factor of a fluid and the instability of the flow, thus improving injection throughput with the same pumping energy, which reduces the pumping costs [START_REF] Sohn | Drag-reduction effectiveness of xanthan gum in a rotating disk apparatus[END_REF][START_REF] Al-Arji | The Effect of Drag Reducing Agent on Intake Valve Deposit[END_REF].

In a pipe flow, the magnitude of drag reduction is quantified (eq. 1.14) as the difference of pressure drops (at the same Reynolds numbers) without and with the presence of a drag reducing agent (DRA), divided by the pressure drop of the brine solution in the absence of a drag reducing agent [START_REF] Li | Feasibility study of new heat transportation system with dragreducing surfactant additives[END_REF]. Therefore, this phenomenon provides considerable motivation for diverse research in order to discover its mechanism and applications, including the transport of crude oil [START_REF] Burger | Studies of drag reduction conducted over a broad range of pipeline conditions when flowing Prudhoe Bay crude oil[END_REF]White and Mungal, 2008], increasing volumetric flow rate of water in fire fighting [START_REF] Fabula | Fire-fighting benefits of polymeric friction reduction[END_REF][START_REF] Pereira | Polymer degradation of dilute solutions in turbulent drag reducing flows in a cylindrical double gap rheometer device[END_REF], inhibiting fuel misting in air-crafts [START_REF] Hoyt | Effect of ferric ions on drag reduction effectiveness of polyacrylamide[END_REF], etc. Drag reduction can be achieved using non-additive and additive techniques. Non-additive techniques are techniques that need a physical adjustment of the flow medium in order to achieve drag reduction. These consist of wall surface modifiers like oscillating walls, riblets, dimples, compliant surfaces and microbubbles. Non-additive techniques are all considered environmentally acceptable and do not alter the physical and chemical properties of the fluids [START_REF] Toutouh | Drag Reduction in Turbulent Flows by Polymers and Surfactants: An Experimental Study Into the Mechanisms of Drag Reduction by Additives[END_REF].

%DR = ∆p -∆p DRA ∆p × 100 (1.
Additive techniques are where something is added to the flow leading to drag reduction, such as fibers, surfactants and polymers. These techniques are less suitable for some industries where the physical and chemical properties of the fluid are important for product quality (e.g., food industry and pharmaceutical industry).

Drag reduction using polymers

Drag reducing agents reduce the pressure losses in the flow by interacting with the turbulent eddies, causing them to diminish. They are also known as flow improvers. Among the various types of DRAs, polymers are considered the most effective [START_REF] Abdulbari | Grafted natural polymer as new drag reducing agent: An experimental approach[END_REF][START_REF] Le Brun | On the drag reduction effect and shear stability of improved acrylamide copolymers for enhanced hydraulic fracturing[END_REF]. These can be classified into two basic polymer types, namely synthetic polymers and biopolymers. The latter are more advantageous being environmentally acceptable and less sensitive to mechanical degradation due to their more rigid molecular structure [START_REF] Sorbie | Polymer-improved oil recovery[END_REF]. The addition of a few parts per million of a high molecular weight polymer can reduce the drag in a turbulent flow of water by up to 80 % [START_REF] Virk | The Ultimate Asymptote and Mean Flow Structure in Toms' Phenomenon[END_REF][START_REF] Hellsten | Drag-reducing surfactants[END_REF][START_REF] Escudier | Turbulent flow of viscoelastic shear-thinning liquids through a rectangular duct: Quantification of turbulence anisotropy[END_REF].

The first commercial use of a polymeric DRA to increase the flow rate in crude oil pipelines began during 1979 in the Trans Alaska Pipline System. Polymer concentrations from 5 to 25 ppm were used to increase the flow rate by up to 25 % [START_REF] Burger | Studies of drag reduction conducted over a broad range of pipeline conditions when flowing Prudhoe Bay crude oil[END_REF]. The drag reduction of polymer solutions depends on whether a critical concentration, i.e. the concentration at which drag reduction starts to develop, is exceeded [START_REF] Liaw | Effects of molecular characteristics of polymers on drag reduction[END_REF]. It also depends on the flow regime and its establishment.

In order to study the drag reduction properties using polymers, most studies adopted a turbulent pipe flow that produces a pressure-driven flow within a closed conduit as an internal flow. As schematically illustrated in Figure 1.29, there exist three flow layers in a turbulent pipe flow, including a laminar sublayer (next to the wall), a transitional zone, and a fully turbulent layer (in the center of the pipe) [START_REF] Han | Role of bio-based polymers on improving turbulent flow characteristics: materials and application[END_REF]. With the addition of minute amounts of polymer additives to the pipeline flow system, polymers suppress the formation of turbulent bursts in the buffer region and the propagation of turbulent eddies [START_REF] Abubakar | Roles of drag reducing polymers in single-and multi-phase flows[END_REF].

Polymers differ in molecular size and weight and therefore an optimum drag reduction will occur at a certain concentration and depending on the type of the polymer. The potential for drag reduction of different polymers in different systems and the dependency of drag reduction on factors such as polymer molecular weight, polymer concentration, and temperature were tested [START_REF] Choi | Active turbulence control for drag reduction in wall-bounded flows[END_REF][START_REF] Hanna | Flow of drag-reducing fluids through packed beds[END_REF][START_REF] Warholic | A study with particle-image velocimetry of the influence of drag-reducing polymers on the structure of turbulence[END_REF][START_REF] White | The turbulence structure of drag-reduced boundary layer flow[END_REF][START_REF] Shaban | Investigation of near-wall turbulence in relation to polymer rheology[END_REF][START_REF] Choueiri | Exceeding the Asymptotic Limit of Polymer Drag Reduction[END_REF]. Based on previous studies, drag reduction increases when the DRA addition concentration increases (up to a maximum point depending on the type of polymer), increases when the flow rate inside the pipe is increased with the DRA addition and decreases when the hydraulic diameter increases.

Even as the most efficient drag reduction strategies in liquid flows, polymer additives do not lead to flow relaminarization but, at most, to a universal asymptotic state called maximum drag reduction (MDR) [START_REF] Dubief | On the mechanism of elasto-inertial turbulence[END_REF]. In fact, energy is needed to overcome the viscous drag of the fluid and the turbulent flow is characterized by a higher consumption of energy at a given velocity. However, the presence of a drag reducing polymer theoretically leads to the thickening of the laminar sub-layer (leading to a partial laminarization) of the flow (Figure 1.30), which causes an increase in the mean velocity [START_REF] Abubakar | Roles of drag reducing polymers in single-and multi-phase flows[END_REF].

Mechanisms of drag reduction

Since it was discovered [START_REF] Toms | Some observations on the flow of linear polymer solutions through straight tubes at large Reynolds numbers[END_REF], where the addition of 10 ppm of P M M A to monochlorobenzene reduced the turbulent skin friction drag by 30 to 40 %, drag reduction has prompted a large number of studies to better understand the underlying mechanism, with researchers approaching the problem from theoretical, experimental and numerical perspectives [START_REF] Virk | Drag reduction fundamentals[END_REF][START_REF] Kravchenko | On the relation of near-wall streamwise vortices to wall skin friction in turbulent boundary layers[END_REF][START_REF] Den Toonder | Degradation effects of dilute polymer solutions on turbulent drag reduction in pipe flows[END_REF][START_REF] Terrapon | Simulated polymer stretch in a turbulent flow using Brownian dynamics[END_REF][START_REF] Graham | Drag reduction in turbulent flow of polymer solutions[END_REF][START_REF] Graham | Drag reduction and the dynamics of turbulence in simple and complex fluids[END_REF][START_REF] Li | Polymer induced drag reduction in exact coherent structures of plane Poiseuille flow[END_REF][START_REF] Bibliography Procaccia | Colloquium: Theory of drag reduction by polymers in wall-bounded turbulence[END_REF]White and Mungal, 2008;[START_REF] Owolabi | Turbulent drag reduction by polymer additives in parallel-shear flows[END_REF].

Theoretical studies on the turbulent drag reduction with polymer solutions have outlined two major explanations for the drag reduction mechanism [START_REF] Mitishita | Turbulent drag reduction of viscoelastic wormlike micellar gels[END_REF]:

• the viscous theory [START_REF] Lumley | Drag Reduction by Additives[END_REF] proposing that the presence of polymer causes an increase in the viscosity near the wall due to the extension of the molecules (transiting from a coiled state to a more stretched state), which suppresses the turbulent fluctuations and leads to drag reduction

• the elastic theory [START_REF] Tabor | A Cascade Theory of Drag Reduction[END_REF] suggesting that the elastic stresses that arise from the stretching of the polymers become of the same order as the Reynolds stresses, but at a length scale larger than the Kolmogorov microscale, then, the elastic stresses suppress the smaller eddies, cutting off the energy cascade and reducing the frictional drag.

The drag reduction effect is interesting and significant from an energy point of view. However, a study of flows in a cross-slot microchannel is way more sophisticated than in a circular pipe. Therefore, one would wonder about the possible effect of the addition of a polymer to the continuous aqueous phase with regard to energy costs in a more complex geometry (Sec. 5.3).

Conclusion

This first chapter allowed to review the state of the art of the different keywords of this work. It presented essential notions on the emulsification process from the physicochemical definition of emulsions, to the mechanisms of drop dispersion and emulsion formation to the different mechanical systems for emulsion production where recently, the development of microfluidic devices has sparked scientific interest in emulsification applications due to the possibility of controlling the size of the droplets and because of the easy visual access to flow phenomena.

Several studies have been developed in recent years to better understand the dispersion mechanisms that occur within these devices during emulsification operations. The bulk of the scientific work in microfluidics has mainly allowed to develop flow maps for several formulations and conditions as well as to propose models of the kinetics of drop formation within these devices. However, almost all of these studies were conducted under very controlled conditions, notably using Newtonian solutions and very low flow rates, in the range of 0 to 1 ml/min (laminar flow regime conditions). Consequently, there is a significant lack of knowledge about the use of microchannels under conditions approaching those found in industrial applications, i.e. the use of complex fluids and high flow rates. The use of these devices in such conditions would certainly lead to a better understanding of the phenomena of deformation and drop breakup, and thus to a more concrete understanding of the potential performances of these devices for industrial applications.

Therefore, essential notions on non-Newtonian fluids were presented in this chapter with a short review about the impact of non-Newtonian behavior on liquid-liquid dispersion.

In order to concentrate on shear-thinning and viscoelastic behaviors within the microfluidic emulsification process, the continuous phase solutions used herein will be solutions of xanthan gum mainly used industrially as a stabilizer in emulsions and/or as a viscosity control agent in aqueous systems. Thus, different important details related to the xanthan gum were also reviewed herein from its production and industrial applications, to the chemical structure of its molecules, to finally its rheological properties and concentration regimes.

With the addition of polymers (xanthan gum in this study) to the aqueous phase in turbulent flows, one expects flow drag reduction to manifest. Yet, in a sophisticated geometry as the one used in this work, it is hard to quantify the drag reduction using the classical pressure ratio (eq. 1.14).

Prior to the presentation of the experimental test bench and different experimental methods, the following chapter will detail the choice and physical properties of the working fluids used as continuous and dispersed phases in the cross-slot microchannel emulsification process.

Chapter 2

Choice and physical properties of the working fluids 

Introduction

It is important to describe in details the fluids used during the emulsification campaigns before the full description of the experimental test bench and techniques. This chapter is devoted to the description of the working fluids and their physical properties relevant to the microscopic scale emulsification process. A particular attention will be paid to the preparation of the xanthan solutions, their interfacial properties with oil and their rheological response.

Choice of the working fluids

In order to compare the emulsification process using xanthan gum solutions as continuous phases with oil in water emulsions, tap water (Nantes metropole) is used as a Newtonian aqueous continuous phase and a commercial sunflower oil (from Carrefour) is used as a dispersed phase with a viscosity 58 × larger than that of the water used at 25 

Xanthan gum

Aqueous solutions of xanthan gum have been used as the continuous phase. The xanthan gum powder has a wide range of applications including food, pharmaceuticals, cosmetics, agriculture, textile printing, etc. [START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF][START_REF] Katzbauer | Properties and applications of xanthan gum[END_REF]Hublik, 2012;[START_REF] Rosalam | Review of xanthan gum production from unmodified starches by Xanthomonas comprestris sp[END_REF][START_REF] Brunchi | Some properties of xanthan gum in aqueous solutions: effect of temperature and pH[END_REF] for a number of important reasons, including mainly emulsion stabilization, temperature stability and its pseudoplastic rheological properties.

Two different commercial xanthan gum powders are used in this study for the preparation of the solutions, purchased in an anhydrous form from CP Kelco ® . The two xanthan gum powders are Keltrol T M Advanced Performance (AP ) and Kelzan ® T . They are both high molecular weight polysaccharides produced by a fermentation process. Their pseudoplastic flow behavior provides high viscosities at low shear rates to improve suspension and emulsion stabilization. Conversely, it provides low viscosities at high shear rates to give good flow properties when poured or pumped.

Due to shortage in Keltrol T M AP quantity, this latter was substituted by the Kelzan ® T in the second part of this study. In fact, the first xanthan gum powder is commonly used in food products, has a superior viscosity and is less used for oil-in-water emulsification processes. The second one imparts excellent stability to oil-in-water emulsions by preventing the oil droplets from coalescing and is used in a broad array of industrial formulations.

Therefore, aqueous solutions based on Keltrol T M AP were only used for the single drop dynamics study (Chapter 5) in which the dynamics of a single Newtonian oil drop within this aqueous phase in the cross-slot microchannel are investigated, with no granulometry measurements performed on the obtained emulsions. Aqueous solutions based on Kelzan ® T were used for the second part of the work in which a characterization of the obtained emulsions is performed.

Surfactant

In order to delay the destabilization and as a result obtain a more stable emulsion, the addition of an emulsifier is a must. The preparation and stabilization of emulsions requires the presence of one or more surfactant(s) in order to decrease the interfacial tension between water and oil [START_REF] Phares | Predicting the effect of nonionic surfactants of interfacial tensions[END_REF] and to allow the droplet dispersion process. Therefore, this ability of the surface agent is a criterion for its choice.

During the emulsification tests carried herein, Tween 20 (from Sigma-Aldrich Co., Chemie GmbH, Germany, Ref erence : P 1379) was used as a surfactant. Tween 20 is the trade name for polyoxyethylene sorbitan monolaurate 20. It is a non-ionic surfactant based on aliphatic fatty acid esters [START_REF] Samanta | Coalescence of bubbles and stability of foams in aqueous solutions of Tween surfactants[END_REF]. Its chemical FLUIDS formula is C 58 H 114 O 26 , it has a critical micelle concentration CM C (concentration at which the surfactant self-associates in the form of micelles in an aqueous solution) of 0.06 mol/m 3 (about 0.0074% (wt.) in water) [START_REF] Samanta | Coalescence of bubbles and stability of foams in aqueous solutions of Tween surfactants[END_REF][START_REF] Schwarz | Preparative scale expression of membrane proteins in Escherichia coli-based continuous exchange cell-free systems[END_REF], a hydrophilic-lipophilic balance HLB of 16.7 [START_REF] Mittal | Determination of CMC of polysorbate 20 in aqueous solution by surface tension method[END_REF][START_REF] Hait | Determination of critical micelle concentration (CMC) of nonionic surfactants by donor-acceptor interaction with lodine and correlation of CMC with hydrophile-lipophile balance and other parameters of the surfactants[END_REF] and is generally compatible with other surfactants.

The chemical structure1 of the Tween 20 is presented in Figure 2.1 and some of the physico-chemical properties of the Tween 20 surfactant used in the present study are listed in Table 2.2.

The stability and relative non-toxicity of Tween 20 allows it to be used in a wide range of applications such as bioscience, food, lubricants, pharmaceuticals and cosmetics [START_REF] Kim | One-Step Emulsification of Multiple Concentric Shells with Capillary Microfluidic Devices[END_REF][START_REF] Samanta | Coalescence of bubbles and stability of foams in aqueous solutions of Tween surfactants[END_REF][START_REF] Ayorinde | Analysis of some commercial polysorbate formulations using matrix-assisted laser desorption/ionization timeof-flight mass spectrometry[END_REF]. More specifically, it is often blended to achieve the hydrophilic-lipophilic balance required for water-in-oil and oil-in-water emulsions which makes it an important surfactant for emulsification processes.

Physico 

Xanthan gum solution preparation

The protocol used to prepare the xanthan gum solution is described in the following.

The xanthan gum powder is added gradually (by rainfall) to tap water at ambient FLUIDS temperature in a mixing vessel (6L capacity) under agitation using an overhead stirrer (RZR 2020 from Heidolph Instruments) with an ideal dispersion propeller for wide viscosity ranges. Depending on the concentration of xanthan gum powder to be dissolved in the solution and the volume of the solution to be prepared, the agitation speed was manually adjusted between 300 rpm and 650 rpm to avoid the creation of lumps and reduce air incorporation. The mixing/dissolution process was carried on for 4 to 8 hours in order to achieve complete dissolution and homogenization.

Xanthan is dissolved in tap water and not in demineralized water, so as to ensure the presence of electrolytes in the solution and thus to avoid a disordered conformation of xanthan molecules (see Sec. 1.4.2).

Solutions of Keltrol T M AP xanthan gum powder were formulated at four different concentrations: 0.05% (wt.), 0.1% (wt.), 0.15% (wt.) and 0.2% (wt.) knowing that concentrations of xanthan typically used in food applications are in the range of 0.05%-0.5% (wt.) [START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF][START_REF] Paquin | Functional and speciality beverage technology[END_REF]. No preservative or surfactant was added in the formulation, so as not to increase process costs. In fact, for the investigation of the single Newtonian oil drop dynamics in the cross-slot microchannel within this aqueous phase, the effect of interfacial tension on the particle size of the emulsions produced is not to be evaluated. Moreover, it was demonstrated that the addition of a surfactant, at any concentration, has no effect on the dynamics of the flow or dispersion of one phase into the other within the microchannels (see Appendix C for more details) due to the very fast flow. Thus, for a study focused only on the drop dynamics in the microchannel, no emulsifier is needed.

Solutions of Kelzan ® T xanthan gum powder will be used for the second part of the study mainly related to the full emulsification process with granulometry measurements.

These were formulated at nine different concentrations (Table 2.3). For these solutions, prior to the addition of the xanthan gum powder, 0.5% (wt.) of Tween 20 was added to the solvent. This concentration is well above the CM C (about 0.0074% (wt.) in water) and low enough in order not to alter the physical properties of the solution. rheological protocols used. However, the range of concentrations tested through this study covers different concentration regimes.

Measurements of the interfacial tension

The interfacial tension is the force required to break the surface interface between two immiscible liquids. In a broader sense, it is defined as the mechanical work that must be provided in order to increase the size of the interface between two adjacent phases which do not mix completely with one another. The interfacial tension plays an important role in many processes and phenomena where different phases are in contact one with the other. It is a central parameter in the study of emulsification as it enables drops to preserve their shape when exposed to viscous and inertial stresses.

The determination of the interfacial tension between water (or xanthan gum solutions) and oil is based in this study on a Krüss T M K12 blade tensiometer following the Wilhelmy plate method2 (Figure 2.2). The Wilhelmy plate consists of a thin plate usually of the order of a few square centimeters in area, often made from platinum which may be roughened to ensure complete wetting [START_REF] Butt | Physics and chemistry of interfaces[END_REF]. The plate is cleaned thoroughly (e.g. by flaming) and attached to a balance with a thin metal wire. It is oriented perpendicularly to the interface. The force exerted on it due to wetting is measured [Zhang, 2016] via a tensiometer or a microbalance and utilized to calculate the interfacial tension γ w/o using the Wilhelmy equation [START_REF] Tiab | Petrophysics[END_REF]: where:

γ w/o = F L • cos θ (2.
F = force acting on the balance [N ] L = wetted length [m] θ = contact angle [ • ]
The interfacial tension measurements were performed at 25 ± 0.5 • C. This temperature of the chamber was maintained using a circulating water bath. Water and different concentrations of xanthan gum solutions, without the addition of a surface agent and with the addition of 0.5% (wt.) of Tween 20, were tested with oil. For water and the xanthan gum solutions, with or without surfactant, each interfacial tension measurement with oil was repeated three different times in order to test the reproducibility.

The addition of polymers is often associated with changes in the interfacial tension. However, for the measurements herein, the addition of the xanthan gum in the solution did not affect the interfacial tension with oil as the values of this latter for the different concentrations of xanthan were kind of similar to the interfacial tension between water and oil (Table 2.4). Therefore, the interfacial tension with oil for all xanthan gum solutions is chosen to be that of water: 21.8 mN/m at 25 • C without surfactant and 5.4 mN/m at 25 • C with 0.5% (wt.) of Tween 20.

Rheological characterization of the xanthan gum solutions

As already mentioned, aqueous solutions based on xanthan gum are non-Newtonian fluids with a high shear-thinning behaviour that becomes more pronounced as the polymer concentration is gradually increased [START_REF] Sworn | In Handbook of hydrocolloids[END_REF]. This rheological behavior is well described by the Carreau-Yasuda model:

η = η ∞ + (η 0 -η ∞ ) 1 + (λ γ) 2 (n-1) 2 
(2.2)

where: As the experiments herein have been performed at high flow rates in an inertially turbulent regime, it is important to characterize the rheological behavior of the xanthan solutions used in this study in a broad range of shear rates, γ ∈ [1 s -1 -10 5 s -1 ]. It is equally important to note that, as the infinite shear viscosity plateau is typically observed at large rates of shear, an accurate fit by the Carreau-Yasuda model equally requires varying the shear rates over the broad range mentioned above.

η = shear
Therefore, in order to cover this particularly broad range of shear rates relevant to the study, two techniques were combined: conventional rotational rheometry and high shear rate microfluidic rheometry [START_REF] Pipe | High shear rate viscometry[END_REF].

Rotational rheometer

The classical rotational rheometry tests were performed using a M ars III (T hermof ischer Scientif ic) device which is a controlled stress rotational rheometer equipped with a nano-torque module (Figure 2.3).

Tests were performed using a cone and plate geometry with a radius R = 30 mm and a truncation angle α = 2 • (C60/2 • T iL for HAAKE M ARS). The temperature was regulated at 25 ± 0.05 • C using both a Peltier system embedded in the bottom plate of the rheometer and an electrical oven enclosure mounted on the top of the geometry. The number of steps for each branch of the ramp was N = 100 and the averaging time per step was 30 s. Measurements have been performed by imposing increasing/decreasing controlled shear rate ramps ranging from 1 s -1 to a maximal shear rate of 750 s -1 beyond which inertial instabilities are expected to occur within the cone-plate flow which are known to bias the rheological tests [START_REF] Macosko | Rheology: principles, measurements and applications[END_REF][START_REF] Ewoldt | Experimental challenges of shear rheology: how to avoid bad data[END_REF]. Each rheological measurement was repeated a second time with a new sample of each solution to test the FLUIDS Rotational rheometers are only capable of making approximately reliable measurements up to shear rates3 of around 10 3 s -1 . At these values, the second plateau of the aqueous xanthan gum solutions has not yet been reached [START_REF] Phillips | Handbook of hydrocolloids[END_REF]. Knowing, that velocity gradients can reach 10 5 s -1 within the microchannels during the course of this study [START_REF] Sepulveda | Contribution au design d'un équipement innovant pour l'obtention de mousses à base de matrices alimentaires: caractérisation des phénomènes de rupture de bulles dans des microsystèmes à haut débit[END_REF][START_REF] Laporte | Flow process conditions to control the void fraction of food foams in static mixers[END_REF], it was necessary to characterize the xanthan gum solutions by carrying out complementary measurements with an alternative technology enabling viscosity to be measured at very high shear rates.

Microfluidic rheometer

The high shear rate rheological tests have been performed using a microfluidic rheometer (F LU IDICAM RHEO T M from F ormulaction, Toulouse, France) which allows one to probe a broad range of shear rates, γ ∈ [100

s -1 , 2 • 10 5 s -1 ].
The principle of this device is based on establishing a co-current fully developed laminar flow between the studied fluid (sample fluid) and a Newtonian reference fluid whose viscosity is known [START_REF] Sepulveda | Experimental determination and modeling of flow curves of xanthan gum solutions over a large range of shear rates[END_REF]. This technology does not require calibration and thus, measuring multiple samples one after another is a lot more time-efficient.

The fluid to be characterized is injected side by side with a reference fluid in a Y -shaped microchannel with a width W total = W + W R = 2200 µm as schematically illustrated in Figure 2.5. The interface between the sample and the reference solution can be observed.

A high-resolution camera detects the contrast difference (or surface tension difference) between the sample and the reference fluid, identifying the position of the interface. Depending on the sample viscosity, flow rates, and chip dimensions, the volume occupied by each fluid changes. Thus, the measurements are based on a simple relation between FLUIDS As a reference Newtonian fluid, a solution of polyethylene glycol (P EG) with a viscosity of η R = 6 mP a•s at T = 25 • C is used. The flow rates Q R and Q of the reference fluid and the fluid to be characterized are precisely controlled using two accurate micro-syringe pumps and due to the small length scales in the microdevice, high shear rates can be easily attained while ensuring laminar co-flow with only a small sample volume.

Due to the small size of the channel, the flows are laminar and fully developed at the channel outlet. Thus, the ratio of the transverse extents of the two fluids W W R near the outlet of the microfluidic device is proportional to the ratio of the apparent viscosity η app of the fluid to be characterized and the known viscosity η R of the reference fluid [START_REF] Nghe | Microfluidics and complex fluids[END_REF][START_REF] Guillot | Viscosimeter on a microfluidic chip[END_REF]:

W W R = η app η R Q Q R (2.3)
Thus, according to the simple relationship above, monitoring optically the ratio W W R and knowing the flow rates Q and Q R allows one to extract the ratio ηapp η R between the apparent viscosity of the fluid to be characterized to the known viscosity of the reference fluid. The ratio W W R is accurately measured by acquiring a time series of images of the interface between the two fluids and subsequent image processing. In stationary conditions, six to ten pictures are captured to make a flow curve point.

The true rate of shear experienced by the fluid to be characterized may be expressed according to Weissenberg-Rabinowitsch-Mooney equation [START_REF] Macosko | Rheology: principles, measurements and applications[END_REF]: FLUIDS where [START_REF] Miller | Predicting non-Newtonian flow behavior in ducts of unusual cross section[END_REF]: In the range of shear rates γ ∈ [100 s -1 , 750 s -1 ], the data obtained by both rheometry techniques are coherent and kind of overlap. However, it is not possible to calculate a mean value for the viscosities in this range due to the different number of points per technique. Moreover, as the emulsification experiments in this work are performed at high flow rates, thus high shear rates, the data obtained by microfluidic rheometry is the more useful one as this technique covers the range of working shear rates. Therefore, for γ ≥ 100 s -1 , the data obtained by the rotational rheometer is replaced by the data obtained by the microfluidic rheometer (Figure 2.7) and the whole rheological flow curve is then fitted using the Carreau-Yasuda model presented in eq. 2.2. FLUIDS The rheological curve fitting procedure is as follows: first, the infinite shear viscosity η ∞ was fixed as the value obtained from the microfluidic rheometer at the highest shear rate γ ≈ 2 • 10 5 s -1 , then, the data was fitted so as the model gives the three remaining parameters for each solution, the zero shear viscosity η 0 , the onset of the shear thinning behavior λ and the pseudoplasticity index n. Rheological flow curves measured for various Kelzan ® T concentrations are plotted in Figure 2.8 versus the shear rate. Nonlinear fitting functions obtained according to the Carreau-Yasuda model are represented by full lines. The confidence bounds of the nonlinear fitting functions shown as highlighted regions account for roughly 15%-20% of the measured value of the viscosity. Curves for the other model solutions can be found in Appendix B. Table 2.5 shows the parameters of the Carreau-Yasuda model for the non-Newtonian solutions based on Kelzan ® T xanthan gum presented in Figure 2.8. Additionally, table 2.5 shows the values of the mean absolute percentage error M AP E (%) between the rheological data and the model such that: viscosity η ∞ tend to increase with the concentration of xanthan in the solution while the degree of pseudoplasticity n and the scale λ setting the onset shear rate of the shear thinning behavior decrease with the concentration of xanthan in the solution. However, the values of the parameters obtained by curve fitting for the solutions 40XG and 50XG seem to be a bit further away from the values obtained for solutions with smaller xanthan gum concentrations. This has ultimately prompted the question about the widely accepted Carreau-Yasuda rheological picture of xanthan gum solutions particularly in a range of high concentrations.

γapp = 6Q W h 2 [s -1 ] τ = γtrue η = γapp η app ,
M AP E = 100% j j i=1 η i -η CY,i η i (2.

Rheological behaviour of high concentration xanthan gum solutions

The rotational rheometry data is now plotted versus stress in Figure 2.9. A quick comparative inspection of the viscosity data plotted versus the stress reveals an important qualitative detail. When a material is subjected to a constant stress, the strain scales with time as a power law γ ∝ t α in the asymptotic limit of long times. A constant and finite viscosity regime corresponds to α = 1. When α < 1 a viscoplastic deformation regime is observed. Indeed, if α < 1 then the rate of shear γ ∝ t α-1 is a monotonically decreasing function of time lim t→∞ γ = 0 and the flow stops in a finite time. Bearing in mind these simple considerations, to distinguish the viscous flow deformation regime from the yield stress regime it is sufficient to measure the scaling exponent α for several values of the imposed stress.

Measurements performed during creep tests performed for various values of the imposed stress τ 0 are exemplified in Figure 2.10. For C XG = 0.2% a linear asymptotic scaling of the strain is observed (panel (a) of Figure 2.10), indicating a viscous behavior. A substantially different behavior is observed for a highly concentrated xanthan gum solution (panel (b) of Figure 2.10). For low values of the applied stress, the scaling exponent of the strain appears to be smaller than unity. This leads to flow stoppage in a finite time and is a signature of viscoplastic rheological behavior [START_REF] Coussot | Rheometry of pastes, suspensions and granular materials[END_REF].

In order to map the viscoplastic behavior, creep tests similar to the ones illustrated in Figure 2.10 have been performed to obtain the values of the scaling exponents α. This result is presented in Figure 2.11. For Kelzan ® T solutions with concentrations C XG ≤ 0.3% a roughly unitary scaling exponent is found of order of unity over the entire range of applied stresses (the stars and the right triangles in Figure 2.11). For larger concentrations, C XG > 0.3%, a critical stress value τ y has been systematically identified beyond which the scaling exponents switch from a unitary value to a sub-unitary one.

Based on this result, it may be concluded that, within this range of concentrations, the xanthan solutions clearly exhibit a viscoplastic rheological behavior. As opposed to the Carreau-Yasuda rheological behavior which is well documented in previous studies, the yield stress behavior of xanthan solutions has received much less attention. A full account of the yielding behavior of concentrated xanthan solutions is provided in Appendix A.

Concentration regimes 2.5.5.1 Kelzan T solutions

As a reminder, solutions of Kelzan ® T xanthan gum powder will be used for the second part of this study mainly related to the full emulsification process with granulometry measurements.

To fully map the rheological regimes of the xanthan gum solutions used in this study, measurements of the zero shear viscosity are performed in a range of xanthan concentrations C XG relevant to the experiments herein. The dependence of the zero shear viscosity on the xanthan concentration (Kelzan ® T solutions) is plotted in Figure 2.12.

For C XG ≤ C * (C * ≈ 0.055%) a dilute regime is observed. The "dilute regime" is characterized by small or no steric effects which translates into a weakly shear-thinning behaviour [Van Aken, 2009]. Within the dilute regime the zero shear viscosity scales with the xanthan concentration as η 0 ∝ C 0.85±0.07 XG .

CHAPTER 2. CHOICE AND PHYSICAL PROPERTIES OF THE WORKING FLUIDS

A "semi-dilute regime" is observed for C XG ∈ [C * , C * * ] where C * * ≈ 0.11%. Within this regime the physical interactions between molecules become significant [Rodd et al., 2000]. Consequently, within the semi-dilute regime the zero shear viscosity scales with the xanthan concentration as η 0 ∝ C 1.74±0.34 XG .

A "concentrated regime" is observed for

C XG ∈ [C * * , C e ]
where C e ≈ 0.3% and, within this regime, the zero shear viscosity scales as η 0 ∝ C 2.38±0.02

XG

. This regime is characterized by a very pronounced shear-thinning behavior [Van Aken, 2009].

Upon a farther increase of the concentration C XG ≥ C e a third scaling regime steeper than all the previous ones is observed, η 0 ∝ C 4.17±0.34

XG

. This is the so-called "gel-like" regime in which the xanthan solutions clearly exhibit a viscoplastic rheological behavior.

Keltrol AP solutions

Solutions of Keltrol T M AP xanthan gum powder were used for the investigation of the single Newtonian oil drop dynamics in the cross-slot microchannel within this aqueous phase.

To identify the various concentration regimes relevant to the single drop dynamics experiments (Chapter 4) reported herein using Keltrol T M AP xanthan gum solutions, measurements of the zero shear viscosity are performed in a range of xanthan concentrations C XG relevant to these experiments (up to C XG ≈ 0.2%). The dependence of the zero shear viscosity on the Keltrol T M AP gum concentration is plotted in Figure 2.13.

For low concentrations of xanthan, C XG ≤ 0.05%, the zero shear viscosity increases linearly with the xanthan concentration (the black dashed line in Figure 2.13). Past a critical value of the xanthan concentration C * ≈ 0.05%, a power law scaling of the zero shear viscosity with the xanthan concentration is observed, η 0 ∝ C 1.26±0.12 XG . This corresponds to the semi-dilute regime. Increasing the xanthan concentration even further past C * * ≈ 0.1%, a third scaling regime is observed η 0 ∝ C 1.67±0.15 XG . This corresponds to the concentrated regime.

Data on the scaling of the zero shear viscosity with the xanthan concentration are rather scarce in the literature. Comparing the scaling results herein with those obtained by [START_REF] Nsengiyumva | Drop dispenser in a cross-junction microfluidic device: Scaling and mechanism of break-up[END_REF] whom have used a slightly different grade of Keltrol T M , the Keltrol T M T 622 (Mat. #20000625 by CP Kelco), the scaling behavior they found within the semi-dilute regime (η 0 ∝ c 0.5 ) is very different than the one here (η 0 ∝ c 1.2 ). On the other hand, the scaling behaviour they found in the concentrated regime (η 0 ∝ c 1.5 ) is closer to the one reported herein (η 0 ∝ c 1.67 ). These discrepancies are attributed to several factors: differences in the grade of xanthan, possible differences in the rheometric procedure and differences in the salt content of the solutions. In fact in the present work, the aqueous solutions are, as already mentioned, based on tap water for which the salinity may be sufficient to ensure that the xanthane molecules keep their native structure (double helix). Moreover, it has been verified that the molar mass of polymer is not effected in the solutions made with tap water (i.e. the polymer has kept its native or renaturated conformation, depending on its initial state) by experiencing gel exclusion chromatography on different concentrations of aqueous solutions of xanthan (Kelzan ® T solutions) with and without 0.1 M of N aCl [START_REF] Zhong | Rheological behavior of xanthan gum solution related to shear thinning fluid delivery for subsurface remediation[END_REF]. FLUIDS 

Conclusion

In this second chapter, the working fluids used during the emulsification campaigns were presented and their physical properties were described.

Particularly, the rheological characterization of the xanthan gum solutions was detailed. Two techniques were used, the classical rotational rheometry and the high shear rate microfluidic rheometry, in order to cover a wide range of shear rates corresponding to the one in the experiments herein. Quite interestingly, a yield-stress rheological regime is observed in a range of high xanthan gum concentrations. This regime is not much documented in the literature and, as it will be shown in the study of the drag reduction assisted microscopic emulsification (Chapter 5), it plays an important role in understanding the dispersion modes observed through the experiments.

The experimental test bench, the equipment used and the operating methods and protocols will be discussed in details in the following chapter. 

Introduction

In this third chapter, the experimental equipment and methods used during the emulsification process are described in detail. Initially, the microsystem used for emulsion production is described. In the second part, the main hardware components of the experimental test bench are described. Then, each of the equipment composing this test bench is detailed and its function is explained. The measured physical quantities are also described.

An emulsion is characterized by its granulometry, mainly its mean drop size and drop size distribution. Hence, the ex-situ granulometry measurements of the obtained emulsions will be presented in the third part of this chapter.

Next, the data analysis procedures for the characterization of the single drop dynamics are explained. Finally, the implementation of the microscopic particle image velocimetry (micro-P IV ) setup and the flow field analysis will be presented. 

Design and manufacture of the microscopic emulsification device

The microfluidic device [START_REF] Bellettre | Device and method for carrying out a continuous emulsion of two immiscible liquids[END_REF] consists of two optically transparent Polymethyl Methacrylate (P M M A) plates and was specifically designed to allow optical visualization. P M M A is a rather hydrophobic material but that can be convenient for o/w emulsions as well as for w/o emulsions [Tan et al., 2008].

Each of the plates has a height of 70 mm, a width of 40 mm and a thickness of 16 mm. The microchannel was engraved on one of the slabs (Figure 3.1) using a fast spinning (14000 rot/min) micro-milling head (Nakanishi, model HES510 -BT 40) mounted on a commercial computer controlled milling machine (Twinhorn, model V H1010). This micro-milling technique has been previously used in microfluidics [START_REF] Montillet | Continuous production of water-in-oil emulsion using micromixers[END_REF][START_REF] Lopes | Low cost microfluidic device for partial cell separation: Micromilling approach[END_REF]. By a precise alignment of the initial P M M A slab on the stage of the milling machine, the depths of the microchannel was accurately controlled over its entire length with an end to end variation smaller than one percent. The average roughness of the edges of the microchannel as resulted from the micro-milling process is roughly of the order of a micron which accounts for less than one percent of the channel width. The edge smoothness obtained with this micro-machining technique is comparable to that obtained via the classical micro lithography techniques used to produce Polydimethylsiloxane (P DM S) microchannels [START_REF] Torsen | Microfluidic large-scale[END_REF]. However, unlike the more popular P DM S microchannels, the micro-milled microchannels are able to sustain very large pressures, up to 90 bars, which is essential for performing experiments at very high volumetric flow rates like the ones herein.

The continuous phase stream of xanthan solution (or water) flows in through an inlet channel with a square cross-section of H 2 = W 2 = 600 µm at a mass flow rate ṁi2 while the oil stream, as dispersed phase, is fed through an opposite square cross-section inlet channel with smaller dimensions H 1 = W 1 = 300 µm at a mass flow rate ṁi1 (Figure 3.2, top panel). The uneven dimensions of both inlets have been purposely chosen [Belkadi et al., 2015] in order to generate a swirling flow motion at the impact between the two fluid streams depicted in the cartoon illustrated in the bottom panel of Figure 3.2.

The inlet and outlet microchannels intersect at a crossing impact zone able to generate an interface between the fluids, and thus constitute a pre-emulsion intended to circulate in the outlet channels at equal rates ṁO up to upon completion of emulsion formation.

The two channel outlets have a square cross section, H = W = 600 µm.

Both continuous and dispersed phase channels are aligned along the positive and negative X-directions with a total length of about 20 mm each (Figure 3. passing by a 90 • edge. The outlet channels have a length of 5.3 mm each between the impingement zone and the edge and then 5.3 mm each between the edge and the final exit. In this latter region, there is a widening of the channels halfway from 600 µm to 1000 µm in order to generate more instabilities and enhance the droplet breakup. More details about the manufacturing of the microchannel are given in the industrial drawing of Figure 3.3.

The channel is closed by a second P M M A block fitted with O-rings to prevent fluid leakage via a set of stainless steel bolts and nuts tightened. Two slabs of aluminum (Figure 3.4) enclose the microsystem on both sides of the P M M A blocks to make sure the system will be tight enough with only 4 bolts and nuts. These blocks will ensure that the pressure will be exerted on the whole surface of the P M M A slabs, not only in the position of the bolts.

Experimental test bench

The flow control and data acquisition systems are schematically illustrated in All connection pipes between the pumps and the microchannel are Fluoropolymer tubing with an internal diameter of 1.55 mm and an outer one of 3.125 mm.

The microchannel is illuminated from behind by a 50 W halogen lamp HL (Flexible Arm Machine Light 50w 24v from RS) with its optical axis normally aligned to the centre of the impingement region of the microchannel. The impingement region is visualised by a fast camera CCD (F AST CAM E SA -X2 1080K M 4 from P hotron) equipped with a 12× magnification zoom lens ZL (Lavision) and connected to a second personal computer PC 2 .

Flow rate measurements

In order to acquire the weighed mass in the course of time, and thus the flow rates ṁi2 and ṁi1 of the continuous phase (xanthan gum solutions or water) and the dispersed phase 

Pressure measurements

Prior to the entry of the fluids into the microchannel, static pressures (P i2 and P i1 ) are monitored at the inlet of the channels with Gems -3100 series pressure transducers (Figure 3.7). Since the emulsion produced is discharged into a beaker, i.e. at atmospheric pressure, the measured pressure is relative.

The measuring range of the pressure sensor is 0 -250 bars with an accuracy of 0.25 % of the full span. The pressure signal is also recorded via the same DAQ system at the sampling frequency of 100 Hz to ensure the synchronization with the mass flow measurement [START_REF] Ji | Fast oil-in-water emulsification in microchannel using head-on impinging configuration: Effect of swirl motion[END_REF]. Technically, the pressure recorded by these sensors is communicated in the form of a current in the range of 4 -20 mA. The correspondence 

Flow visualization

Visualization techniques and the use of fast video recording are the first diagnostic tools classically used for two-phase flows [START_REF] Colin | Effets de raréfaction dans les micro-écoulements gazeux[END_REF][START_REF] Mohammadi | Experimental techniques for bubble dynamics analysis in microchannels: a review[END_REF].

In recent years, high-speed imaging has taken an important step forward for scientific research in the field of flow. The improvement of high-speed imaging technology has led to new discoveries in the underlying physical mechanisms and phenomenology of flows. The local characterisation of flow phenomena encountered in high throughput microfluidic devices requires both high spatial and temporal resolution. To freeze the motion during exposure, a camera with a short exposure time can be used and/or a light source capable of emitting short duration light pulses, such as a pulsed laser [START_REF] Versluis | High-speed imaging in fluids[END_REF].

In order to visualize the flow in the microfluidic system, a fast camera CCD equipped with a 1 M egapixel CM OS (Complementary Metal-Oxyde-Semiconductor) image sensor is used. It can be operated up to the maximal frame rate of 1080 kf ps with a minimal frame rate of 50 f ps. It has an internal recording memory of 64 GB and a global electronic shutter ranging from 1 ms to 293 ns (independent from the frame rate).

At this very short exposure time, a light source powerful enough to sufficiently illuminate the motion capture must be used. Thus, the microchannel is illuminated from behind by a 50 W halogen lamp HL (Flexible Arm Machine Light 50w 24v from RS) with its optical axis normally aligned to the centre of the impingement region of the microchannel. Alternatively, and as described later through this chapter, a laser sheet illumination will be used.
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For the bulk of the experiments reported herein the camera has been operated at three different frame rates depending on the application. To maximize the signal to noise ratio of the images, the maximum exposure time has been set for each frame rate. Table 3.1 groups the features of the camera used for the different types of measurements where the micro-P IV is for the space and time resolved flow characterization, the single drop dynamics is an investigation of the breakup dynamics of an oil drop in water or xanthan gum solutions in the impinging region of the cross-slot microchannel and the dispersion modes identification is the study of the different breaking modes of the oil phase in the different continuous phases used at different flow rates.

The region of interest for the single drop dynamics study is the impingement zone (red highlighted region of Figure 3.2) while the investigation of dispersion modes and the micro-P IV are focused on the edge (Figure 3.3) of one outlet channel only since the two outlet channels are in a symmetric layout which allows a fair resolution (number of imaged pixels) of the field of view.

For observations at the micrometer scale in the emulsification facility, a 12× magnification zoom lens ZL (Lavision Ref : 1108548) is used. It has an increased resolution with 0.018 -0.1 N.A, a variable working distance ranging from 37 mm to 341 mm and a field of view ranging from 0.29 mm to 75.9 mm. The focus of the lens is adjusted in the channel depth.

The visualization bench described above is controlled by the P hotrom F AST CAM V iewer software which allows to trigger the taking of images as well as the adjustment of several parameters such as the exposure time, the acquisition frequency and the resolution.

Like any other experimental investigation technique, high-frequency visualization has some limitations. First, it is important to know that the image quality decreases as the acquisition frequency increases. Another limitation concerns the P M M A that composes the microchannels used. In fact, the visualization is also affected to some extent by micro-sized roughness due to the micro-milling technique used on the P M M A slab.

Granulometry measurements

The emulsification is generally understood as an agitation process in which breakage and coalescence are in a state of equilibrium that depends on several parameters such as viscosity, temperature, formulation and of course, on the emulsification process used [START_REF] Pierat | Préparations d'émulsions par inversion de phase induite par agitation[END_REF]. Therefore, the resulting emulsion is a polydisperse system in which small Figure 3.9: Drop size distributions commonly found in emulsions [START_REF] Pena | Dynamic aspects of emulsion stability[END_REF].

and large drops coexist in reality. Thus, it is important to determine the average size of the drops in an emulsion as well as the size distribution, also called granulometry [START_REF] Canselier | Procédés d'émulsification Mécanismes de formation des émulsions[END_REF][START_REF] Bibliography Merkus | Particle size measurements: fundamentals, practice, quality[END_REF][START_REF] Kowalczuk | Physical meaning of the Sauter mean diameter of spherical particulate matter[END_REF].

In fact, the average drop size and the granulometry of an emulsion condition to a great extent its final quality [START_REF] Jurado | Estimation of the distribution of droplet size, interfacial area and volume in emulsions[END_REF] in aspects such as degradation rates, long-term stability, resistance to creaming [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF], texture and optical appearance. In other words, two emulsions of the same composition can have different behaviors due to their different granulometry. Thus, it is imperative to measure these two parameters with great accuracy in order to compare the emulsions produced [START_REF] Debas | Émulsification en systèmes microstructurés[END_REF]. This may be done using different instrumental techniques [START_REF] Saether | Video-enhanced microscopy investigation of emulsion droplets and size distributions[END_REF] such as laser particle sizing, photomicrography, light scattering, acoustics, or optical microscopy used herein which is a very useful and accessible technique for the study of classical emulsions (with droplet sizes larger than one micron) [START_REF] Brochette | Émulsification Élaboration et étude des émulsions[END_REF].

Drop size parameters

The collection of drop sizes in an emulsion is discrete, however, the number of studied drops is usually large enough to describe the size distribution with a continuous mathematical expression [START_REF] Pena | Dynamic aspects of emulsion stability[END_REF]. Experimentally, the size distribution of the emulsion drops is described by a probability distribution function (p.d.f.). Many statistical distributions are met to describe emulsions (Figure 3.9) but the log-normal distribution remains the most common for the description of emulsion dispersion [START_REF] Epstein | Logarithmico-normal distribution in breakage of solids[END_REF][START_REF] Sherman | Emulsion science[END_REF].

The log-normal distribution is expressed as follows:

f (d drop ) = 1 d drop σ ln √ 2π e -( ln ( d drop) -µ ln) 2 2σ 2 ln (3.2)
with: The cumulative function of the log-normal distribution is given by the expression below:

µ ln = ln   d 2 drop d 2 drop + σ 2 drop   (3.3) σ 2 ln = ln 1 + σ 2
c.d.f. = 1 2 1 + erf ln (d drop ) -µ ln √ 2σ ln (3.5)
with the error function:

erf (x) = 2 √ π x 0 e -t 2 dt (3.6)
Different size parameters are used to characterize an emulsion such as the mean drop size, the standard deviation and the polydispersity ratio. The mean drop size can be calculated in different ways (eq. 3.7), as proposed in the scientific literature, such as in relation to the diameter, to the surface or to the volume of the drops [START_REF] Leal-Calderon | Emulsion Science. Basic Principles[END_REF][START_REF] Bibliography Kiljański | Preparation of emulsions using impinging streams[END_REF].

d jk = nb 1 d j i nb 1 d k i (3.7)
where:

d i = diameter of a dispersed drop [µm] nb = total number of analysed drops k = 0,1,2,3 j = k + 1
Each of these mean diameters has a significant physical meaning and the choice of the parameter to be used is made according to the phenomenon that is relevant to describe. For example, the diameter d 10 (eq. 3.8) represents the arithmetic mean diameter of the population, d 21 represents the length-area mean diameter, d 32 known as the Sauter diameter represents the surface area to volume mean diameter that is more sensible to large drops than the arithmetic diameter for example, and d 43 known as the De Brouckere diameter represents the volume fraction length mean diameter [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF][START_REF] Canselier | Procédés d'émulsification Mécanismes de formation des émulsions[END_REF][START_REF] Leal-Calderon | Emulsion Science. Basic Principles[END_REF][START_REF] Bibliography Kiljański | Preparation of emulsions using impinging streams[END_REF][START_REF] Bibliography Merkus | Particle size measurements: fundamentals, practice, quality[END_REF][START_REF] Pena | Dynamic aspects of emulsion stability[END_REF].

d 10 = 1 nb × nb 1 d i (3.8)
In an experimental study of the drop size distribution, the number nb of necessary drops for the analysis is very important. For the statistics to be physically meaningful, the minimum necessary number of drops must be sufficient to have a statistical convergence in the mean arithmetic diameter d 10 and the standard deviation δ.

Although the granulometry of an emulsion provides information on the quality of the dispersion, there is another parameter equally important. The polydispersity index of the sample P dI is a parameter used to evaluate the distribution of drop diameters around the mean value d 10 . It is defined (eq. 3.9) as the ratio of the standard deviation of the distribution to its mean. This ratio represents the degree of droplet uniformity and can define whether the emulsion is monodisperse or polydisperse. In particular, this parameter is widely used to characterize emulsions formed by conventional microfluidic systems.

P dI = δ d 10 (3.9)

Other diameters such as D 10 , D 50 (or median) and D 90 are often used commercially to establish product specifications [START_REF] Bibliography Merkus | Particle size measurements: fundamentals, practice, quality[END_REF]. These values describe the diameter in the size distribution, up to and including which, 10%, 50% and 90% respectively of the total volume of material in the sample are smaller. For example, if D 90 is 25 µm, this means that 90% of the sample has a size of 25 µm or smaller. These diameters define the SP AN used to characterize the level of dispersion or spread of a distribution [START_REF] Mary | Prise en compte des effets du produit et du procédé au cours de l'opération de foisonnement par battage en continu-Analyse dimensionnelle[END_REF]. The SP AN (eq. 3.10) of a volume-based size distribution (very used in size distribution measurements by laser diffraction) gives an indication of how far the 10% and 90% points are apart, normalized with the median.

SP AN = D 90 -D 10 D 50 (3.10)

Optical microscopy

Optical microscopy is a simple and fast technique to visualize the drops, to measure their size and to determine the single or multiple character of an emulsion.

All emulsions were analyzed directly after their production. Emulsion samples are collected from the output fluid container (Figure 3.5), receiving emulsion from both outlet channels. These samples, viewed as a comprehensive result of the final emulsion from the two outlet channels, are diluted using the continuous phase fluid (dilution rates differ according to the flow conditions and properties of the continuous phase) then presented in front of an improved N eubauer counting cell on top of which is placed a glass slide.

The spacing between the central part of the cell and the lamella is of 100 µm. It is assumed that the droplet size and granulometry of the emulsion remain the same after dilution.

The samples are then visualized under a digital microscope KEY EN CE V HX -7000 through a high resolution zoom lens V H -ZST with objectives from 20× to 2000× (Figure 3.10). Depending on the sample studied, one of three different objectives was used: the 200× with a digital resolution of 1.5 pixels/µm, the 300× with a digital resolution of 2.3 pixels/µm and the 500× with a digital resolution of 3.7 pixels/µm obviously for samples with very fine drops. The high-resolution images taken under the microscope (Figure 3.11) are then analyzed manually using the ImageJ software [START_REF] Collins | ImageJ for microscopy[END_REF][START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. In order to perform a quantitative comparison between the different obtained emulsions, statistical analysis of droplet diameter in the testing sample is performed on the microscope images [START_REF] Ji | Fast oil-in-water emulsification in microchannel using head-on impinging configuration: Effect of swirl motion[END_REF].

Based on the convergence of the average mean diameter and the standard deviation towards a stable value (Figure 3.12), the sufficient number nb of measured drops is determined in order to characterize the size of the dispersed drops in a sample. The emulsification quality is then evaluated by several parameters presented in Sec. 3.4.1

Data analysis for the single drop dynamics

The main data analysis tool for the study of the single oil drop dynamics (Chap. 4) relates to the processing of individual flow images which allows one to extract the contour of each mother or daughter droplet from each image. For this purpose, a dedicated image processing package (Figure 3.13) has been developed in-house using the scikit-image module of Python [ [START_REF] Van Der Walt | scikit-image: image processing in Python[END_REF].

For the bulk of the experiments reported herein, the camera has been operated at 300000 f ps (with a maximum number of recorded frames of about 2237000 and a 7.46 s maximum recording time). The first step consists of computing an average background of 3000 individual consecutive flow images (10 ms) similar to the one illustrated in (Figure 3.13, panel (a)). Next, the background is subtracted from each image of the sequence and the contrast of the resulting image is enhanced using an adaptive histogram equalization technique (Figure 3.13, panel (b)). Note that, after the subtraction of the background, A binary closure of the enhanced image is performed and individual objects (mother droplet and/or daughter droplets) are detected in each flow image (Figure 3.13, panel (c)). Finally, the contours and centroids of each object detected in each of the images of the sequence are saved in a text file together with the corresponding time stamp. This output text file will later serve for assessing several physical quantities relevant to the dynamics of a single drop in the turbulent cross-slot flow which will be detailed later in Chap. 4.

In order to assess the kinematics of the droplet deformation process, information of the flow field around it are needed. Such information are typically obtained by means of microscopic Particle Image Velocimetry (micro-P IV ). An alternative and simple technique is proposed herein, that renders the distribution of the velocity along the drop contour in the (x, y) plane which in turn may provide useful information on the flow kinematics. This technique relies on the detection of the drop contour from each frame.

The key step of such measurements is to obtain the distribution of the velocity along the contour of the deforming mother drop by a particle tracking algorithm developed inhouse that tracks the displacement of each point of the drop contour between successive frames (Figure 3.14).

Considering the velocity gradient tensor ∇U where U = (u x , u y ) is the two dimensional vector field measured along the contour of the deforming mother droplet, the strain rate tensor is defined as:

D = ∇U + ∇ T U (3.11)
The global deformation rate of the mother drop is quantified by the second invariant of the strain-rate tensor: 

D 2 = (2D : D) 1/2 = 2 ∂u x ∂x 2 + 1 2 ∂u x ∂y + ∂u y ∂x + ∂u y ∂y 2 1/2
(3.12)

The turbulent flow field in the impingement flow region is a rather complex mixture of shear, pure strain (extension) and rigid body rotation. While the rigid body rotation mainly takes place in the third dimension and can not be inferred by the two-dimensional imaging of the mother drop reported herein, the relative contributions of the shear and extension to the overall deformation of the mother drop may be quantitatively assessed by defining the non-dimensional flow parameter defined implicitly via [START_REF] Fuller | The effects of conformation-dependent friction and internal viscosity on the dynamics of the nonlinear dumbbell model for a dilute polymer solution[END_REF]:

∇v = D 2   0 1 0 Λ 0 0 0 0 0   (3.13)
Explicitly, the flow type parameter Λ may be written in terms of the second invariant of the rate of deformation tensor D 2 and the vorticity ω:

Λ = D 2 -|ω| D 2 + |ω| (3.14)
where ω = ∂uy ∂x -∂ux ∂y is the magnitude of the vorticity. A pure straining flow corresponds to Λ → 1 while a pure shear flow corresponds to Λ → 0. Finally, the effective strengths of the straining and shear flow may be crudely respectively estimated as:

ε ≈ ΛD 2 (3.15) CHAPTER 3. EXPERIMENTAL METHODS γ ≈ (1 -Λ) D 2 (3.16)

Space and time resolved flow characterization

The scientific and technical progress achieved in the last 20 years in optics, lasers, electronics, video and computer techniques was necessary to further develop a technique for qualitative flow visualization to such a stage that it can be employed for quantitative measurements of complex instantaneous velocity fields [START_REF] Raffel | Particle Image Velocimetry: A Practical Guide[END_REF].

Space and time resolved flow characterization during the emulsification process within the cross-slot microchannel is achieved using microscopic Particle Image Velocimetry (micro-P IV ), allowing to obtain velocity fields within fluids seeded by tracer particles to try to understand the mechanisms involved in the formation of drops.

Thus, the last section of this chapter is dedicated essentially to explain the main principles of the micro-P IV technique, its implementation herein and the conditions necessary to achieve quality measurements in the conditions of the present study.

Particle image velocimetry

Principle

Particle image velocimetry is the most commonly used particle based imaging method for the fluid flows velocity measurement in laboratory experiments and in the industry. It is an optical technique enabling the determination of local instantaneous flow velocity in a two dimensional plane of measurement [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF]. P IV has been developed from the 80's [START_REF] Keane | Optimization of particle image velocimeters. I. Double pulsed systems[END_REF][START_REF] Willert | Digital particle image velocimetry[END_REF][START_REF] Westerweel | Digital particle image velocimetry: Theory and application[END_REF][START_REF] Meinhart | Measurement of the zero-pressure gradient turbulent boundary layer using particle image velocimetry[END_REF][START_REF] Adrian | Twenty years of particle image velocimetry[END_REF] and quickly improved with the use of image processing techniques and the appearance of adapted pulsed lasers. It is nowadays used in many industrial and academic applications involving multi-phase flows with more or less complex geometries [START_REF] Herlina | Experiments on gas transfer at the air-water interface induced by oscillating grid turbulence[END_REF][START_REF] Gabelle | Analyse locale et globale de l'hydrodynamique et du transfert de matière dans des fluides à rhéologie complexe caractéristiques des milieux de fermentation[END_REF].

P IV is a technique that allows to describe the spatial distribution of the instantaneous velocity of a flow by estimating the displacement of small groups of tracer particles added to the fluid in a plane illuminated by a laser beam. It is not evaluating individual particle images but ensembles of particle images grouped together in so-called interrogation windows. The principle consists in recording two successive images of tracer particles introduced into the fluid prior to the experiment that are separated by a known and very short time interval dt. Assuming particles follow the flow, the fluid velocity -→ u ( -→ x , t) can be deduced directly from the displacement of the groups of particles d -→ x divided by the time interval dt between snapshots. Specifically, each pair of recorded images is divided into small meshes called interrogation windows [START_REF] Willert | Digital particle image velocimetry[END_REF][START_REF] Soria | An investigation of the near wake of a circular cylinder using a video-based digital cross-correlation particle image velocimetry technique[END_REF][START_REF] Scarano | Advances in iterative multigrid PIV image processing[END_REF][START_REF] Fincham | Advanced optimization of correlation imaging velocimetry algorithms[END_REF], thus forming a uniform grid. The size of each window can range from 8 to 256 pixels, in powers of 2. Then, the displacement of a group of particles contained in each mesh is calculated through a cross-correlation (Figure 3.15). The correlation is applied between two interrogation windows located at the same position on two successive images. The maximum value of the correlation corresponds to the most probable particle displacement. If the particle images are of the same size, shape and intensity and their displacement is similar in magnitude and direction, a strong signal peak appears in the correlation plane (Figure 3.15). The intensity of this cross-correlation peak, with respect to the correlation noise, will increase as more particle images are considered [Scharnowski and Kähler, 2020]. However, it is important to realize that only paired particle images that appear in both interrogation windows of an image pair, contribute to the displacement peak intensity [Scharnowski and Kähler, 2020]. Unpaired particle images contribute only to the correlation noise. With 6 particle images the correlation peak is sufficiently high for a reliable and accurate displacement estimation [START_REF] Keane | Theory of cross-correlation analysis of PIV images[END_REF]. The ratio of the displacement peak height and the height of the highest noise peak, called peak to noise ratio, is often used as a quality measure for the cross-correlation function [START_REF] Charonko | Estimation of uncertainty bounds for individual particle image velocimetry measurements from cross-correlation peak ratio[END_REF][START_REF] Masullo | On dealing with multiple correlation peaks in PIV[END_REF].

Thus, knowing the position displacement and the inter-frame period, the velocity could be subsequently computed. This process of interrogation is repeated for all interrogation areas of the P IV recording.

Being an optical technique, P IV works non-intrusively which allows its application even in high-speed flows with shocks or in boundary layers. It allows to record images of large parts of flow fields in a variety of applications and to extract the velocity information out of these images. However, this technique measures the velocity of a fluid element indirectly by means of the measurement of the velocity of the tracer particles within the flow. Therefore, it is essential to check carefully for each experiment whether the particles will faithfully follow the motion of the fluid elements, at least to that extent required by the objectives of the investigations. Moreover, the quality and accuracy of P IV measurements depend on many other factors, some of which are listed hereinafter [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF][START_REF] Raffel | Particle Image Velocimetry: A Practical Guide[END_REF].

The accuracy of P IV measurements depends on the spatial and temporal resolution.

Since for each group of particles one single displacement vector is calculated, the spatial resolution of the technique is based on the size of the interrogation window. The analysis may start by a 256 × 256 pixels 2 interrogation window and be refined down to an 8×8 pixels 2 interrogation window. On the other hand, the maximum temporal resolution depends on the time interval between two frames [START_REF] Scharnowski | On the effect of curved streamlines on the accuracy of PIV vector fields[END_REF].

P IV requires a large number of seeding particles. In fact, the correlation of images is more accurate if the number of particles in each interrogation window is important. However, if the particle density increases too much, this may cause light scattering effects. The diameter of the tracer particles is also a crucial parameter. The particles must be small enough to correctly follow the seeded fluid without disrupting the flow field, clogging the microdevice, or producing unnecessarily large images, and large enough to scatter sufficient light to be recorded and limit errors due to Brownian effects [START_REF] Meinhart | PIV measurements of a microchannel flow[END_REF]. In practice, these particles must have a density as close as possible to that of the seeded fluid [START_REF] Keane | Optimization of particle image velocimeters. I. Double pulsed systems[END_REF][START_REF] Simoens | Applications de l'analyse d'imagec à des phénomènes de mélange et de dispersion turbulents[END_REF] and their particle size distribution must be as monodisperse as possible.

The Stokes number is a dimensionless number used in fluid dynamics to study the behavior of a particle in a fluid [START_REF] De Langre | Fluides et solides[END_REF]. It represents the ratio between the kinetic energy of the particle and the energy dissipated by friction with the fluid (eq. 3.17). If the Stokes number is below 1, it means that the response time of particles to flow solicitation is small, hence that the particles are good tracers of the fluid dynamics [START_REF] Tropea | others Springer handbook of experimental fluid mechanics[END_REF]. The displacement of tracer particles depends on the locally developed flow, which may present regions with large velocities and regions with low velocities. It should be large enough for a displacement to be accurately measured and yet, small enough to make sure that most of the particles used to determine the maximum of correlation stay in the interrogation window between two consecutive frames [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF]. These displacements are measured in a plane. However, particles are, in most of the cases, subjected to out-of-plane 3D motion. It is therefore important to make sure that the out-of-plane displacement is negligible in the time interval between frames.

St = 1 18 ρ p d 2 p U µL c h (3.17
The quality of the recorded images and the quantity of detected particles depend on the light source and the collection optic characteristics. First, in order to measure flow characteristics at good spatial and temporal resolution, a powerful light source is required. Specifically, with small tracer particles being used and high frame rates, strong enlightenment intensity is needed. One of the best options is to use pulsed lasers since they focus high intensity light on a small shot duration and their beams can easily be shaped into sheets using converging and diverging lenses. Second, the duration of the illumination light pulse must be short enough to freeze the motion of the particles during the pulse exposure in order to avoid blurring of the image [START_REF] Raffel | Particle Image Velocimetry: A Practical Guide[END_REF]. Third, the time delay between the illumination pulses must be long enough to be able to determine the displacement between the images of the tracer particles with sufficient resolution and short enough to avoid particles with an out-of-plane velocity component leaving the light sheet between subsequent illuminations [START_REF] Raffel | Particle Image Velocimetry: A Practical Guide[END_REF]. Fourth, the depth of focus of the camera should be greater than the laser sheet thickness, otherwise particles out of focus may appear as blurry light spot on images [Scharnowski and Kähler, 2020]. Fifth, the longer the exposure time is (time during which particle-reflected photons are collected by the camera's sensor) the brighter the particle images are and the better the signal over noise ratio is.

Error and uncertainty estimation for P IV measurements is still an ongoing issue. Uncertainty of velocity measurements by P IV may be due to several factors among which the image quality, the seeding concentration, the flow properties (velocities, gradients, out-of-plane motion...), particle superposition, optical distortions, the laser sheet stability, etc. Several methods have been proposed to try to quantify uncertainties linked to different sources for P IV [START_REF] Sciacchitano | Uncertainty quantification in particle image velocimetry[END_REF]. One possible approach is to identify all parameters that influence the measurement uncertainty and determine their effect on the overall uncertainty [START_REF] Timmins | A method for automatic estimation of instantaneous local uncertainty in particle image velocimetry measurements[END_REF][START_REF] Wilson | Uncertainty on PIV mean and fluctuating velocity due to bias and random errors[END_REF]. This requires that all relevant parameters are known and their sensitivities are quantified which results in a huge multi-dimensional parameter space and involves the risk of ignoring a potential error source. Another approach is to determine the measurement uncertainty from the correlation functions only. This is motivated by the fact that the shape of the correlation function is a result of all parameters that contribute to the measurement uncertainty [START_REF] Charonko | Estimation of uncertainty bounds for individual particle image velocimetry measurements from cross-correlation peak ratio[END_REF][START_REF] Xue | Particle image velocimetry correlation signal-tonoise ratio metrics and measurement uncertainty quantification[END_REF][START_REF] Wieneke | PIV uncertainty quantification from correlation statistics[END_REF].

Microscopic PIV

There are many areas in science and engineering where it is important to determine the flow field at the micron scale. Therefore, a wide range of diagnostic techniques have been developed for experimental microfluidic research out of which P IV , which at small length scales has become known as micro-P IV .

P IV was miniaturized at the end of the 1990s [START_REF] Meinhart | PIV measurements of a microchannel flow[END_REF][START_REF] Santiago | A particle image velocimetry system for microfluidics[END_REF][START_REF] Koutsiaris | Microscope PIV for velocity-field measurement of particle suspensions flowing inside glass capillaries[END_REF] to be able to study velocity fields in microscopic devices whose size is of the order of a millimeter or even a few tens of micrometers. Since then, this technology has been used in multiple flow studies [START_REF] Devasenathipathy | Particle imaging techniques for microfabricated fluidic systems[END_REF][START_REF] Kim | Micro PIV measurement of two-fluid flow with different refractive indices[END_REF][START_REF] Nguyen | Micromixers: a review[END_REF][START_REF] Lima | Confocal micro-PIV measurements of three-dimensional profiles of cell suspension flow in a square microchannel[END_REF][START_REF] Sarrazin | Experimental and numerical study of droplets hydrodynamics in microchannels[END_REF][START_REF] Kinoshita | Three-dimensional measurement and visualization of internal flow of a moving droplet using confocal micro-PIV[END_REF].

The micro-P IV technique is thus an adaptation of the P IV that allows the observation of velocity fields on a microscopic scale, especially in microfluidic devices. This technique has experienced a rapid development and gained popularity during the past few years.

The first micro-P IV system was demonstrated measuring slow flows [START_REF] Santiago | A particle image velocimetry system for microfluidics[END_REF] while later applications moved steadily toward faster flows.

Three main differences can be distinguished between micro-P IV and the conventional macroscopic P IV [START_REF] Wereley | Advanced algorithms for microscale particle image velocimetry[END_REF]: the smaller size of the tracer particles during micro-P IV , the Brownian motion becoming an important source of error due to the smaller size, and finally the totally different illumination of the area to be studied. In fact, in the case of the micro-P IV technique, the generation of a suitable laser sheet is not feasible and the entire volume is illuminated not only the area to be studied.

The micro-P IV system implemented herein and its components are described in the following part.

Implementation of the microscopic PIV

A schematic illustration (not in scale) of the micro-P IV experimental setup is presented in Figure 3.16. It is formed by a continuous laser source L, an optics block OB, the microfluidic chip MFC and the digital camera CCD.

The continuous laser source L is a 10 W output power M illennia eV laser from Spectra-P hysics. It emits a green beam of wavelength 532 nm with an ultra-low optical noise. Some features of the M illennia eV laser are listed in Table 3.2.

Using an optical block OB (Figure 3.17), a light sheet LS is made from the pulsed laser light beam LB. This light sheet passes through the flow and illuminates the seed particles carried by the fluids in the microfluidic chip MFC. The optical block is composed of a horizontal glass rod GR and a cylindrical lens CL. The glass rod can be moved horizontally using a linear translation stage LTS. It is used to generate a vertical laser sheet that will be corrected and reshaped once passing by the cylindrical lens CL before illuminating the microchannel. Precisely, the area to be illuminated and studied is the 90 • edge of the outlet channel prior to the exit of the microsystem (Figure 3.3). As mentioned previously, the two outlet channels are in a symmetric layout. Therefore, the focus on one edge allows a fair resolution of the field of view, specifically the one exposed first to the laser sheet coming from the side of the microchannel (Figure 3.16) where the intensity of the light is the highest at this edge and it gradually decreases beyond it through the impingement zone. Moreover, the flow is developed at the edge and the dispersion phenomenon starts between the impingement zone and the edges which makes of the 90 • bend a window of interest for optical visualization.

Both continuous and dispersed phases inside the microfluidic device are seeded with tracer particles. These particles are free of surfactant in order not to modify the interfacial tension in the two-phase flow. Taking into account the various considerations on the particles' size, size distribution, density, etc., the fluids are seeded with hollow spherical glass particles having a 10 µm average diameter from Dantec Dynamics (Ref : 80A6011). The choice of particle size is a compromise between small enough to minimize the lag, and big enough to be detected. Moderate concentrations are chosen since too many particles will result in a loss of image contrast and can disrupt the flow, while too few particles will result in empty interrogation windows and erroneous velocity fields.

Additionally, the intensity of light scattered by the flow tracers is proportional to their cubic radius and the scattering volume is therefore much bigger than the particle itself. Scattering occurs when the particle absorbs some light energy and re-emits some of it in different directions with different intensities. Thus, the camera (or the naked eye) does not see the particle itself, but rather the scattering emitted upon the incident laser beam.

Measurements of the velocity flow field

The time interval between two successive images is a very important parameter for the micro-P IV technique. It should be chosen so that the displacement of the particles can be detected. For small values of dt, the small displacement of the particles may not be detected, and for large values, the particles leave the interrogation window.

For the micro-P IV tests reported herein, the working continuous phase flow rates Q i2 are limited between 50 mL/min and 150 mL/min (more details in Sec. 5.5). Therefore, As mentioned in Table 3.1, for the micro-P IV experiments, the frame rate is 100000 images/s, the shutter exposure time is equal to 1/119337 s and out of about a 4 to 5 s recording period, only 5000 images are saved for each test over a total period of 50 ms between the first and the last saved image. So, the time interval between two successive images is 0.01 ms. The pixel size/spatial size correspondence is approximately equal to 1.43 µm/pixel.

After the acquisition of the image sequence, an image processing procedure is performed for each experimental test. The walls of the channel are identified so that the areas outside the working region are masked and some are cropped from the images which makes the upcoming computation of the velocity fields "lighter".

After this procedure is performed, pairs of images separated by a time interval dt are successively run through a P IV algorithm using the OpenP IV P ython package [START_REF] Liberzon | OpenPIV/openpivpython[END_REF]. The algorithm applies the 2D multi-grid cross-correlation method using a sequence of square query windows of sizes [256,128,64,32,16] with a 50 % overlap which means that the window is cross-correlated an additional 0.5× its size in each direction.

The first iteration consists of dividing the two images into meshes with the size of the larger interrogation window. Cross-correlation is applied and a corresponding velocity field is calculated. The size of the interrogation window is gradually reduced from the coarsest to the finest grid. The velocity field is calculated again taking into account the one calculated in the previous iteration in order to eliminate velocity vectors that are not consistent. In fact, the information in the coarser grids are statistically more reliable because of their high signal to noise ratio. This multi-grid method allows to obtain a higher spatial resolution, but with a longer computation time. Finally, each calculated velocity field is filtered using a median filter used for experimental noise reduction. A cubic interpolation is performed for the non-numerical values.

CHAPTER 3. EXPERIMENTAL METHODS

Conclusion

In this third chapter, all the material, experimental equipment and operating protocols were presented and detailed. First, the design and manufacture of the microscopic emulsification device were explained. Second, the experimental test bench was described in a global way, then each of the equipment composing it was detailed.

In the third part, the methodology followed to obtain the granulometry of the emulsions was presented and the data analysis for the single drop dynamics was explained in the fourth. Finally, the implementation of the microscopic particle image velocimetry setup and the flow field measurements were presented.

The first experimental study focuses on the dynamics of a single oil drop in water or xanthan gum solutions in the impinging region of the cross-slot microchannel. This study will be presented and discussed in the following chapter based on the data analysis protocol described in Sec. 3.5. 

Introduction

An experimental study of the high Reynolds number emulsification in the presence of the shear-thinning matrix is a daunting task since it requires simultaneous measurements of the dynamics of multiple drops and of the flow fields within the continuous phase. Hence, before studying the dispersion of the oil phase in the continuous phase, a first step towards understanding this physically complex problem is to study the dynamics of a single Newtonian drop in the turbulent microscopic flow of xanthan gum solutions with various concentrations [START_REF] Ji | Dynamics of a Newtonian droplet in the turbulent flow of a shear thinning fluid in a microchannel[END_REF].

This chapter focuses on a presumably simpler physical setting. Several fundamental aspects in relation to both the rheology of the continuous phase and the flow conditions are investigated: statistics of drop shapes, statistics of drop breakup events, morphology of the dispersed phase fragmented upon the primary breakup of a drop and kinematics of the drop breakup process.

Through the experiments reported, two coupled sources of non-linearity are expected to influence the dynamics of a single drop. The first one is of a rheological nature and relates to the shear-thinning behavior of the continuous phase. This should not be confused with the elastic non-linearity which typically manifests in the presence of strong viscoelastic effects [START_REF] Burghelea | Transport phenomena in complex fluids[END_REF]. The second source of non-linearity relates to inertial effects which are predominant during turbulent flows.

The experiments are briefly summarized in Sec. 4.2. Then, the two fundamental dynamic modes observed are detailed in Sec. 4.3 and 4.4.

Summary of the experiments

In order to study solely the role of shear-thinning on the single droplet dynamics, the focus through this study is on fluids that exhibit a strong shear-thinning behavior but no significant elasticity. Therefore, xanthan gum solutions with small concentrations are used.

The experiments have been performed using as a continuous phase five distinct xanthan gum solutions with concentrations C XG ranging from 0% (wt) (pure water) to 0.2% (wt) (prepared as explained in 2.3). No preservative or surfactant was used in the formulation herein. As for the dispersed phase, instead of pumping oil through the microchannel, dilute raw emulsions (5%(v/v)) were used. These were obtained by stirring the commercial rape-seed oil into one of the respectively tested continuous phases. The diameters of the oil drops are broadly distributed following a log-normal distribution in between D 0min = 100 µm and D 0max = 200 µm.

As a reminder, The colors are as follows: blue and yellow regions refer to the channel inlets while the red highlighted region is the impingement zone. The "cartoon" arrow is solely a visual hint for the three dimensional flow structure dominated by the presence of a swirl located at the centre of the cross-slot region.

For each value of the xanthan concentration five distinct pairs of flow rates at the two channel inlets have been tested (Table 4.1). These will be referred to in the form

[Q i2 , Q i1 ] or Q i2 -Q i1
where Q i2 and Q i1 are the continuous and dispersed phase volumetric flow rates (mL/min) respectively. Thus, the five working pairs of flow rates are [50, 6.3], [50, 9.4], [50, 12.5], [100, 12.5] and [150, 12.5]. The maximum investigated continuous phase flow rate Q i2 is limited here at 150 mL/min. Beyond this flow rate, the flow is so fast that it becomes more difficult to detect the different phenomena occurring. For the bulk of the experiments reported herein the camera has been operated at 300 kf ps and the region of interest is the impingement zone. To maximize the signal to noise ratio of the images, a maximum exposure time of 1/583784 s has been set.

C XG (%wt) Q i2 (mL/min) Q i1 (mL/
The dynamic behavior of single oil drops in the flow of the xanthan solutions is governed by an interplay between inertia, viscous effects, and capillarity [START_REF] Fardin | Spreading, pinching, and coalescence: the Ohnesorge units[END_REF].

It is therefore interesting to estimate the strength of each contribution for the studied background flows. The drop Reynolds numbers and the continuous phase bulk Reynolds numbers are respectively estimated according to:

Re drop = ρU o D 0 η XG (4.1) Re i2 = ρU i2 H 2 η XG (4.2)
where: The viscosity of the xanthan gum solutions is obtained by interpolation of the rheological flow curves (Figure 2.8) corresponding to the mean shear rates estimated (eq. 4.3) using the continuous phase flow rates Q i2 and the dimensions of the continuous phase inlet channel (H 2 = W 2 = 600 µm).

ρ = fluid density [kg/m 3 ] U o = mean outlet velocity [m/s] D 0 = initial
γ = 2Q i2 H 2 W 2 2 (4.3)
As one can see from the values of the bulk Reynolds number listed in Table 4.1, the studied flows are either weakly or fully developed turbulent. As already mentioned, such flows have been previously employed for producing emulsions at high throughput [START_REF] Ji | Fast oil-in-water emulsification in microchannel using head-on impinging configuration: Effect of swirl motion[END_REF][Ji et al., , 2021a]]. Liquid-liquid dispersion and the background flow in the microfluidic device were experimentally investigated in a broad range of flow rates [START_REF] Ji | Fast oil-in-water emulsification in microchannel using head-on impinging configuration: Effect of swirl motion[END_REF][Ji et al., , 2021a]]. Through these experiments the Reynolds number (estimated for the continuous aqueous phase, not by using the droplet size) was varied from 1000 to 7000 and the oil dispersed volume fraction varied between 3% and 30%. The rather large values of the Reynolds number indicate that the background flow was either weakly or fully developed turbulent. This observation has been reinforced by measurements of the pressure drops and the qualitative observation of spatially irregular clouds of dispersed droplets [START_REF] Ji | Fast oil-in-water emulsification in microchannel using head-on impinging configuration: Effect of swirl motion[END_REF]. A more systematic space-time analysis of the background flow by means of time-resolved micro-PIV will be reported in Sec. 5.5.

The balance between the viscous effects and the combined inertia and capillarity is quantified by the Ohnesorge number:

Oh = η XG ργ w/o D av 1/2 (4.4)
where: In the presence of inertia, viscous effects and capillary forces, there exist three intrinsic time scales relevant to the dynamics of the single drop. The inertio-capillary time (eq. 4.5) can be estimated τ ic ≈ 0.4 ms. The visco-inertial time (eq. 4.6) varied in between τ vi ∈ [2.5 s, 13 s]. Last, the Ohnesorge characteristic time (eq. 4.7) varied in the interval τ O ∈ [4.74 ns, 58.3 ns]. These time scales will be compared later to a characteristic time determined from experiments, the breakup time t b of the initial mother drop, so as to determine the potentially dominating dynamics.

η XG =
τ ic = ρD 3 av γ w/o 1/2
(4.5)

τ vi = ρD 2 av η 2 XG (4.6) τ O = η 3 XG ργ 2 w/o (4.7)

Trapping and deformation dynamics

From the investigation of the single oil drop dynamics in the shear thinning matrix, two different dynamic modes were observed, the trapping of a single oil drop and its breakup. In this section, the focus is on the first aspect relating to the dynamics of trapping and deformation, for various concentrations of xanthan C XG in the continuous phase, of single oil droplets within the impingement flow region in cases when no breakup occurs.

The effective deformation of a single drop may be quantitatively described by the nondimensional deformation parameter DP initially introduced by Taylor [1934]:

DP = L -B L + B (4.8)
where:

L = major semi-axis of the drop [m] B = minor semi-axis of the drop [m]
The dynamics of a single oil droplet for various concentrations C XG of xanthan in the continuous phase and for a given couples of flow rates are illustrated in Figure 4.2 where successive positions of a single drop color coded by the value of the deformation parameter DP are plotted. A droplet spends more time within the impingement region, highlighted by a red square, as the concentration of xanthan in the continuous phase is gradually increased.

A clear variation of the instantaneous droplet deformation along its trajectory is noticeable in Figure 4.2. For the case of pure water (C XG = 0%) as a continuous phase, the droplet does not deform significantly while being trapped within the impingement region but deforms considerably after escaping this region following some sort of "sling shot" effect. For the xanthan solution cases explored (C XG = 0.05%, C XG = 0.1%) the droplet first deforms within the impingement region then relaxes for a short period of time while exiting the impingement region then gets deformed once more following a similar type of "sling shot" effect.

More insights into the temporal dynamics of the droplet trapping process may be obtained by focusing on time series of the deformation parameter (Figure 4.3), their corresponding probability distributions (Figure 4.4) and the average trapping times (Figure 4.5). For the case of pure water as a continuous phase, large fluctuations of the deformation parameter are observed, mostly of low frequency (Figure 4.3). For a xanthan concentration C XG = 0.05% in the continuous phase, the magnitude of fluctuations of the deformation parameter remains large but high frequency details are visible in the time series. For the highest xanthan concentration illustrated, the level of the high frequency fluctuations decreases. Thus, qualitatively speaking, the time series of the deformation parameter do not seem to follow a monotonic trend with increasing concentration of xanthan in the continuous phase. This lack of a monotonic trend is, perhaps, even more visible while plotting the probability density functions of the deformation parameter DP (Figure 4.4).

For the case of pure water, the probability density function p.d.f. is double peaked. For a xanthan concentration C XG = 0.05% the p.d.f. becomes singly peaked but a further increase of the xanthan concentration (C XG = 0.1%) brings back an even more pronounced (than in the pure water case) doubly peaked shape. Yet, the trapping time t trapping (defined as the time spent by the drop within the impingement region marked by a red rectangle in Figure 4.2) and the total time of residence t r of a single drop in the field of view as well as the time averaged droplet deformation ⟨DP ⟩ t increase monotonically (basically linearly) with increasing concentration of xanthan in the continuous phase (Figure 4.5).

In an attempt to correlate the trapping dynamics of the individual droplet and deformation with their velocity, probability density functions of the in plane velocity measured for the cases illustrated in Figure 4.2 are presented in Figure 4.6. As the xanthan concentration is gradually increased no clear trend in the shape of the p.d.f.s may be observed. This is most probably coming from the fact that the flow within the impingement region is genuinely three dimensional while, experimentally, access is solely to a two dimensional flow field.

It is equally instructive to monitor the probability of the droplet trapping P t (Figure 4.7) for various xanthan concentrations in the continuous phase as a function of the flow conditions (combination of flow rates). For the first three driving flow rates (50 -6.3 mL/min, 50 -9.4 mL/min and 50 -12.5 mL/min) the trapping probability P t In the absence of three dimensional measurements of the flow fields within the impingement region, the effective strength of this swirling motion may be estimated as:

Ψ ef f = SSI η w η XG (4.9)
where the non-dimensional swirl strength index SSI [Ji et al., 2021a] is defined using the flow rates of the fluids fed through the inlets 1 and 2 of the microchannel: The definition of the effective swirl strength in the presence of shear-thinning is chosen on a rather intuitive basis so its value decreases as the viscosity η XG of the continuous phase increases (upon of a gradual increase of the xanthan concentration). The viscosity of the xanthan solution involved in the definition of the effective swirl strength (eq. 4.9) is computed via interpolation of the rheological measurements described in 2.5 at values of the effective shear rate estimated using the flow rates.

SSI = ṁi1 Ū 2 i1 Ūi1 Ūi1 + Ūi2 l of f + ṁi2 Ū 2 i2 Ūi2 Ūi1 + Ūi2 l of f ṁ0 Ū 2 0 H ( 
The dependence of the probability for a single oil droplet of being trapped in the impingement region computed by monitoring 100 individual trapping events (droplets) on the flow parameter Ψ ef f is shown in Figure 4.8. For low values of the effective flow parameter, Ψ ef f ≤ 0.1, no droplet trapping events are observed. When plotted against the effective swirl efficiency parameter Ψ ef f , the trapping probabilities measured when xanthan solutions are used as a continuous phase follow a common trend:

P t ∝ Ψ ef f -Ψ c ef f 0.5 with Ψ c
ef f ≈ 0.1, while the data acquired with water as a continuous phase fall clearly off this trend (Figure 4.8). The square root trend observed for the xanthan data indicates that, as the effective swirl strength is gradually increased past the critical value Ψ c ef f ≈ 0.1, trapping events emerge via an imperfect bifurcation.

The first physical phenomena studied relates to the trapping of the mother droplet within the impingement region of the flow in the absence of breakup. The swirl generated by the uneven sizes of the flow inlets within the impingement region translates into low pressures within the impingement region which lead to the drop trapping phenomenon. Within these states the droplet does deform to a certain extent both while being trapped in the impingement zone and after escaping it but it does not breakup. Both the trajectories and the histories of their deformation depend on the concentration of xanthan gum in the continuous phase. However, the second phenomenon that relates to the breakup of drops is the one of paramount importance for understanding the process of emulsification. Thus, the analysis of the breakup dynamics of single oil drops entering the impingement region of the microchannel will be investigated in the following section.

Dynamics of single droplet breakup

Following the analysis of the trapping and deformation of the single oil drop, a second interesting physical aspect relates to the dynamics of the breakup process of a single oil drop in relation to the shear-thinning rheology of the continuous phase. Understanding the breakup dynamics of a single drop is a key step towards understanding the emulsification process which is relevant to a number of applications in various engineering settings.

The physical quantity that is the most straightforward to assess by digital processing of individual flow images is the time needed for a mother drop to undergo a primary breakup event. To assess this, statistics were performed over 100 individual mother drops tracked from the moment they entered the impingement region until their primary breakup event occurred. The dependence of the average breakup time t b measured for various flow rates indicated in the top inset on the xanthan concentration C XG is shown in Figure 4.9. The full lines are cubic spline interpolating functions that serve as a guide to visualise the trend of the data. The breakup times are closest in magnitude to the inertio-capillary time scale τ ic ≈ 0.4 ms but separated by roughly three orders of magnitude from both the Ohnesorge time scale τ O and the visco-inertial time scale τ vi . This indicates that inertio-capillary effects control the single drop breakup process.

Corresponding to the low flow rates explored, the dependence of the breakup time on the xanthan concentration is non monotonic and exhibits a peak around C XG ≈ 0.05% (wt.) (circles, squares and triangles in Figure 4.9). As the flow rates are gradually increased the peak flattens and, for the largest flow rates the dependence becomes monotonically increasing (diamonds and stars in Figure 4.9).

To get further understanding of the rather nontrivial dependence of the statistically averaged breakup times on the flow rates and xanthan concentration illustrated in Figure 4.9, the following part focuses on a systematic description of the dynamics of the interfaces between the two fluids and of the flow kinematics responsible for the drop breakup process.

Two panoramas of micro-graphs illustrating the single droplet dynamics and breakup observed at low (50 -6.3 mL/min) and high (150 -12. The time dependence of the total number of daughter droplets or filaments (thin, threadlike elongation of the fluid mass) observed in the field of view are presented in Figure 4.12. Different symbols refer to the xanthan concentrations indicated in the insets of each panel. The low speed breakup case (50 -6.3 mL/min) visually illustrated in Figure 4.10 and the high speed case (150 -12.5 mL/min) visually illustrated in Figure 4.11 are respectively presented in panels (a) and (b) of Figure 4.12. At short times, the number of droplets is of order of unity. This mainly corresponds to a single large mother drop entering the impingement flow region and, occasionally, several other much smaller droplets observed in the field of view. This analysis solely focuses on the dynamics of the mother drop. After a characteristic time t b the initial mother droplet undergoes a primary breakup triggered by the turbulent flow field surrounding it. The characteristic time t b for the primary breakup to occur depends on both the xanthan concentration and the flow rates which mainly control the strength of the swirling motion and, consequently, the strength of the turbulent flow. The primary breakup of the initial mother drop is followed by a deformation of the resulting drops and subsequent breakup events. Consequently, for t ≥ t b , the number N max of objects (daughter droplets, filaments) detected in the field of view generally increases monotonically with time following a power-law. For both flow rates investigated, the steepest increase of the number of objects is observed when water is used as a continuous phase. In the presence of xanthan, the breakup process is slower which is due to the presence of filaments.

A key element for the characterization of the dynamics of the drop breakup process relates to a statistical analysis of the morphology of the connected objects resulting from the breakup process. To describe the morphology of the connected objects emerging upon the breakup of the mother drop the focus will be on the statistics of the sphericity of the daughter droplets observed in the field of view. For each droplet, a non-dimensional sphericity parameter is defined as: The statistics of the sphericity of the daughter droplets observed in the field of view describe the morphology of the connected objects emerging upon the breakup of the mother drop. This additional non-dimensional parameter characterizing the droplet shape is somewhat similar to the deformation parameter DP previously defined (Sec. 4.3) but, as it directly involves the areas and the perimeters of the detected droplets (rather just the main semi-axis of the deformed droplet object), it is probably more appropriate for telling the difference between quasi-spherical drops and filaments. Thus, for nearly spherical droplets ξ → 1, while for filament-shaped droplets that are characterized by small areas and large perimeters ξ → 0.

ξ = 4πA p 2 ( 
Probability density functions of the sphericity parameter at various xanthan concentrations are summarized in Figure 4.13. For lower flow rates the p.d.f.s gradually become doubly peaked as the xanthan concentration is gradually increased (panel (a) of Figure 4.13). This doubly peaked behaviour of the p.d.f.s relates to the coexistence of drops and filaments observed in Figure 4.10. A different shape and trend of the p.d.f.s is observed for the high flow rates (panel (b) of Figure 4.13). As the xanthan concentration is increased, the initial peak located near ξ ≈ 1 related to the presence of drops broadens significantly within the region ξ ∈ [0, 1] consistently with an increase of the number of low sphericity objects which are the long filaments observed in Figure 4.11.

A key element in understanding the dynamics of the breakup phenomenon relates to assessing the flow structure around the drop. To do so, the front tracking technique detailed in 3.5 is employed in order to assess the velocity distribution along the contour of the mother drop and, subsequently, the kinematics of its deformation.

Contour speeds of an oil drop (top row) undergoing breakup in water for a combination of flow rates 50 -6.3 mL/min computed at several time instants indicated in the top insets are illustrated in Figure 4.14. The corresponding p.d.f.s of the flow type parameter Λ defined in 3.14 (a pure straining flow corresponds to Λ → 1 while a pure shear flow corresponds to Λ → 0). Right after entering the impingement region (t = 0.34 ms), the drop experiences both shear and extension. At later times the extensional part of the flow increases gradually though the flow remains of mixed type. Close to the breakup (t = 2.42 ms), when a significant pinching effect is observed, the flow field around the drop contour is dominated by extension.

Time series of the total rate of deformation D 2 , the extensional rate deformation ε and the rate of the shear deformation γ computed from measurements of the contour velocity field exemplified in Figure 4.14 are illustrated in Figure 4.15. The measurements were performed with water as a continuous phase and a combination of flow rates 50 -6.3 mL/min. On the top row of the plot three distinct micro-graphs of the oil droplet corresponding to the time instants highlighted by full red circles in the main plot are presented. The spikes of the time series illustrated in Figure 4.15 correspond to the pinch off of the mother drop.

The dependence of the rates of deformation (shear -empty symbols, extension -full symbols) averaged in time until the primary breakup occurs (t < t b ) on the xanthan gum concentration C XG for two flow rate couples (50 -6.3 mL/min -circles and 150 -12.5 mL/min -squares) are presented in Figure 4.16. These measurements offer a second confirmation that the dynamics of the droplet in the observed area are extension dominated and this is the case regardless the flow rates and xanthan gum concentrations. It is rather clear at this point that in order to fully connect the single drop dynamics with the rheological behavior of the fluid, measurements of the extensional viscosity are needed. Unfortunately, it was not possible to find a technique able to assess the extensional viscosity at such high rates of extension reached herein.

The extensional part of the deformation field is the part to solely focus on for the reminder of the analysis. Based on simultaneous measurements of the time series of the characteristic size of the drop R(t) (estimated using the area A and perimeter p of the drop as R ≈ 2A p ), the speed of its centroid V C (t) and the extensional rate ε(t), the time series of extensional deformations are computed via:

ϵ(t) = R(t) ε(t) V C (t) (4.12)
The statistics of the extensional strains prior to the primary breakup of the mother drop (t < t b ) are summarized in Figure 4.17 for two combinations of flow rates: 50 -6.3 mL/min -circles and 150 -12.5 mL/min -squares. For the lowest flow rates combination explored, both the time-averaged rate ⟨ϵ⟩ t<t b and the root mean square (rms) of its fluctuations (panels (a) and (b) of Figure 4.17 respectively) are non-monotonical in xanthan concentration and exhibit a local maximum. For the highest flow rates combination, both the time-averaged extensional rate and the rms of its fluctuations are smaller than for the case of the smaller flow rates. It is important to note at this point that for both flow rates illustrated in Figure 4.17 the rms of the fluctuations of the rate of extension is typically larger than its time-averaged value which is consistent with the large values of the Reynolds number that render the primary swirling flow in the impingement region strongly turbulent.

Finally, the various dynamic regimes of a single oil droplet observed for various xanthan gum concentrations and various combinations of flow rates as a function of the effective 

Conclusion

A systematic experimental investigation of the dynamics of a Newtonian oil droplet in the turbulent cross-slot flow of xanthan gum solutions with various concentrations was presented in this chapter. The key physical processes underlying the emulsification in a turbulent flow are the trapping and transient droplet deformation and, ultimately, its breakup.

Two distinct phenomena have been studied by means of in situ visualization and a bespoke image processing protocol developed in house. The first one relates to the trapping of the mother droplet within the impingement region of the flow in the absence of breakup. The swirl generated by the uneven sizes of the flow inlets within the impingement region translates into low pressures within the impingement region which lead to the drop trapping phenomenon. Within these states the droplet does deform to a certain extent both while being trapped in the impingement zone and after escaping it but it does not breakup. Both the trajectories and the histories of their deformation depend on the concentration of xanthan gum in the continuous phase. The second phenomenon that is of paramount importance for understanding the process of emulsification relates to the breakup of drops. The breakup of the mother drops yields two morphological distinct connected objects: daughter drops and filaments. Moreover, the characteristic breakup times depend on both the flow rates and the rheology of the continuous phase.

The deformation of the drop is caused by both shear and extension, however, in terms of the magnitude of the rates of the deformation, the extension appears to be dominant.

The experimental results detailed in this chapter bring insights into the role of shearthinning rheological behavior on both the transient deformation of droplets and their subsequent breakup in a turbulent flow which may prove instrumental in understanding the dynamically more complex process of microscopic scale emulsification of shear-thinning fluids in turbulent flows detailed in the following chapter.

Introduction

This chapter focuses on the experimental study of the high Reynolds number emulsification in the presence of a shear thinning matrix (solutions of Kelzan ® T xanthan gum).

The first part is related to the study of the statistics of droplet sizes in the resulting emulsion, measured ex-situ by means of digital microscopy, in a wide range of Reynolds numbers and polymer concentrations in the continuous phase. The effects on the mean average diameter of several parameters such as flow rate, oil fraction and xanthan gum concentration are also studied and correlations between average diameters and some dimensional and non-dimensional parameters are obtained. Finally, the emulsion stability with both water and xanthan solutions as continuous phases will be discussed.

As it will be established through the first part of the results, the final granulometry of the emulsions is intrinsically related to the driving flow rates. Therefore, it is natural to provide a systematic characterization of the hydrodynamic flow regimes. These will be described in the second part of this chapter. The analysis is based on the integral measurements of the pressure drops driving the flow in the microchannel and the assessment of various flow regimes by monitoring their dependence on the Reynolds number with the emergence of the well known phenomenon of drag reduction previously observed with xanthan gum solutions [START_REF] Pereira | Drag reduction induced by flexible and rigid molecules in a turbulent flow into a rotating cylindrical double gap device: Comparison between Poly (ethylene oxide), Polyacrylamide, and Xanthan Gum[END_REF][START_REF] Santos | Drag reduction in turbulent flows by diutan gum: A very stable natural drag reducer[END_REF].

In the third part, in-situ high speed visualization of the interface between the two fluids specifically on the microchannel's edge zone will be addressed. This enables the study of the influence of flow parameters and xanthan gum concentration on the dispersion of oil within the continuous phase. Various dispersion modes of the microscopic emulsification process will be identified and mapped in terms of the Reynolds number and the shear thinning rheology of the continuous phase. Corresponding to each state, the space-time dynamics of the emulsification process will be assessed which further allows one to extract the characteristic time and space scales associated to the dynamics of the interface.

Finally, the space-time characterization of the turbulent flow fields that drive the microscopic emulsification process by means of micro-P IV is described.

Ex-situ granulometry measurements

In order to address how the shear thinning nature of the continuous phase influences the properties of the final emulsion, this section will focus on an ex-situ characterization of the emulsions obtained in various flow conditions (essentially Reynolds numbers) for various concentrations of xanthan C XG in the continuous phase. The results of the granulometry measurements for the obtained emulsions, measured ex-situ by means of digital microscopy (KEY EN CE V HX -7000) are presented herein following the procedure described in Sec. 3.4.

Description of the experiments

As a reminder, Figure 5.1 illustrates the geometry of the microchannel and the fluids entering it from inlets 1 and 2 for this part of the study. Oil is fed through inlet 1 with a rectangular cross-section H 1 = W 1 = 300 µm at a mass flow rate ṁi1 while the xanthan solution is fed through an opposite inlet 2 with dimensions twice larger H 2 = W 2 = 600 µm at a mass flow rate ṁi2 .

The experiments for the granulometry analysis have been performed using as a continuous phase nine distinct Kelzan ® T xanthan gum solutions (with 0.5% (wt.) of Tween 20 as a surfactant) with concentrations C XG ranging from 0% (wt.) (pure water) to 0.4% (wt.) (40XG). As for the oil phase during these experiments, it was mixed with about 0.05% (wt.) of red pyrromethene powder dye (Difluoro3-ethyl- The colors are as follows: blue and yellow regions refer to the channel inlets while the red highlighted region is the impingement zone. The "cartoon" arrow is solely a visual hint for the three dimensional flow structure dominated by the presence of a swirl located at the centre of the cross-slot region.

5-[1-(4- ethyl-3,5-dimethyl-2H-pyrrol-2-ylidene-N)ethyl]-2,4-dimethyl-1H-pyrrolato-Nboron, from (a) 
Sigma -Aldrich, Reference number: 131083 -16 -4) so that oil drops in the final emulsion appear clearer and are easily detected under digital microscopy.

For each xanthan concentration different pairs of flow rates [Q i2 -Q i1 ] at the two channel inlets have been tested with oil fractions Φ (eq. 5.1) ranging between 5% and 20%.

Φ = Q i1 Q i1 + Q i2 (5.1) 
where: Prior to detailing the main experimental findings and for clarity reasons, the relevant non-dimensional groups characterizing the emulsification process initially listed in Sec. 1.2.2.1 are recalled below. To characterize the hydrodynamic state of the flow and monitor the laminar-turbulent transition, the bulk Reynolds number is defined as Re i2 (eq. 5.

Q i1 =
2). The viscosity of the xanthan solution used in this definition is obtained from the rheological measurements via interpolation at the characteristic rate of shear γi2 (eq. 5.

3). By varying the flow rates and the xanthan concentration (the kinematic viscosity), the bulk Reynolds number has been varied in the range Re i2 ∈ [130,15700]. As it will be shown later in Sec. 5.3, this range of Reynolds numbers covers laminar, transitional and fully developed flow states.

The relative effect of viscous forces generated in the flow and deforming the drops to interfacial tension forces that tend to conserve the spherical shape of drops is quantified by the capillary number Ca i2 . By varying the flow rates and the xanthan concentration the capillary number has been varied in the range Ca i2 ∈ [0.13, 4.26].

The balance between viscous effects and combined inertia and capillarity is quantified by the diameter Ohnesorge number Oh d (eq. 5.5) which was varied through the granulometry experiments in the range Oh d ∈ [1.12, 68] × 10 5 .

The relative importance of inertial and capillary effects is quantified by the diameter Weber number W e d (eq. 5.6). By varying the flow rates, the xanthan concentration in the continuous phase and accounting for the ex-situ measurements of the mean drop diameter, the diameter Weber number was varied through the experiments in the range [32,506]. (5.6) where:

W e d ∈
Re i2 = ρ i2 U i2 H 2 η i2 (5.2) γi2 = 2Q i2 H 2 W 2 2 (5.3) Ca i2 = η i2 U i2 γ w/o (5.4) Oh d = η i2 ρ i2 γ w/o d 10 (5.5) W e d = ρ i2 U 2 i2 d 10 γ w/o
H 2 , W 2 = dimensions of the inlet 2 channel [m] Q i2 = volume flow rate at inlet 2 [m 3 /s] d 10 = mean arithmetic diameter of the final emulsion [m] γ w/o = interfacial tension between water and oil [N/m] ρ i2 = density of the continuous phase [kg/m 3 ] η i2 = dynamic viscosity of the continuous phase [P a.s] U i2 = Q i2 H 2 W 2 , velocity of the continuous phase at inlet 2 [m/s]

Ex-situ granulometry of the emulsions

For the different emulsion samples obtained, the mean arithmetic diameter and other size parameters were calculated as described in Sec. 3.4.

The size parameters used herein to characterize the emulsions are the mean drop size d 10 (eq. 5.7), the diameter standard deviation δ (eq. 5.8), the arithmetic uncertainty e CHAPTER 5. DRAG REDUCTION ASSISTED EMULSIFICATION (eq. 5.9), the polydispersity index P dI (eq. 5.10), the Sauter diameter d 32 (eq. 5.11) and the maximum diameter d max in the sample.

d 10 = 1 nb × nb 1 d i (5.7) δ = nb 1 (d i -d 10 ) 2 nb (5.8) e = δ √ nb (5.9) 
P dI = δ d 10 (5.10) 5.11) where: nb = number of necessary drops to have a statistical convergence of d 10 , ∈ [500, 1200].

d 32 = nb 1 d 3 i nb 1 d 2 i (
d i = diameter of a drop [µm]
Droplet diameters in an obtained emulsion are considered to be discrete (noncontinuous). For an emulsification process, the probability distribution function (p.d.f.) is a mathematical tool frequently used to describe the droplet size distribution with a continuous mathematical expression.

The overall trend (presented later on) shows that the drops are dispersed according to a log-normal distribution expressed as:

f (d i , µ ln(d i ) , σ ln(d i ) ) = 1 d i σ ln(d i ) √ 2π e - (ln(d i )-µ ln(d i ) ) 2 2σ 2 ln(d i )
(5.12) with: 5.14) where:

µ ln(d i ) = ln d 2 i d 2 i + σ 2 i (5.13) σ 2 ln(d i ) = ln 1 + σ 2 i d 2 i (
d i = diameter of a dispersed drop [µm] σ i = standard deviation of drop diameter [µm] σ ln(d i ) = geometric standard deviation or width of the distribution [µm] µ ln(d i ) = geometric mean drop size [µm]
The cumulative function of the log-normal distribution is given by the expression below:

c.d.f. = 1 2 1 + erf ln (d i ) -µ ln √ 2σ ln (5.15)
with the error function:

erf (x) = 2 √ π
x 0 e -t 2 dt (5.16)

Average diameter

Different flow rates, oil fractions and xanthan gum solutions were explored during the emulsification process. Therefore, it is essential to study the effect of each of these parameters on the size of the drops.

Effect of the flow rate

In order to study the effect of the flow rate on the final drop size of the emulsions, the oil fraction and the xanthan gum concentration should be fixed. Panel (a) of Figure 5.2 shows the variation of the mean arithmetic diameter d 10 with the flow rate Q i2 of the continuous phase (a solution with 0.15% (wt.) of xanthan gum and 0.05% (wt.) of Tween 20) at a fixed oil fraction of about 5%. Tables 5.1 and 5.2 resume respectively the hydrodynamic flow parameters and granulometry parameters for these tests. It is clear from panel (a) of Figure 5.2 that the average size of the emulsion decreases as the flow rate increases. This is a consequence of the increase of the Reynolds stresses acting on the interfaces between the two phases.

The cumulative distribution functions of the diameters of oil drops in the 0.15% xanthan gum solution for the various studied flow rates Q i2 = 100, 200, 300, 400 and 500 mL/min are presented in panel (b) of Figure 5.2. The ordering of the c.d.f.'s presented is monotonic with the flow rates Q i2 . As Q i2 increases the c.d.f.'s shift to the left indicating the presence of finer drops. Table 5.1: Summary of the flow parameters. Q i2 and Q i1 stand for the volumetric flow rate of the continuous (C XG = 0.15%) and dispersed phases respectively, Φ for the oil fraction, P i2 and P i1 for the relative pressures of the continuous and dispersed phases respectively, Re i2 for the bulk Reynolds number of the continuous phase and U i2 for the bulk velocity of the continuous phase. This trend is observed for any xanthan gum concentration C XG ∈ [0%, 0.2% (wt.)] or oil fraction (Φ ∈ [5%, 20%]) which can be seen in Figure 5.3 where the emulsions' arithmetic mean diameter d 10 decreases with the Reynolds number Re i2 of the continuous phase. At low Reynolds numbers, when the inertial shear stress and shear rates are small, droplet breakup is limited which results in larger droplets. With the increase in Reynolds numbers, turbulence becomes higher and droplet breakup is favored over droplet coalescence.

Q i2 Q i1 Φ P i2 P i1 Re i2 U i2 (mL/min) (mL/min) (%) (bar) (bar) (×10 3 ) (m/s)

Effect of the xanthan gum concentration

To study the effect of the concentration of xanthan in the aqueous phase solution on the average size of the emulsion, several distinct pairs of driving flow rates and various concentrations of xanthan in the continuous phase were tested. Figure 5.4 shows the variation of the emulsions' arithmetic mean diameter with the concentration of xanthan in the solution for three flow rate couples (Φ = 10%). It is clear again that with higher flow rates (higher Reynolds numbers) droplet breakup is more accentuated and therefore the mean diameter is smaller. Quite interestingly, the effect of the xanthan addition is two-fold. First of all, it is clear that emulsions with xanthan solutions show a higher mean diameter than oil drops in water for any given flow rate. Nonetheless, as the flow rate increases, the difference between the respective diameters diminishes.

Second, for most of the studied flow rates, the dependence of the mean diameter of the resulting emulsions on the xanthan concentration is clearly non-monotonic: a local maximum systematically develops around a solution of C XG ≈ 0.1% regardless the combination of flow rates.

To rationalize the non-monotonic dependence of the mean diameter on the xanthan concentration, the discussion of the rheological regimes detailed in Sec. 2.5.5 is recalled.

For the clarity of the discussion, Figure 5.5 is displayed one more time. The nonmonotonic variation of the mean diameter can be explained by different concentration regimes of xanthan gum solutions, one followed by low concentrations where the solution retains some characteristics of the aqueous phase and another one somewhere near 10XG, and above, exhibiting shear thinning behavior where deformation is expected to be more severe and fracture more favorable thus leading to smaller diameters in the emulsion. Around C * ≈ 0.055%, no particular change in the trend of the measured mean diameters is observed. However, the local maximum of the mean diameters is observed around C * * ≈ 0.1%.

Based on this discussion, it is rather clear that the non-monotonic behaviour observed in Figure 5.4 originates from a change of the rheological regime from semi-dilute to concentrated. By adding more data to Figure 5.4 (two more flow rate couples and two more concentrations of xanthan) additional conclusions may be drawn on the effect of the xanthan concentration on the final drop size of emulsions shown in Figure 5.6. First, for the pairs of the largest driving flow rates 400 -21 mL/min and 500 -27 mL/min (the diamonds and hexagons in Figure 5.6), the mean diameter does not depend on the xanthan concentration anymore. Intuitively, this may be understood as follows. At such large driving flow rates the local rates of shear within the microchannel are sufficiently large so the xanthan solutions roughly behave as Newtonian fluids. Indeed, the rheological flow curves of the xanthan solutions exemplified in Figure 2.8 of Chapter 2 exhibits a Newtonian plateau at high shear rates equivalent to the ones developed at high flow rates in the microsystem. So as the flow rates increase, the difference between the diameters of oil drops in water and oil drops in xanthan solutions in the final emulsion becomes smaller and for even higher flow rates, which is an advantage of this microsystem, the mean diameters are comparable.

Moreover, past the onset of the entangled regime C e ≈ 0.3% where the viscoplastic rheological behavior is observed (Figure 5.5), a dramatic change in the trend of the mean diameters is observed for the same first two flow rates illustrated in (Figure 5.6).

The average diameter increases drastically compared to the previously noted maximum at C XG = 0.1% and the difference with other xanthan solutions shrinks as the flow rate increases. Within this range of concentrations, the emerging viscoplastic behaviour (detailed in Sec. 2.5.5) rules the efficient emulsification out.

Based on the comparative discussion presented above, one may conclude that there exists a clear relationship between the ex-situ assessed granulometry of the emulsions and the rheological behavior of the continuous phase. 

Effect of the oil fraction

For a constant flow rate of the continuous phase Q i2 , an increase in the oil fraction Φ implies an increase in the volume of oil to disperse and in the flow rate Q i1 and eventually Reynolds number Re i1 of the dispersed phase. Increasing the volume of the dispersed phase leads normally to more drops or drops with a larger average diameter. On the other side, increasing the Reynolds number of the dispersed phase Re i1 leads to drops with a smaller average diameter. So it is difficult to directly predict a trend for the variation of the mean diameter with the oil fraction.

To highlight the effect of the oil fraction on the final size of the emulsion, the variation of the mean drop diameter with the oil fraction is presented in Figure 5.7 at a fixed continuous phase flow rate Q i2 = 100 mL/min and for four different xanthan gum concentrations. From what is presented, it is not possible to identify a same trend of the variation of the emulsions' arithmetic mean diameter d 10 with the oil fraction Φ for the different xanthan gum concentrations.

However, at a fixed continuous phase flow rate Q i2 , the variation of the average drop diameter with the xanthan concentration follows the same non-monotonic trend with a local maximum diameter systematically developed around a solution of C XG ≈ 0.1% for any given oil fraction Φ as can be seen in Figure 5.8. Table 5.3: Granulometry data and p.d.f. parameters related to the tests presented in Figure 5.9.

C XG Q i2 Q i1 d min d max d 10 µ ln(d i ) σ ln(d i ) (% (wt.)) (mL/min) (mL/min) (µm) (µm) (µm) (µm) (

Distribution functions

The probability distribution functions of the droplet size for a flow rate couple of 200 -25 mL/min for emulsions of oil in water, in 05XG, in 10XG and in 15XG are presented in Figure 5.9. The overall trend shows that the drops are dispersed according to a log-normal distribution which has been previously observed for emulsions obtained in turbulent flows [START_REF] Pena | Dynamic aspects of emulsion stability[END_REF][START_REF] Barnes | Rheology of emulsions-a review[END_REF][START_REF] Lachaise | A simulation of emulsification by turbulent stirring[END_REF].

The cumulative distribution functions of the diameters of oil drops in water, in 05XG, in 10XG and in 15XG are presented in panel (e) of Figure 5.9. Some granulometry data related to these tests are listed in Table 5.3. The ordering of the c.d.f.'s presented is also non-monotonic with the xanthan gum concentration at least below c.d.f. = 0.9. As the concentration increases from C XG = 0% to C XG = 0.1% the c.d.f.'s shift to the right indicating the presence of larger diameters. However, for C XG = 0.2% the c.d.f. shifts to the left of that for C XG = 0.1% indicating the presence of smaller diameters. Diameters such as D 10 , D 50 (or median) and D 90 are often used commercially to establish product specifications [START_REF] Bibliography Merkus | Particle size measurements: fundamentals, practice, quality[END_REF]. These values describe the diameter in the size distribution, up to and including which, 10%, 50% and 90% respectively of the total volume of material in the sample are smaller. For example, if D 90 is 25 µm, this means that 90% of the sample has a size of 25 µm or smaller. These diameters define the SP AN used to characterize the level of dispersion or spread of a distribution [START_REF] Mary | Prise en compte des effets du produit et du procédé au cours de l'opération de foisonnement par battage en continu-Analyse dimensionnelle[END_REF]. The SP AN (eq. 5.17) of a volume-based size distribution (very used in size distribution measurements by laser diffraction) gives an indication of how far the 10% and 90% points are apart, normalized with the median.

SP AN = D 90 -D 10 D 50 (5.17) The values of the SP AN for the tests performed at three couples of flow rates and a fixed oil fraction of Φ = 10% and presented in Figure 5.4 are plotted versus the concentration of xanthan in panel (a) of Figure 5.10. As it can be seen, as the flow rates increase, the SP AN decreases meaning that the gap between the D 10 and the D 90 shrinks. Not so obvious for all points, however, the SP AN seems also to increase with the concentration of xanthan in the solution. The SP AN are plotted versus the mean arithmetic diameter d 10 in panel (b) of Figure 5.10 for the same couples of flow rates. It is clear that the higher the flow rates are, the finer the mean average diameter and the more monodisperse the diameter distribution is.

Correlations between diameters and other parameters

In the following section, some granulometry data will be correlated between each other or with some other dimensional and non-dimensional parameters.

CHAPTER 5. DRAG REDUCTION ASSISTED EMULSIFICATION

Relationship between the Sauter diameter and the maximum diameter

Extensively utilized in the literature to describe the balance between deforming and restoring forces acting on droplets subjected to turbulent flow, the maximum diameter d max is essentially the maximum droplet diameter that is able to retain a stable size under the imposed hydrodynamic conditions.

It is well known from the literature that the maximum droplet diameter is related to the Sauter diameter with a coefficient of proportionality c such that:

d 32 = c × d max (5.18)
Since the pioneering study by [START_REF] Sprow | Distribution of drop sizes produced in turbulent liquid-liquid dispersion[END_REF] this linear relationship between the Sauter and the maximum stable droplet diameters has been extensively reported for a number of conventional emulsification techniques (e.g., high-shear and static mixers, simple agitated tanks, etc.), and the value of the parameter c has been found to vary between 0.38 and 0.86. Table 5.4 regroups some of the values of this proportionality coefficient c found in the literature.

This relationship was investigated herein for different flow rate couples, different oil fractions and different concentrations of xanthan gum in the solution. The interplay between d 32 and d max is demonstrated in Figure 5.11, where these two droplet size parameters are plotted against one another for a large number of tests (more than 80 points). The slope of the linear dependency between d 32 and d max is found to be 0.4 with an R 2 value of 0.974.

From Table 5.4, it can be seen that this parameter c is not a universal one as it varies from one study to the other. This parameter depends on several factors such as the mechanical system used to disperse the fluids, the fluids used, the flow rates of the working fluids, the energy input, etc.

Relationship between the Sauter diameter and the energy dissipation rate

The energy dissipation rate is defined as the rate of energy input into the system divided by the mass over which the energy is dissipated. It is an indicator of the degree of dispersion of one phase into the second one [START_REF] Siddiqui | Characteristics of a confined impinging jet reactor: energy dissipation, homogeneous and heterogeneous reaction products, and effect of unequal flow[END_REF]. In fact, the two immiscible jets collide in the impingement zone of the microchannel and the momentum they carry is redirected. The kinetic energy associated with each stream is dissipated because of friction and secondary within a very small volume and induces a turbulent-like motion [START_REF] Tsaoulidis | Liquid-liquid dispersions in intensified impinging-jets cells[END_REF]. This loss in energy is the energy that is dissipated at the smallest length scales in the fluid which enhances the breakage of drops.

The energy available for dissipation can be estimated by doing a macroscopic mechanical energy balance over the impingement zone. The rate of kinetic energy input into the system can be expressed in terms of the mass-flow rate and the velocity of the incoming and outgoing streams. The mass over which the energy is dissipated can be expressed as the product of the mesomixing volume of the impingement region and the fluid density. Therefore, the energy dissipation rate (W/kg) can be expressed [Mahajan and Kirwan, 1996;[START_REF] Johnson | Chemical processing and micromixing in confined impinging jets[END_REF] as follows: The dependency of the Sauter mean drop diameter and drop size distribution on the specific energy dissipation rate has been investigated previously in the literature for different liquid-liquid dispersion systems. In general, the Sauter mean drop diameter d 32 decreases with increasing energy dissipation rate ϵ as follows:

ϵ = ṁi2 U 2 i2 2 + ṁi1 U 2 i1 2 -ṁoU 2 o 2 ρ o V iz ( 5 
d 32 ∝ ϵ -b , b > 0 (5.20)
The power law exponent b was found to vary in the literature between 0.01 and 0.48. In order to compare the dependency of the Sauter diameter on the energy dissipation rate for the measurements herein with the ones in the literature, the energy dissipation rate was calculated.

Due to the different parameters involved in the emulsification process, it was difficult to find a common correlation for all oil fractions and xanthan solutions together. Therefore, the variation of the Sauter diameter as a function of the specific energy dissipation rate in the impingement zone was plotted for each concentration of xanthan apart, at a fixed oil fraction Φ = 10%. These fixed conditions imply that only three points are obtained per concentration. However, these three points seem to fit well.

The variation of the mean Sauter diameter d 32 of oil drops with the energy dissipation rate ϵ for pure water, C XG = 0.075%, C XG = 0.1%, C XG = 0.2% and C XG = 0.4% is shown in Figure 5.12. The average drop size decreases with the increase in energy dissipation rate which indicates that droplet breakage is dominant under fully turbulent conditions. A high energy input to the emulsion system is therefore critical to obtain finer droplets.

An exponent b is obtained for each xanthan gum concentration by itself and the range of variation of this latter is between 0.23 and 0.42 for the different xanthan gum con- and (e) 40XG at a fixed oil fraction in the emulsion of Φ = 10%.

Reference

Mechanical system b Chen and Middleman [1967] Agitated tank 0.4 [START_REF] Calabrese | Drop breakup in turbulent stirred-tank contactors. Part I: Effect of dispersed-phase viscosity[END_REF] Stirred-tank contactors 0.4 [START_REF] Davies | A physical interpretation of drop sizes in homogenizers and agitated tanks, including the dispersion of viscous oils[END_REF] Homoginizers and agitated tanks 0.4 [START_REF] Zhou | Correlation of mean drop size and minimum drop size with the turbulence energy dissipation and the flow in an agitated tank[END_REF] Agitated tank 0.27 Padron Aldana [2005] Rotor-stator-mixer 0.01 -0.48 [START_REF] Siddiqui | Oil-in-water emulsification using confined impinging jets[END_REF] Stirred tanks 0.094 -0.358 [START_REF] Tsaoulidis | Liquid-liquid dispersions in intensified impinging-jets cells[END_REF] Intensified impinging jet cells 0.21 -0.43 This work

Cross-slot microchannel 0.23 -0.42

Table 5.5: Values of the power law exponent parameter b between the mean Sauter diameter d 32 of the obtained emulsions and the energy dissipation rate ϵ found in the literature using different mechanical systems and fluids.

centrations. This exponent b is higher in the case of pure water (b = 0.42) than in that of xanthan solutions. Furthermore, b increases monotonically with the concentration of xanthan in the solution from b = 0.23 for C XG = 0.05% to b = 0.42 for C XG = 0.4%. However, this increase did not seem to follow a certain law.

To compare the values of b obtained herein with the ones found in the literature, Table 5.5 resumes some different values or ranges of the exponent b found in the literature using different mechanical systems for liquid-liquid dispersion. It can be seen that this parameter b varies from one study to the other depending on the mechanical systems used, the working fluids, etc. However, the interval of its variation seem to be somehow universal. The results obtained herein are comparable mostly to the ones obtained by [START_REF] Tsaoulidis | Liquid-liquid dispersions in intensified impinging-jets cells[END_REF] where the authors used intensified impacting jet cells to produce emulsions of oil in water/xanthan solutions as in the present study.

Relationship between the mean arithmetic diameter and the diameter Ohnesorge number

The mean arithmetic diameter d 10 was found to decrease with the previously listed nondimensional numbers. It was possible to find a correlation between the average diameter and the diameter Ohnesorge number Oh d :

Oh d = η i2 ρ i2 γ w/o d 10
(5.21) Finally, to conclude this part, the experimental field of investigation for the present work is shown in Figure 5.14. In comparison with other scientific studies whose experimental results are reported [START_REF] Nisisako | Droplet formation in a microchannel network[END_REF][START_REF] Zheng | Formation of droplets of alternating composition in microfluidic channels and applications to indexing of concentrations in droplet-based assays[END_REF]Xu et al., 2006;[START_REF] Salim | Oil-water two-phase flow in microchannels: Flow patterns and pressure drop measurements[END_REF][START_REF] Bibliography Kim | Liquid-liquid segmented flows in polycarbonate microchannels with cross-sectional expansions[END_REF], the fractionation modes and geometries are all the same. The criterion for comparing these data is based on the influence of the capillary number and the representative mean arithmetic drop diameter of the emulsion. The processes described in the literature (using microfluidic devices) operate at low capillary numbers (Ca < 1) and achieve a droplet size that is not very fine (d 10 > 15 µm). The operating conditions of the process investigated in this study cover the range shown in blue (Figure 5.14), with higher capillary numbers (0.2-5) and smaller mean arithmetic drop diameters (2.75 -27).

Emulsion stability

The emulsion stability refers to the ability of an emulsion to resist changes in its properties over time: the more stable the emulsion, the more slowly its properties change [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF].

It is shown in the literature [START_REF] Krstonošić | Influence of xanthan gum on oil-inwater emulsion characteristics stabilized by OSA starch[END_REF][START_REF] Hennock | Effect of xanthan gum upon the rheology and stability of oil-water emulsions[END_REF][START_REF] Traynor | Formation and stability of an oil in water emulsion containing lecithin, xanthan gum and sunflower oil[END_REF][START_REF] Krstonošić | Effects of xanthan gum on physicochemical properties and stability of corn oil-in-water emulsions stabilized by polyoxyethylene (20) sorbitan monooleate[END_REF] that the addition of xanthan gum to oil-in-water emulsions enhances their stability. This part is dedicated to study the effect of the presence of xanthan gum in the continuous phase solution on the stability of the obtained emulsion. For this sake, three concentrations of xanthan gum in the solution have been used: C XG = 0% (pure water), C XG = 0.2% and C XG = 0.5%. Each of these solutions contains 0.5% (wt.) of Tween 20 as a surface agent. For the clarity of the qualitative observation, a red dye has been added to the oil phase.

Using these three solutions as continuous phases and working with two different couples These obtained samples were poured into plastic test tubes of identical size tightly sealed with a plastic cap and stored in a refrigerator at a temperature of 4 • . Photographs of these emulsions are presented in Figure 5.15. The pictures were taken the day of the production of the emulsion samples (top picture), one week later (middle picture) and one month after the emulsions were produced (bottom picture). The top picture of Figure 5.15 already shows a destabilization of the oil in water emulsion produced at a flow rate of 200 -20 mL/min (referred to as sample 1). This destabilization, caused by the upward migration of oil droplets due to their lower density relative to that of the continuous aqueous phase (creaming phenomenon), occurs only 10 mins after the sample is produced. All other emulsion samples did not undergo creaming in the first few days.

One week later (middle picture of Figure 5.15), a partial creaming of the oil in water emulsion produced at a flow rate of 500 -50 mL/min (referred to as sample 2) is observed. While the bottom of the sample volume becomes slightly transparent, a bold pink layer appears on the top of the volume indicating the upward motion of the oil droplets. On the other hand, samples 3, 4, 5 and 6 remain perfectly homogeneous. The higher viscosity of these solutions relative to that of pure water, slows down considerably the creaming phenomena. After one month (bottom picture of Figure 5.15), samples 1, 2, 3 and 4 become destabilized (total creaming) while samples 5 and 6 remain perfectly homogeneous. At rest, the viscosity of the 0.5% xanthan gum solution is about 10× that of the 0.2% xanthan gum solution which explains the fact that emulsions of oil in 0.5% xanthan gum solution did not exhibit a creaming behaviour.

Creaming by itself is not indicative of emulsion breakdown. However, creaming can facilitate coalescence, which results in emulsion breakdown. All the emulsions were stable with regard to coalescence over a period of one month, in that no large droplets of oil were observed at-the top of the fluid volume. It is quite possible, however, that coalescence may have occurred on a microscopic scale. In order to quantitatively investigate this latter hypothesis, the granulometry of samples 1 and 3 , oil-in-water and oil in a 0.2% xanthan gum solution respectively (images not suitable for processing for an emulsion of oil in a 0.5% xanthan gum) both prepared at a flow rate couple of 200 -20 mL/min, was studied over the same period of time: granulometry measured the day of their production, one week later and one month after their production. The granulometry was studied based on the same procedure previously detailed.

The evolution with time of the mean arithmetic diameter d 10 of these two samples is presented in Figure 5.16. For the emulsion of oil in water, the d 10 increases by 2 µm in a one week span. Then, the mean diameter increases only by about 2 µm between day 8 and day 31, with a total increase of about 54% of its initial value one month after the emulsion was produced.

On the other hand, the mean average diameter of oil drops in the 0.2% xanthan gum solution did not seem to change even one month after the emulsion was produced. The red dashed line in Figure 5.16 is a guide for the eye. It corresponds to the initial value of d 10 of the latter emulsion the day of its production. While it looks by eye that d 10 increases one week later, the two values are within the error margin (due to the computation of the average diameter) relative to each other. Furthermore, the value of d 10 one month after the emulsion was produced is slightly smaller than that one week of its production. This is just related to the fact that both values are relatively within the computational error margin since it is clearly not possible for the average diameter to decrease with time. The granulometry data measured for both emulsions of oil in water and oil in a 0.2% xanthan gum solution the day of their production, one week later and one month after their production is summarized in Table 5.6. One month after the emulsions were produced, both average diameters in water or in the xanthan solution are comparable.

From what was presented, it is clear that the presence of xanthan gum in the aqueous continuous phase enhances the stability of the produced emulsion by delaying both creaming and coalescence. Table 5.6: Summary of the granulometry data measured for emulsions of oil in water and oil in a 0.2% xanthan gum solution (both prepared at a flow rate couple of 200 -20 mL/min) the day of their production, one week later and one month after their production.

Description of hydrodynamics flow regimes

As it was already concluded that the final granulometry of the emulsions is intrinsically related to the driving flow rates, it is natural to provide a systematic characterization of the hydrodynamic flow regimes. To do so, the following section will focus on integral measurements of the pressure drops driving the flow and will assess various flow regimes by monitoring their dependence on the bulk Reynolds number Re i2 .

Summary of the experiments

The experiments reported through this section are performed using as a continuous phase, various xanthan gum solutions with concentrations spanning a broad range (C XG ∈ [0%, 0.5%]). Having absolutely no effect on the hydrodynamic flow regimes and pressure drops driving the flow, solutions herein were formulated without the addition of Tween 20 as a surface agent (see Appendix C for the details).

For each xanthan concentration, a wide range of flow rate couples are tested, with the flow rate of the continuous phase Q i2 ranging in between 50 mL/min and 500 mL/min (with a 10 mL/min increment between 50 mL/min and 200 mL/min and a 20 mL/min increment between 200 mL/min and 500 mL/min) with a constant imposed oil to xanthan solution volume flow rate ratio:

ϕ = Q i1 Q i2 = 0.1 (5.22)
Both flow rates Q i2 and Q i1 are imposed manually and then measured via the data acquisition system. Yet, the real-time measured values can sometimes diverge from the imposed ones due to pump fluctuations, presence of air bubbles in the fluids, etc. In order to compare the results at a given flow rate, this latter should fall in a scatter of no more than 10% of its desired value. Otherwise the measurement is repeated. This can be visualized in Figure 5.17 where the flow rate of the dispersed phase Q i1 is plotted versus that of the continuous phase Q i2 for all of the measured points (about 350 points) with a black highlighted region corresponding to this 10% error bound.

Figure 5.17: Flow rate of the dispersed phase Q i1 versus that of the continuous phase Q i2 for all of the measured points (about 350 points). The black dashed line is a linear fit according to eq. 5.22. The black highlighted region is an error bound of 10% (see text for more details).

The details of the experiments and the values of the relevant non-dimensional quantities are listed in Table 5.7.

Flow maps are determined by plotting the surface velocity of the dispersed phase against that of the continuous phase. The fluid velocity is calculated by dividing the volume flow rate by the cross-sectional area of the microchannel:

U i1 = Q i1 H 1 W 1 (5.23) U i2 = Q i2 H 2 W 2 (5.24)
The flow velocity of the dispersed phase U i1 is plotted versus that of the continuous phase U i2 for all of the measured points (about 350 points) in Figure 5.18. The proportionality between both velocities, U i1 = (0.415 ± 0.005)U i2 , is presented by the black dashed line in Figure 5.18.

Flow regimes

The relative pressures P i2 and P i1 (with respect to atmospheric pressure) of the continuous and dispersed inlets respectively are obtained from the data acquisition system and used to describe flow patterns. They are monitored to weigh the effort made by the pumps to reach certain conditions of Reynolds numbers. It's reasonable that the inlet pressure increases with the Reynolds number. In fact, similar to Ohm's law in electricity, the flow rate equals the pressure divided by the fluid resistance. So the higher the flow rate (the Reynolds number) is, the higher the pressure will be.

The dependence of the driving pressures P i2 on the Reynolds numbers Re i2 for a xanthan gum solution with a concentration C XG = 0.2% in the continuous phase is shown in Figure 5.19. The pressure depends linearly on the Reynolds number up to a critical value Re c i2 . This roughly corresponds to the limit of laminar flow state. Beyond this critical value, the pressure drops enter a power law scaling regime which is steeper than linear (the diamonds relative to the dashed line in Figure 5.19), corresponding to turbulent flow states. This difference in the steepness of the increase of the pressure drops with the Reynolds number observed in a turbulent flow regime is commonly termed as "flow resistance" and represents a quantitative measure of the energetic costs associated to the transition from laminar flow states to turbulent ones.

It is of clear practical relevance to attempt to control the magnitude of the flow resistance by a fine tuning of the rheological properties of the continuous phase while not significantly altering the main properties (granulometry) of the final emulsion.

The dependence of the driving pressures P i2 on the Reynolds numbers Re i2 measured for various xanthan concentrations in the continuous phase is shown in Figure 5.20. Regardless the concentration of xanthan in the continuous phase, the pressure still depends linearly on the Reynolds number up to a critical value such that Re c i2 ≈ 2300 at most for all concentrations. This value is consistent with the values previously reported in the literature [START_REF] Ramaprian | An experimental study of oscillatory pipe flow at transitional Reynolds numbers[END_REF][START_REF] Güzel | Observation of laminar-turbulent transition of a yield stress fluid in Hagen-Poiseuille flow[END_REF].

To quantitatively assess the flow resistance associated to the transition to turbulence when xanthan solutions with various concentrations are used, the laminar pressures are first computed. As just mentioned, the pressure depends linearly on the Reynolds number up to a critical value Re c i2 . Thus, for Re i2 ≤ Re c i2 , for all xanthan solutions, pressures are linearly fitted versus the Reynolds numbers as can be seen in Figure 5.20. Using the obtained linear fitting parameters f 1 and f 2, the laminar pressure is computed over the full Reynolds number interval as follows: 

P lam i2 = f 1 × Re i2 + f 2 (5.25)
The measured pressures P i2 are then normalized by the obtained laminar pressures P lam i2 over the whole range of Reynolds numbers such that:

P i2 = P i2 P lam i2
(5.26)

The normalized pressure drops are plotted versus the Reynolds numbers for various concentrations of xanthan in the continuous phase (panel (b) of Figure 5.21). The addition of xanthan leads to a decrease of the apparent flow resistance. In fact, a slight decay downwards in the normalized pressures for xanthan concentrations compared to those for water can be noticed. The magnitude of this effect increases with the increase in the xanthan concentration. This observation may be associated with the emergence of the well known phenomenon of drag reduction previously observed with xanthan solutions [START_REF] Pereira | Drag reduction induced by flexible and rigid molecules in a turbulent flow into a rotating cylindrical double gap device: Comparison between Poly (ethylene oxide), Polyacrylamide, and Xanthan Gum[END_REF][START_REF] Santos | Drag reduction in turbulent flows by diutan gum: A very stable natural drag reducer[END_REF].

Reduced flow resistance

For a quantitative assessment of the drag reduction effect resulting from the addition of the polymer to the aqueous solution, a Reduced Flow Resistance parameter (RF R) is calculated using the data obtained above:

RF R(%) = P i2W -P i2XG P i2W (5.27) where: This approach of quantitatively assessing the drag reduction according to eq. 5.27 is substantially different from the classical definition [START_REF] Li | Feasibility study of new heat transportation system with dragreducing surfactant additives[END_REF] in which the drag reduction is defined as the difference of pressure drops (at constant Reynolds numbers) without and with the presence of a drag reducing agent (DRA), divided by the pressure drop of the brine solution in the absence of a drag reducing agent. This latter definition is used in previous studies where a drag reduction coefficient DR is defined via the wall shear stress [START_REF] Mitishita | Turbulent drag reduction of viscoelastic wormlike micellar gels[END_REF][START_REF] Mitishita | Statistics and spectral analysis of turbulent duct flows with flexible and rigid polymer solutions[END_REF].

This choice can be motivated in relation to the geometry of the microchannel, which departs strongly from a simple pipe flow geometry previously used by others, as follows.

The total flow resistance in the case of the microchannel studied herein comes from seven distinct contributions which are not necessarily additive: the flow resistance in the oil inlet (obviously unaffected by the drag reduction), the flow resistance from the aqueous phase inlet (affected by drag reduction), two flow resistance components in the outlets of the channel (partially affected by the drag reduction), two flow resistances from the presence of the 90 • edge and the widening section prior to the exit of the channel respectively and the flow resistance due to the presence of the swirl induced by the uneven fluid inlets in the impingement zone. As in the case studies herein, these contributions depend on the Reynolds number and, can not be easily decoupled so the classical definition of the drag reduction coefficient becomes unpractical.

The main results on the reduced flow resistance are summarized in Figure 5.22 where the dependence of the reduced flow resistance RF R on the Reynolds number calculated for various xanthan concentrations in the continuous phase is illustrated. For each xanthan concentration, past the onset of fully developed turbulent flow Re i2 ≥ 2300, the reduced flow resistance reaches a plateau. While the plateau values of the RF R for the smaller concentrations are around 30 -35%, they increase with the xanthan concentra- 

Dynamic regimes of the microscopic emulsification

The integral measurements of the pressure drop detailed above highlight both the transition from laminar flow states to turbulent ones and the emergence of drag reduction when xanthan is added to the continuous phase but provide no information about the microscopic dynamic regimes of the interfaces during the emulsification process.

With Newtonian fluids, various liquid-liquid dispersion patterns are commonly observed in microchannels: parallel flow, annular flow, slug flow, plug flow, deformed interface flow or droplet flow. These flow patterns are selected in relation to the geometry, size and wettability of the microchannel, the topology of the inlet junctions, the properties of the two liquids and the flow conditions [START_REF] Zhao | Liquid-liquid two-phase flow patterns in a rectangular microchannel[END_REF][START_REF] Kashid | Quantitative prediction of flow patterns in liquid-liquid flow in micro-capillaries[END_REF][START_REF] Tsaoulidis | Flow patterns and pressure drop of ionic liquid-water two-phase flows in microchannels[END_REF][START_REF] Der | An experimental investigation of oil-water flow in a serpentine channel[END_REF].

This section is dedicated to the characterization of these dynamic regimes with a particular focus on the correlation between these regimes and the rheological regimes presented in Figure 5.5. To characterize the dynamics of the interfaces between the continuous and the dispersed phase, experiments have been performed using as a continuous phase distinct xanthan solutions with concentrations C XG ranging from 0% (wt.) (pure water) to 0.5% (wt.) without the addition of a surfactant.

High speed visualization

After a quantitative description of the obtained emulsions, this section aims to make a qualitative analysis of these dynamic regimes of the microscopic emulsification using high-frequency visualizations.

For the bulk of the experiments reported herein, the high-speed camera has been operated at a frame rate of 540000 images/s with both a horizontal resolution and a vertical one of 96 dpi. To maximize the signal to noise ratio of the images, the maximum exposure time has been set at 1/1200000 s.

The region of interest for the high speed visualization during the investigation of dynamic regimes is the 90 • edge zone between the impingement zone and the exit of the microchannel (the region highlighted with a dashed red circle in Figure 5.24). It is a sufficiently large field of view to ensure an enough spatial resolution that would allow both qualitative and quantitative observations.

Snapshots from the high speed visualization of the flow of water-oil and 20XG-oil are respectively presented in Figure 5.25. The interface between the two fluids appears dark due to the interaction between the incident light and the interface. For a flow of water and oil at 100 -10 mL/min, it can be seen that the oil phase breakage is already occurring beyond the impact zone with slugs of oil and some large drops being identified. In fact, an inertial flow creates instabilities and thus, improves the shearing in the channel causing oil streams to split into long thin filaments directly broken into oil drops downstream the impingement zone. Whereas for the oil phase in a 0.2% xanthan gum solution, identically at a flow rate couple of 100 -10 mL/min, an extensional helical oil filament created downstream the impingement zone propagates through the channels without being broken into oil drops. This can be explained by the higher resistance to extension imported by the polymers into the continuous phase solution. The Reynolds number Re i2 of this solution is about three times smaller than that for the Newtonian aqueous phase for the same flow rates. As small emulsion drops are formed and collected from the container at the outlet of the channels, it is assumed that the breakage of these oil filaments occurs beyond the exit, somewhere between the outlet of the microsystem and the output of the whole process.

For similar flow rates, a small addition of xanthan dramatically changes the topology of the water-oil interfaces and the dispersion modes. This very basic illustration (Figure 5.25) for a single flow rate and a single concentration of xanthan prompts one to fully document such phenomena for a broad range of xanthan concentrations and flow rates.

To this, the investigation of the dynamic regimes of the microscopic emulsification will be discussed in the upcoming section.

Identification of different dispersion modes

As already mentioned, different common liquid-liquid (mainly water-oil) flow patterns are usually observed in microchannels: parallel flow, annular flow, slug flow, plug flow, deformed interface flow, rivulet flow, droplet flow, etc [START_REF] Der | An experimental investigation of oil-water flow in a serpentine channel[END_REF][START_REF] Yagodnitsyna | Flow patterns of immiscible liquidliquid flow in a rectangular microchannel with T-junction[END_REF][START_REF] Cao | Dimensionless analysis on liquid-liquid flow patterns and scaling law on slug hydrodynamics in cross-junction microchannels[END_REF]. These flow patterns depend on the geometry, size and wettability of the microchannel, the inlet junctions, the properties of both liquids and the flow conditions [START_REF] Zhao | Liquid-liquid two-phase flow patterns in a rectangular microchannel[END_REF][START_REF] Kashid | Quantitative prediction of flow patterns in liquid-liquid flow in micro-capillaries[END_REF][START_REF] Tsaoulidis | Flow patterns and pressure drop of ionic liquid-water two-phase flows in microchannels[END_REF]. Thus, experiments have been performed to investigate the dynamic regimes of the microscopic emulsification herein for different xanthan gum solutions used as continuous phase and for different flow rate couples. In order to cover different flow regimes (laminar, transitional and fully turbulent), for each xanthan concentration, flow rate couples are tested such that a wide range of Reynolds numbers Re i2 is covered. The flow rate of the continuous phase Q i2 is ranging in between 50 mL/min and 500 mL/min with a constant imposed oil to xanthan solution volume flow rate ratio ϕ = 10%.

For each test, a short video of 6 ms is registered. For a frame rate of 540000 images/s, each short video consists of 3000 images. By monitoring long sequences of flow images acquired for various driving flow rates and using solutions with different xanthan concentrations, distinct dispersion modes are identified. These are detailed in the following.

Mode 1 -Parallel flow

A parallel flow mode (Mode 1) is observed (Figure 5.26) when water and xanthan solutions are used as a continuous phase at small flow rates (low Reynolds numbers). This mode is weakly unstable in the sense that the position of the interface between the fluids varies slowly in time [START_REF] Zhao | Liquid-liquid two-phase flow patterns in a rectangular microchannel[END_REF][START_REF] Der | An experimental investigation of oil-water flow in a serpentine channel[END_REF][START_REF] Yagodnitsyna | Flow patterns of immiscible liquidliquid flow in a rectangular microchannel with T-junction[END_REF].

Mode 2 -Long thick filament

At larger Reynolds numbers, a second mode (Mode 2) consisting of a long thick filament of oil may be observed (Figure 5.27). This second mode is not observed with pure water 

Mode 4 -Short thin filaments

The fourth detected mode (Mode 4) consists of many short thin filaments (Figure 5.29). Similar to Mode 2, this mode is solely observed when xanthan is added to the continuous phase and not with water. This modes is previously detected in the literature when it comes to oil dispersion in a shear thinning matrix [START_REF] Husny | The effect of elasticity on drop creation in T-shaped microchannels[END_REF][START_REF] Christopher | Passive breakup of viscoelastic droplets and filament selfthinning at a microfluidic T-junction[END_REF].

Mode 5 -Slugs and large drops

When the Reynolds number is increased even further, a fifth mode (Mode 5) consisting of a collection of slugs and large oil drops may be detected (Figure 5.30). This mode is observed over the entire range of xanthan concentrations. This dispersion mode is usually observed when it comes to oil-in-water dispersion in microfluidic devices [START_REF] Zhao | Liquid-liquid two-phase flow patterns in a rectangular microchannel[END_REF][START_REF] Der | An experimental investigation of oil-water flow in a serpentine channel[END_REF][START_REF] Yagodnitsyna | Flow patterns of immiscible liquidliquid flow in a rectangular microchannel with T-junction[END_REF][START_REF] Cao | Dimensionless analysis on liquid-liquid flow patterns and scaling law on slug hydrodynamics in cross-junction microchannels[END_REF].

Mode 6 -Clouds of small drops

Corresponding to the highest Reynolds numbers investigated, a mode consisting of clouds of small oil droplets (Mode 6) is observed for both water and xanthan solutions (Figure 5.31). This dispersion mode is not frequently detected in the literature due to the limitations in flow conditions (smaller flow rates).

By testing xanthan solutions with various concentrations at various driving flow rates, a chart of the dispersion modes is built (Figure 5.32).

It is important to discuss the emergence of the various modes of dispersion in relation to the rheological behavior of the xanthan solutions. The addition of xanthan gum leads to the emergence of three distinct dispersion modes ("Mode 2", "Mode 3" and "Mode 4") that are not observed when pure water is used as a continuous phase. These modes emerge due to the shear thinning behaviour of the xanthan gum solutions and not due to the relatively higher viscosity (see Appendix D). This observation corroborates well with the strong and non-monotonic dependence of the mean diameter of the resulting emulsions on the xanthan concentration shown in Figure 5.4. Equally interesting is the shape of the stability lines that separate various dispersion regimes. While the line separating the "Mode 1" from the "Mode 2" has a roughly monotonic shape, the stability lines separating "Mode 2" from "Mode 4", "Mode 4" from the "Mode 5" and "Mode 5" from "Mode 6" are clearly non-monotonic in xanthan concentration. The stability line separating "Mode 2" from "Mode 4" exhibits a local maximum roughly corresponding to C XG ≈ C * * ≈ 0.1%. The stability line separating "Mode 5" from "Mode 6" exhibits two local maxima: a first one at C XG ≈ C * ≈ 0.05% and a second one at C XG ≈ C e ≈ 0.3%.

Particularly interesting is the emergence of "Mode 3". This mode is solely observed for C XG ≥ 0.3% which corresponds to the gel-like rheological regime highlighted in Figure 5.5. Bearing in mind that within this rheological regime the xanthan solutions exhibit a yield stress rheological behavior, the emergence of the branched filaments may be physically interpreted as follows. As the base flow below the onset of inertial turbulence is a Poiseuille flow it is reasonable to expect that, even in a turbulent state, the time averaged velocity gradients are the smallest around the centre-line of the microchannel. Thus, it is likely to encounter material elements subjected to local stresses that are smaller than the yield stress and therefore in a solid state. As the branches between the filaments are systematically observed in the close vicinity of centre-line of the microchannel (Figure 5.28), one may conclude that these are associated with solid bridges connecting the thick filaments.

Dynamics of the fluid interfaces

Using high speed visualization, space time diagrams (ST D) are built according to the following procedure. For frame rates of 540000 f ps, a short video of 6 ms is an accumulation of 3000 images. At a fixed position just prior the edge of the channel (Figure 5.33), one a vertically oriented cut segment is extracted from each of these images and all segments are grouped in the exact same order to give a space time diagram. For different concentrations of xanthan gum in the continuous phase stream and different flow rate couples, a number of tests has been conducted and therefore, space-time diagrams built. 5.27, 5.28, 5.29, 5.30. For the xanthan concentration illustrated in Figure 5.34 it is clear that as the Reynolds number is increased, the complexity of the space-time dynamics of the flow patterns increases. Thus, as one moves from the rather basic "Mode 1" towards "Mode 6", an increasing number of characteristic space and time scales emerge.

In the following, the focus is on the analysis of the temporal correlations of the fluctuations of the interface. For this purpose the time auto-correlation functions averaged within a band of width equal to 10% of the channel width and centered around the midpoint of the channel are computed. Such time auto-correlation functions are exemplified in Figure 5. C XG = 0.5%.

Within the fully developed turbulent regime, Re i2 > 2300, three distinct scaling regimes are observed. In a range of low frequencies (or, according to the Taylor's frozen flow hypothesis, wave numbers) an inertial range roughly characterized by a f -5/3 scaling is observed. In an intermediate range of frequencies, a steep f -6.4 scaling consistent with a viscous spectral range is observed. For the highest frequencies investigated, a f -3.3 scaling consistent with a spatially smooth flow is observed. Last, it is interesting to compare the total vertical span of the spectra measured in a full developed turbulent regime when the xanthan concentration is increased. By a comparative analysis of the spectra presented in the top part of the panels (a), (b) and (c) of Figure 5.37 (the data sets corresponding to the largest Re i2 investigated) it is clear that energy span covered by the spectra decreases upon the increase of the xanthan gum concentration. This indicates that the total energy associated to the turbulent velocity fluctuations decreases, which is consistent with a "laminarization" of the flow associated to the drag reduction phenomenon. 

Space-time characterization of the flow fields

The following section focuses on the analysis of the turbulent flow fields that drive the microscopic emulsification process. The micro-PIV measurements have been conducted as explained in Sec. 3.6.1.2.

The region of interest during the investigation is the 90 • edge zone between the impingement zone and the exit of the microchannel (region highlighted with a dashed red circle in Figure 5.24). The frame rate of the high-speed camera is set at 100000 f ps, the shutter exposure time is equal to 1/119337 s and out of about a 4 to 5 s recording period, only 5000 images are saved for each test corresponding to a total period of 50 ms between the first and the last saved image. So, the time interval between two successive images is 0.01 ms. The pixel size/spatial size correspondence is approximately equal to 1.43 µm/pixel.

As compared to the analysis of the dynamics of the interfaces detailed in the previous section, the measurements of the flow fields are performed herein in a limited range of flow rates and xanthan concentrations. For the micro-P IV tests reported herein, the working continuous phase flow rates Q i2 are limited between 50 mL/min and 150 mL/min with a dispersed to continuous volume flow rate ratio Φ = 10%. The investigated concentrations of xanthan in the continuous phase are C XG = 0%, C XG = 0.1% and C XG = 0.2%. Therefore, the flow velocity of the fluids in the region of interest varies in a narrow range, which is why a single value of dt (time interval between two successive images) is used for all the measurements. These practical limitations mainly relate to the maximum frame rate of the camera that can be used here. Time series of the velocity fields are measured during a total time of 50 ms which is comparable in magnitude to the viscous-inertial time scale and larger than the inertio-capillary time scale.

Both continuous and dispersed phases inside the microfluidic device are seeded with tracer particles. These particles are free of surfactant in order not to modify the interfacial tension in the two-phase flow. Taking into account the various considerations on the particles' size, size distribution, density, etc., the fluids are seeded with hollow spherical glass particles having a 10 µm average diameter from Dantec Dynamics (Ref : 80A6011). The choice of particle size is a compromise between small enough to minimize the lag, and big enough to be detected. Moderate concentrations are chosen (no fixed concentration) since too many particles will result in a loss of image contrast and can disrupt the flow, while too few particles will result in empty interrogation windows and erroneous velocity fields.

After the acquisition of the image sequence, an image processing procedure is performed for each experimental test. The walls of the channel are identified so that the areas outside the working region are masked and some are cropped from the images (Figure 5.38) which makes the upcoming computation of the velocity fields "lighter".

After this procedure is performed, pairs of images separated by the time interval dt are successively run through a P IV algorithm using the OpenP IV P ython package [START_REF] Liberzon | OpenPIV/openpivpython[END_REF]. The algorithm applies the 2D multi-grid cross-correlation method using a sequence of square interrogation windows of sizes [256,128,64,32,16] with a 50% overlap which means that the window is cross-correlated an additional 0.5× its size in each direction. The first iteration consists of dividing the two images into meshes with the size of the larger interrogation window. Cross-correlation is applied and a corresponding velocity field is calculated. The size of the interrogation window is gradually reduced from the coarsest to the finest grid. The velocity field is calculated again taking into account the one calculated in the previous iteration in order to eliminate velocity vectors that are not consistent. In fact, the information in the coarser grids are statistically more reliable because of their high signal to noise ratio. This multi-grid method allows to obtain a higher spatial resolution, but with a longer computation time. Finally, each calculated velocity field is filtered using a median filter used for experimental noise reduction. A cubic interpolation is performed for the non-numerical values. From this procedure, time average velocity fields can be obtained as presented in Figure 5.39 

Structure and dynamics of the velocity fields

At first, it is instructive to examine representative velocity profiles for all fluids and flow states measured. To this end, the time-averaged and local r.m.s. velocity profiles at a fixed position just prior to the edge of the channel (at x = 720µm in panel (b) of Figure 5.39) are plotted as a function of Re i2 in Figure 5.40. Thousands of instantaneous velocity measurements were used in the total average and the confidence interval for each point is very small. The results have been made dimensionless by scaling the total average with the maximum velocity U max .

An asymmetry is apparent in the time-averaged velocity profiles (panels (a), (c) and (e) of Figure 5.40) for the different fluids used and at different Reynolds numbers. A similar result is observed in the profiles of the local r.m.s. of the velocity fluctuation (panels (b), (d) and (f) of Figure 5.40). This may be understood as follows. The presence of the 90 • edge distorts the approaching flow which results in spatial and temporal velocity variations and swirling flow. The main feature of flow through the bend is the presence of a radial pressure gradient created by the centrifugal force acting on the fluid. This leads to a shift of the peak velocity toward the outer wall of the edge (y < 200 µm) due to the outward secondary flow and a region having a lower velocity is formed between the inner wall and the center-line of the microchannel (300 < y < 600 µm). Moreover, at such relatively low Reynolds numbers, an oil layer sticks at the boundary of the inner wall of the channel as can be seen using white light in Figure 5.41. This layer affects the velocity profiles in this region near the wall especially for the xanthan solutions. An increase of the Reynolds number allows the removal of this oil layer and results in a peak velocity toward the inner wall of the edge this time (velocity profiles for the highest Re i2 tested in panels (c) and (e) of Figure 5.40).

Time series of the velocity magnitude measured at the centre-line of the microchannel measured for a concentration of xanthan in the solution C XG = 0.1% and at different Reynolds numbers are exemplified in panel (a) of Figure 5.42. Each of the three time series exemplified exhibits "slow" (i.e. slower than the time averaged flow speed) intermittent events. Furthermore, the fluctuations of the velocity time series are reduced between the first tested Reynolds number (Re i2 = 774) and the fourth one (Re i2 = 1778), in which the time series kind of fluctuates the least, and then fluctuations increase back again to the highest tested Reynolds number (Re i2 = 2849). 5.28) where: 5.29) and

ξ = U -U mean U rms ( 
U mean = ⟨U (t)⟩ t ( 
U rms = (U (t) -U mean ) 2 t (5.30)
The probability density functions of the reduced velocity fluctuations ξ (eq. 5.28) are plotted in panel (b) of Figure 5.42 for the same data sets illustrated in panel (a). Here U mean (eq. 5.29) is the time average of the velocity time series and U rms (eq. 5.30) is the root mean square (rms) of its fluctuations. Only the central part of the pdf's overlaps and is well described by a Gaussian distribution. However, the right and left tails overlap and follow an exponential scaling.

In order to address the effect of the xanthan addition to the solution, the time-averaged and local r.m.s. velocity profiles for the three different tested concentrations of xanthan gum in the solution (C XG = 0%, C XG = 0.1% and C XG = 0.2%) at a Reynolds number roughly chosen at the beginning of the fully developed turbulent regime are plotted in panels (a) and (b) of Figure 5.43. As mentioned just above, at these Reynolds numbers, the addition of the xanthan gum powder in the continuous phase seems to shift the peak velocity toward the inner wall of the edge and results in a more symmetrical velocity profile than in the case of pure water. Time series of the velocity magnitude measured at the centre-line of the microchannel measured for these concentrations of xanthan and at the same Reynolds numbers are exemplified in panel (c) of Figure 5.43. Each of the three time series exemplified exhibits "slow" (i.e. slower than the time averaged flow speed) intermittent events. To understand the role of the xanthan addition on the intermittent flow behavior, the probability density functions of the reduced velocity fluctuations ξ (eq. 5.28) are plotted in panel (d) of Figure 5.43 for the same data sets illustrated in panel (c). While the right tails and the central parts of the pdf's which are well described by a Gaussian distribution are not affected by the xanthan addition, the left tails which follow an exponential scaling are systematically affected by it.

Turbulence intensity

The turbulence intensity I t is a dimensionless number defined (eq. 5.31) as the standard deviation of the fluid speed within a time step divided by the mean fluid speed over that time step [START_REF] Rehman | Tower distortion and scatter factors of co-located wind speed sensors and turbulence intensity behavior[END_REF]. This non-dimensional parameter is often used to characterize the intensity of the turbulent flow states and its dependence on the Reynolds number provides useful physical insights into the laminar turbulent transition [START_REF] Güzel | Observation of laminar-turbulent transition of a yield stress fluid in Hagen-Poiseuille flow[END_REF]; [START_REF] Sentker | Unsteady flow and turbulence in a low speed axial compressor[END_REF][START_REF] Escudier | Drag reduction in the turbulent pipe flow of polymers[END_REF]. Regardless the xanthan concentration, the dependence of the turbulence intensity on the Reynolds number is non monotonic with an apparent local minimum in the beginning of the transitional flow regime Re ≈ 1500 and a local maximum located around the onset of the fully developed regime. Such non-monotonic evolution of the turbulence intensity has been previously observed in macroscopic turbulent pipe flows of xanthan solutions [START_REF] Güzel | Observation of laminar-turbulent transition of a yield stress fluid in Hagen-Poiseuille flow[END_REF]. By comparing the different data sets displayed in Figure 5.44 it is rather clear that, past the transitional flow regime, the xanthan addition leads to a significant decrease in the intensity of the turbulent states. This observation is as well associated with the emergence of the drag reduction phenomenon.

I t = U rms U mean ( 

Conclusion

A systematic experimental study of the emulsification of shear thinning fluids in inertially turbulent microscopic flows was presented in this chapter. The central aim of the study was to understand the coupling between the ex-situ properties of the emulsions, the rheological regimes of the continuous phase, the hydrodynamic flow regimes, the dynamic modes of the emulsification process and the local properties of the flow fields. To address this broad scope, the study combined several types of measurements: ex-situ measurements of the emulsions' granulometry, integral flow measurements, local investigations of the dynamic modes of the emulsification and micro-PIV measurements.

The granulometry of the emulsions obtained in turbulent flows at various Reynolds numbers and for various xanthan concentrations in the dispersed phase is strongly correlated to these rheological regimes (Figure 5.6). Thus, corresponding to C ≈ C * * that marks the transition from the semi-dilute to the concentrated regime, a peak of the dependence of the mean diameter of the emulsions is observed. A second change in the monotony of the trend of this dependence is observed at C ≈ C e which marks the transition to a gel-like rheological behavior. Furthermore, the presence of xanthan gum in the aqueous continuous phase enhances the stability of the produced emulsion by delaying both creaming and coalescence.

From a fluid mechanics point of view, the addition of xanthan to the continuous phase leads to the emergence of the drag reduction phenomenon manifested through the experiments herein by an increase of the reduced flow resistance coefficient RF R (Fig- The analysis of space-time dynamics of the interfaces between the continuous and the dispersed phase allowed one to provide a full mapping of the various emulsification modes observed within a wide range of Reynolds numbers and xanthan concentrations (Figure 5.32). Upon the addition of xanthan gum, three distinct dispersion modes (which are not observed when pure water is used as continuous phase) emerge: "Mode 2" -one long thick filament, "Mode 3" -branched thick filaments and "Mode 4" -thin filaments. The separation lines between these new modes are equally related the rheological regimes of the continuous phase.

The emergence of the drag reduction phenomenon significantly impacts both the local dynamic of the fluid interfaces and the local flow fields. Thus, within the drag reduction regime, an increase in the level of correlations of the dynamics of the fluid interfaces is observed (Figures 5.35 and 5.36). The presence of the drag reduction leads to a decrease of the total span of the spectra of the fluctuations of the fluid interfaces (Figure 5.37).

Though technically more limited than the measurements of the interfacial dynamics, the micro-PIV measurements of time series of the velocity fields revealed several important features triggered by the addition of xanthan to the continuous phase and the aforementioned emergence of the drag reduction. First, the emergence of the drag reduction strongly affects the intermittent behavior of the flow fields. Thus, upon the addition of xanthan the left-skewness of the probability density functions of the velocity fluctuations increases (Figure 5.43). Second, within the drag reduction flow regime, a significant decrease of the level of fluctuations of the axial velocity measured at the centre-line of the microchannel is observed (Figure 5.44).

The central message of this experimental study is two-fold. From a practical perspective, the results reported herein open new avenues towards controlling the microscopic-scale emulsification process in a turbulent regime by fine rheological tuning of the continuous phase. The non-monotonic dependence of the mean diameter of the emulsion combined with the emergence of the drag reduction phenomenon when a minute amount of xanthan is added to the continuous phase allows one to produce fine emulsions while keeping the energetic costs associated to the turbulent flow resistance within acceptable limits. From a fundamental standpoint, the addition of xanthan to the continuous phase adds several layers of complexity to the hydrodynamic problem. Thus, the panorama of dispersion modes is enriched with respect to the Newtonian emulsification case as a result of the presence of two strong sources of nonlinearity in the flow: inertial and rheological.

General Conclusion

The emulsification process is of paramount importance for a number of industrial applications including but not restricted to pharmaceutics, cosmetics, food, paintings and oil field engineering. It is therefore important to propose emulsification processes that are efficient in terms of both, the energy cost and the properties of the final emulsion.

The scientific literature lists a considerable number of technologies used for emulsion production with a recent particular focus on microfluidic devices due to the multiple advantages these systems can offer including lower manufacturing and operating costs, lower energy consumption compared with conventional processes, improved environmental impact and increased safety.

Microfluidics has been an active field of research for the past two decades, in particular for the development of emulsification processes. However, the emulsification process using these microfluidic devices was mostly studied under highly controlled conditions. First, the fluids used were mainly Newtonian fluids. Second, the flow rates used are small, of the order of few mL/h. These conditions do not allow an achievement of emulsification conditions that are appealing to modern industrial settings.

Few years ago, an innovative microfluidic concept/device able to achieve continuous high throughput emulsification has been developed and patented within the LTeN and the GEPEA [START_REF] Bellettre | Device and method for carrying out a continuous emulsion of two immiscible liquids[END_REF]. This microfluidic device realizes an impinging jet configuration where a stream of oil is directed against a stream of water along a central intake axis in a cross-shaped microfluidic junction with two outlet microchannels from which the formed emulsion will exit the device. The operating flow rates of this microsystem can go up 500 mL/min.

This device typically operates in an inertial flow regime where large driving energies are required. Therefore, it is practically appropriate to try to increase its energy efficiency.

For this sake, the rheological properties of the aqueous phase were finely tuned by adding a small amount (typically less than 1% by weight) of xanthan gum and thereby the aqueous phase was transformed into a non-Newtonian shear-thinning fluid. The scope was to produce more stable emulsions with fine drops without compromising the overall energetic costs of the emulsification process.

Sunflower oil was used as a dispersed phase. Xanthan gum solutions with different concentrations ranging between C XG = 0% (pure water) and C XG = 0.5% (wt.) were used as continuous phases. Depending on the application, 0.5% (wt.) of Tween 20 was added to the continuous phase as a surfactant.

These xanthan gum solutions were rheologically characterized using two different techniques in order to cover a wide range of shear rates corresponding to the range of shear rates in the experiments herein: the classical rotational rheometry and the high shear rate microfluidic rheometry. Rheological flow curves were obtained and fitted using the Carreau-Yasuda model for each xanthan gum solution.

Within the broad range of xanthan gum concentrations, four distinct rheological regimes of the xanthan solutions were observed: dilute, semi-dilute, concentrated and gel-like entangled (yield stress). Whereas the first three rheological regimes are well documented GENERAL CONCLUSION in the literature, the yield stress behaviour of very concentrated xanthan solutions is much less understood.

Before investigating the physically complex problem of turbulent emulsification using shear thinning fluids, a presumably simpler physical setting was studied. This relates to the study of the dynamics of a single Newtonian oil drop in the turbulent cross-slot flow of xanthan solutions with various concentrations.

Two distinct phenomena have been identified and studied by means of in situ visualization and a bespoke image processing protocol developed in house. The first one relates to the trapping of the mother oil droplet and its deformation within the impingement region of the flow in the absence of breakup. The second phenomenon that is of paramount importance for understanding the process of emulsification relates to the breakup of drops.

Both the trajectories and the histories of the deformation of mother drops depend on the concentration of xanthan in the continuous phase. A monotonic increase of the trapping time occurs when the xanthan concentration is gradually increased. Together with this, longer the drops stay trapped within the impingement region of the flow, larger their time averaged deformation is. For low values of the flow rates, the trapping probability decreases monotonically with the xanthan concentration; while for higher flow rates the dependence becomes non-monotonic. This is a clear indicator that the trapping behaviour relates to both the flow conditions (the flow rates) and the shear thinning rheology of the continuous phase.

As for the breakup of the mother drops, it yields two morphological distinct connected objects: daughter drops and filaments. Moreover, the characteristic breakup times depend on both the flow rates and the rheology of the continuous phase. For low flow rates, the dependence of the breakup time on the xanthan concentration is non-monotonic, while for higher flow rates a monotonic dependency of the breakup time on the xanthan concentration is observed: larger the concentration is, longer it takes for the mother drop to break. After the primary breakup of the mother drop, the number of connected objects increases as a power law with time. The rate of this increase depends on both the flow rates and the concentration of xanthan. For both combinations of flow rates the steepest increase of the number of connected objects is observed when pure water is used as a continuous phase. As the concentration of xanthan is gradually increased, the rate of increase of number of connected objects decreases indicating that the shear thinning rheology of the continuous phase inhibits the dynamics of the successive breakup events.

The deformation of the drop is caused by both shear and extension, however, in terms of the magnitude of the rates of the deformation, the extension appears to be dominant.

The experimental results detailed in this first investigation brought insights into the role of shear-thinning rheological behavior on both the transient deformation of droplets and their subsequent breakup in a turbulent flow. The second and main investigation was the study of the high Reynolds number emulsification in the presence of xanthan solutions with various concentrations with the emergence of the drag reduction.

The central aim of the study was to understand the coupling between the ex-situ properties of the emulsions produced, the rheological regimes of the continuous phase, the hydrodynamic flow regimes, the dynamic modes of the emulsification process and the local properties of the flow fields. To address this broad scope, the study combined several types of measurements: ex-situ measurements of the emulsions' granulometry, integral GENERAL CONCLUSION flow measurements, local investigations of the dynamic modes of the emulsification and micro-PIV measurements.

The granulometry of the emulsions obtained in turbulent flows at various Reynolds numbers and for various xanthan concentrations in the dispersed phase is strongly correlated to these rheological regimes. Thus, a peak of the mean diameter of the emulsions is observed at a concentration marking the transition from the semi-dilute to the concentrated regime. The average diameter of the emulsions decreases as the flow rates increase. the difference between the average diameter of emulsions obtained using water and that of emulsions obtained using xanthan gum solutions as a continuous phase shrinks as the flow rates increase and, for the highest studied continuous flow rate Q i2 = 500 mL/min, these average diameters are comparable.

Furthermore, the presence of xanthan gum in the aqueous continuous phase enhances the stability of the produced emulsions by delaying both creaming and coalescence.

From a fluid mechanics point of view, the addition of xanthan to the continuous phase leads to the emergence of the drag reduction phenomenon manifested through the experiments herein by an increase of the reduced flow resistance coefficient RF R. The plateau value reached by the reduced flow resistance coefficient as the Reynolds number is increased, increases with the xanthan concentration and the hydrodynamic regimes are also correlated with the rheological regimes.

The analysis of space-time dynamics of the interfaces between the continuous and the dispersed phase allowed one to provide a full mapping of the various emulsification modes observed within a wide range of Reynolds numbers and xanthan concentrations. Six distinct dispersion modes are identified: "Mode 1" -parallel flow, "Mode 2" -one long thick oil filament, "Mode 3" -branched thick oil filaments, "Mode 4" -thin oil filaments, "Mode 5" -slugs and large oil drops and "Mode 6" -clouds of small oil drops.

The separation lines between these new modes are equally related the rheological regimes of the continuous phase.

Within the drag reduction regime, an increase in the level of correlations of the dynamics of the fluid interfaces is observed. Its presence leads to a decrease of the total span of the spectra of the fluctuations of the fluid interfaces.

Micro-PIV measurements of time series of the velocity fields were conducted with some limitations due to the very small space scales and very short time intervals. However, these still revealed several important features. First, the emergence of the drag reduction strongly affects the intermittent behavior of the flow fields. Thus, upon the addition of xanthan the left-skewness of the probability density functions of the velocity fluctuations increases. Second, within the drag reduction flow regime, a significant decrease of the level of fluctuations of the axial velocity measured at the centre-line of the micro-channel is observed.

From a practical perspective, the results reported during this investigation open new avenues towards controlling the microscopic-scale emulsification process in a turbulent regime by fine rheological tuning of the continuous phase. It was shown that the addition of a minute amount of xanthan gum the continuous phase allows one to produce fine and more stable emulsions while keeping the energetic costs associated to the turbulent flow resistance within acceptable limits.

From a fundamental standpoint, the addition of xanthan to the continuous phase adds several layers of complexity to the hydrodynamic problem. Thus, the panorama of dispersion modes is enriched with respect to the Newtonian emulsification case as a result of the presence of two sources of nonlinearity in the flow: inertial and rheological.

As of perspectives, on the short term it would be interesting to investigate the degree of universality of these findings by using other shear-thinning and/or yield stress fluids and checking if they exhibit a similar physical behaviour. Second, since the addition of xanthan gum enhances the stability of the obtained emulsions, it would be important to study to what extent the use of surface agents can be minimized by studying different types of surfactants.

From these two mentioned points, it may be possible to produce emulsions that are more in line with the requirements of the industry and intended for a specific application (food, cosmetics, pharmaceutics, etc.) by employing different fluids for both continuous and/or dispersed phase, by using different types of surfactants and at different concentrations.

In the medium term, it would be interesting to study this flow with the help of numerical models. As numerical simulations are concerned, it is rather obvious that describing the phenomena observed herein would be a daunting task. Along this line, the difficulties would be several. First, one is dealing with turbulent flows. Second, one is dealing with fluid interfaces. Third, non-Newtonian fluids are used. These three main difficulties clearly indicate that commercially applicable CF D codes would be of no use. However, during the past decade, a new CF D community has started following the seminal work of Stéphane Popinet [START_REF] Popinet | A quadtree-adaptive multigrid solver for the Serre-Green-Naghdi equations[END_REF] formed around the Basilisk flow solver. It is believed that the actual developments within the Basilisk community including adaptive meshing, non-Newtonian solvers and efficient parallelization could in principle allow tackling this tremendously difficult task. Of course, somewhat along the path followed during this work, the study of the dynamics of a single drop would be the first and most accessible task to start with.

A.1 Technical details about the thermo-rheological measurements

The experiments reported herein were performed using Kelzan ® T as a xanthan gum powder. The solutions were prepared as explained in Chapter 2 in a wide interval of concentrations ranging from C XG = 0.05% (wt.) up to C XG = 1% (wt.). No preservative or surfactant was used in the formulation.

Classical rotational rheometry tests were performed using the same Mars III (Thermofischer Scientific) device. The tests were performed using a parallel plate rheometric setup schematically illustrated in panel (a) of Figure A.1. To prevent the emergence of wall slip that is known to induce measurements artifacts [START_REF] Macosko | Rheology: principles, measurements and applications[END_REF][START_REF] Coussot | Rheometry of pastes, suspensions and granular materials[END_REF], a sand blasted top disk D with a radius of 35 mm was used. The glass made bottom plate PP was equally serrated and its temperature was controlled via a Peltier plate.

Several distinct rotational rheological protocols have been used for the characterization of the xanthan solutions.

First, linearly increasing/decreasing controlled stress ramps as schematically illustrated in panel (b) of Figure A.1 have been performed. The maximum applied stress τ max has been judiciously chosen for each concentration of xanthan in order to cover a range of deformation states as wide as possible while avoiding the emergence of inertial instabilities which are known to bias the rheological tests [START_REF] Macosko | Rheology: principles, measurements and applications[END_REF][START_REF] Ewoldt | Experimental challenges of shear rheology: how to avoid bad data[END_REF]. Both the increasing stress and decreasing stress branch of the linear stress ramp consisted of 750 steps. The waiting time per stress value t 0 to be further referred to as the characteristic time of the external forcing was varied from 0.2 s to 5 s. Corresponding to the largest value of the waiting time, steady state measurements of the viscosity were performed.

A second rheometric protocol employed through this study was the creep test. Such tests were performed by imposing a constant stress τ 0 and monitoring the time evolution of the deformation γ. In the asymptotic limit of large time, a linear time dependence of the strain is understood as a signature of fluid rheological behavior while a sub-linear one is interpreted as a signature of solid rheological behavior [START_REF] Coussot | Rheometry of pastes, suspensions and granular materials[END_REF][START_REF] N'gouamba | Yielding and rheopexy of aqueous xanthan gum solutions[END_REF]. The creep tests reported herein were solely performed at an ambient temperature T = 298 K.

As thermo-rheological analysis plays an important role through this study, a particular attention has been paid to the thermal regulation during the rheological tests. The temperature was regulated at values ranging in between 25 ± 0. The high shear rate rheological tests have been performed using the microfluidic rheometer as explained in Chapter 2. • For applied stresses exceeding a critical value τ y ≈ 10 P a a monotonic increase of the rates of the deformation that can be well described by the Herschel-Bulkley constitutive equation (full lines in Figure A.3) is observed.

• Upon increasing/decreasing the applied stresses, the deformation states are reversible only within the fluid regime τ ≥ τ y while for τ < τ y a clear hysteresis is observed. Such irreversible yielding scenario has been observed during unsteady flow ramps other materials including Carbopol solutions [START_REF] Putz | Settling of an isolated spherical particle in a yield stress shear thinning fluid[END_REF][START_REF] Putz | The solid-fluid transition in a yield stress shear thinning physical gel[END_REF][START_REF] Bibliography Younes | On the elusive nature of Carbopol gels:"model", weakly thixotropic, or time-dependent viscoplastic materials[END_REF][START_REF] Younes | In-situ visualisation of the micro-structure of a Carbopol gel during a confined microscopic flow[END_REF] or concentrated suspensions of micro-algae [START_REF] Soulies | Rheological properties of suspensions of the green microalga Chlorella vulgaris at various volume fractions[END_REF][START_REF] Souliès | Microscopic flows of suspensions of the green non-motile Chlorella micro-alga at various volume fractions: Applications to intensified photobioreactors[END_REF].

• On the decreasing branch of the applied stresses (the empty symbols in Figure A.3) the flow curve exhibits a cusp right below the yield point τ y . This corresponds to an elastic recoil that leads to a reversal of the sense of rotation of the rheometer shaft and has been fully documented for Carbopol gels [START_REF] Putz | Settling of an isolated spherical particle in a yield stress shear thinning fluid[END_REF][START_REF] Putz | The solid-fluid transition in a yield stress shear thinning physical gel[END_REF][START_REF] Bibliography Younes | On the elusive nature of Carbopol gels:"model", weakly thixotropic, or time-dependent viscoplastic materials[END_REF][START_REF] Younes | In-situ visualisation of the micro-structure of a Carbopol gel during a confined microscopic flow[END_REF]. When a material is subjected to a constant stress, the strain scales with time as a power law γ ∝ t α in the asymptotic limit of long times. A constant and finite viscosity regime corresponds to α = 1. When α < 1 a viscoplastic deformation regime is observed. Indeed, if α < 1 then the rate of shear γ ∝ t α-1 is a monotonically decreasing function of time lim t→∞ γ = 0 and the flow stops in a finite time. Bearing in mind these simple considerations, to distinguish the viscous flow deformation regime from the yield stress regime it is sufficient to measure the scaling exponent α for several values of the imposed stress. .5). For low values of the applied stress, the scaling exponent of the strain appears to be smaller than unity. This leads to flow stoppage in a finite time and is a signature of viscoplastic rheological behavior [START_REF] Coussot | Rheometry of pastes, suspensions and granular materials[END_REF].

In order to map the viscoplastic behavior, creep tests similar to the ones illustrated in This result is presented in Figure A.6. For Kelzan ® T solutions with concentrations C XG ≤ 0.3% a roughly unitary scaling exponent is found of order of unity over the entire range of applied stresses (the stars and the right triangles in Figure A.6). For larger concentrations, C XG > 0.3%, a critical stress value τ y has been systematically identified beyond which the scaling exponents switch from a unitary value to a sub-unitary one.

Based on this result, it may be concluded that, within this range of concentrations, the xanthan solutions clearly exhibit a viscoplastic rheological behavior.

The presence of a yield stress behaviour has been unequivocally demonstrated via three distinct rheological techniques and the dependence of yield stress on the concentration of xanthan gum in the solution has been highlighted.

A.3 Deeper insights into the molecular scale origins of yield stress via thermo-rhelogy

The central aim of this section is gaining further insights into molecular scale origins of the emergence of the apparent yield stress behavior of xanthan solutions observed at concentrations C XG ≥ 0.3%. While on a purely intuitive basis it is rather clear that the yield stress behavior emerges upon a certain molecular scale re-organization in microstructural units that resist better the local deformation field, physical origins of this process are, to our best understanding, elusive. There is no clear consensus either on the topological details of these microscopic structures or on the physical nature of the interactions that lead to their formation.

To address this fundamental issue the focus will solely be on a single xanthan solution that was shown to exhibit a pronounced yield stress behavior C XG = 1%. The sample is subjected to controlled conditions that may tamper with the molecular level structuring and, by assessing the rheological response, it is possible to pin-point the physical processes that control the yield stress behavior. For a larger value of the applied stress, τ 0 = 15 P a, the magnitude of the hysteresis is smaller (the full/empty triangles in Figure A.7). For the largest value of the applied stress explored, τ 0 = 20 P a, the thermal hysteresis nearly disappears (the full/empty circles in Figure A.7). Together with the emergence of the hysteresis, a second interesting feature is observed. Regardless the value of the imposed stress, on the heating branch of the temperature ramp a change in the logarithmic slope of the data is observed at a critical value of the temperature T c = 328 K. This critical temperature is referred to in the literature as the onset of the order-disorder transition or the melting temperature [START_REF] Capron | About the native and renatured conformation of xanthan exopolysaccharide[END_REF][START_REF] Washington | Model for the Temperature-Induced Conformational Change in Xanthan Polysaccharide[END_REF].

To quantify relation between the temperature and the viscosity, the Arrhenius correlation is used: .1) where: R = universal gas constant [J.mol -1 .K -1 ] ∆E a = activation energy [J] At room temperature T = 293 K a hysteresis upon increasing/decreasing stresses is observed even during the steady state ensured during the controlled stress ramp (the full/empty squares in Figure A.9). This behavior is consistent with the yield stress rheological regime related to the structuring of the xanthan molecules.

η = η R exp ∆E a RT (A
For the largest temperature explored T = 348 K on the other hand, no significant hysteresis is observed upon loading/unloading of the sample (the full/empty circles in Figure A.9). Though one can formally fit the increasing stress branch of the stress ramp by a Herschel-Bulkley model, the result indicates a vanishingly small yield stress comparable in magnitude to the fitting error, τ y = 0.1 ± 0.13 P a. This observation is consistent with a viscous deformation regime which indicates that the heating of the sample resulted in a structural damage of the gel-like structure observed at room temperature. Review of the scientific production Scientific production • Two oral conference papers presented at the Annual European Rheology conference AERC2022 in Sevilla, Spain.
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Abstract : An experimental study of the turbulent dynamics of emulsification in a cross-slot microfluidic device is presented. The study focuses on the possibility of increasing the energetic efficiency of the already designed and patented microfluidic device by producing more stable emulsions with fine drops without compromising the overall energetic costs of the emulsification process. The aqueous continuous phase is rheologically tuned by adding a minute amount (typically less than 1% by weight) of a polymeric material (xanthan gum). As a simpler physical setting, an investigation of the dynamics of a single oil drop in the microscopic cross-slot of the shear thinning fluid was carried out first. Two fundamental dynamic modes are observed. The first one relates to the trapping of the drop in the impingement zone and its deformation without breakup.

The second phenomenon that is of particular relevance to the emulsification process relates to the breakup of drops.

A quantitative description of the kinematics of drop deformation was performed using a novel tool that allows one to assess the velocity distributions along the drop contours showing that the droplet-breakup is extensiondominated. Next, the emulsification process was investigated in a wide range of polymer concentrations in the continuous phase and Reynolds numbers (up to 16000) so the drag reduction phenomenon is observed. The statistics of droplet sizes in the resulting emulsions are measured ex-situ by means of digital microscopy. Integral measurements of the statistics of the pressure drops in the microchannel allow one to systematically map the drag reduction states. Corresponding to each state, the space-time dynamics of the emulsification process are assessed by means of in-situ high speed imaging of the interface between the two fluids which further allows one to extract the characteristic time and space scales associated to the dynamics of the interface. Using micro-PIV measurements of time series of the velocity, a significant decrease of the level of fluctuations of the axial velocity measured at the centre-line of the microchannel is observed within the drag reduction flow regime.
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 01 Figure 0.1: Oil-in-water emulsification process.

  Figure 0.2: 3D schematic representation of a cross-slot microfluidic emulsification device [Ji et al., 2020].
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 11 Figure 1.1: Simple oil in water (o/w) and water in oil (w/o) emulsions.
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 12 Figure 1.2: Water in oil in water (w/o/w) and oil in water in oil (o/w/o) multiple emulsions.

  [J] ∆G entropic = variation of the entropic free enthalpy [J] γ cd = interfacial tension between the continuous (c) and dispersed (d) phases [N/m] ∆A = variation of the interfacial area before and after the emulsification process [m 2 ] T = temperature [K] ∆S = variation of the entropy of the system [J/K]
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 1 Figure 1.3: Free enthalpy of demixing.
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 1 Figure 1.4: Physico-chemical phenomena responsible for the destabilization of emulsions[START_REF] Galindo Alvarez | Étude de l'inversion de phase catastrophique lors de l'émulsification de produits visqueux[END_REF][START_REF] Abismail | Emulsification by ultrasound: drop size distribution and stability[END_REF].
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 115 Figure 1.5: Schematic representation of a surfactant molecule.
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 1 Figure 1.6: Surfactant molecules arrangement in o/w and w/o emulsions[START_REF] Debas | Émulsification en systèmes microstructurés[END_REF].

  difference between the inner and outer surface of the drop [P a] γ c/d = interfacial tension between the continuous (c) and dispersed (d) phases [N/m] r 1 , r 2 = local curvature radii of the interface [m]

  hydraulic diameter of the channel [m] d drop = mean arithmetic diameter of the emulsion [m] γ c/d = interfacial tension between the continuous (c) and dispersed (d) phases [N/m] ρ = density of the fluid [kg/m 3 ] η = dynamic viscosity of the fluid [P a.s] U = velocity of the fluid [m/s] 1.2.2.2 Droplet breakup in a laminar flow
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 17 Figure 1.7: Schematic illustration of the deformation of a drop in a laminar flow [Lemenand, 2002].
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 1 Figure 1.9: Sketch of a drop deformation in a shear flow and an extension flow.

Figure 1 .

 1 Figure 1.10: Deformation versus time for a shear and an elongational flow.

Figure 1 .

 1 Figure 1.11: Sketch of stream lines and velocity profiles of (a) laminar flow and (b) turbulent flow[START_REF] Toutouh | Drag Reduction in Turbulent Flows by Polymers and Surfactants: An Experimental Study Into the Mechanisms of Drag Reduction by Additives[END_REF].

  size of the Kolmogorov scale [m] η c = dynamic viscosity of the continuous phase [P a.s] ρ c = density of the continuous phase [kg/m 3 ] ϵ = turbulent kinetic energy dissipation rate [J/(kg.s)]

Figure 1 .

 1 Figure 1.13: Sketch of droplet formation in turbulent flows. Top panel: droplet breakup in a turbulent inertial regime where drops are larger than the smallest eddies and deform by the action of hydrodynamic pressure fluctuations. Bottom panel: droplet breakup in a turbulent viscous regime where drops are smaller than the smallest eddies and deform under the action of viscous stress inside and between the eddies.[START_REF] Rayner | Scales and Forces in Emulsification[END_REF] 
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 117 Figure 1.17: Emulsification microchannel [Montillet et al., 2013].
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 1 Figure 1.18: Sketch of the three tested configurations by Montillet et al. [2013].
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 1 Figure 1.19: 3D schematic representation of the microfluidic emulsification device [Ji et al., 2020].
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 1 Figure 1.21: Schematic representation of the typical behaviour of a droplet during breakup evolution [Ji et al., 2021a].

Figure 1 .

 1 Figure 1.22: Sketch of different non-Newtonian behaviors [Lacassagne, 2018].

  zero shear viscosity [P a.s] η ∞ = infinite shear viscosity [P a.s] γ = shear rate [s -1 ] η = viscosity at a given shear rate [P a.s]

Figure 1 .

 1 Figure 1.23: Schematic representation of an unsheared (a) and sheared (b) dilute polymer solution [Lacassagne, 2018].
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 1 Figure 1.24: Extensional and shear viscosity as a function of stretch and shear rate, respectively [Vlachopoulos and Strutt, 2003].
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 1 Figure 1.25: From the work of Arratia et al. [2007]: (a) Microchannel experimental setup. (b) Filament thickness h as a function of time for both Newtonian and polymeric (aqueous solution of polyacrylamide) fluids at the same flow rates. (c) Snapshots of drop formation process of both Newtonian (left column) and polymeric (right column) fluids.

Figure 1 .

 1 Figure 1.26: Chemical structure of xanthan gum [Quinten et al., 2011].

Figure 1 .

 1 Figure 1.27: Schematic diagram of the denaturation and renaturation of the xanthan double helix[START_REF] Matsuda | Thermal Denaturation, Renaturation, and Aggregation of a Double-Helical Polysaccharide Xanthan in Aqueous Solution[END_REF][START_REF] Matsuda | Atomic force microscopy of thermally renatured xanthan with low molar mass[END_REF].

  viscosity [P a.s] η 0 = viscosity of the solution [P a.s] η s = viscosity of the solvent [P a.s]

  of drag reduction [%] ∆p = pressure drop measured without DRA [P a] ∆p DRA = pressure drop measured with DRA [P a]

Figure 1 .

 1 Figure 1.29: Schematic diagram of the addition of drag reducing polymers to a solution within a pipeline turbulent flow [Han and Choi, 2017].

CHAPTER 1 .

 1 Figure 1.30: Velocity profiles of the turbulent flow of (a) a pure liquid and (b) a liquid containing a polymer additive [Nesyn et al., 2012].

Figure 2 . 1 :

 21 Figure 2.1: Chemical structure of Tween 20 where w + x + y + z = 20.

  Figure 2.3: M ars III (T hermof ischer Scientif ic) rheometer.

Figure 2 .

 2 Figure 2.4: Rheological flow curve measured for a 0.1% (wt.) Kelzan ® T xanthan gum solution (10XG) via classical rotational rheology.

Figure 2 . 5 :

 25 Figure 2.5: Schematic representation of the Y -shaped microchannel of the high shear rate microfluidic rheometer: Q -flow rate of the fluid to be characterized, Q R -flow rate of the reference fluid with a known viscosity, W -transverse extent of the fluid to be characterized, W R -transverse extent of the reference fluid.

Figure 2 . 2

 22 Figure 2.6: Rheological flow curve measured for a 0.1% (wt.) Kelzan ® T xanthan gum solution (10XG) via microfluidic high shear rate rheology added to the data presented in Figure 2.4.

  stress imposed onto the tested fluid [P a] Q = volume flow rate of the concerned fluid [m 3 /s] W = width occupied by the fluid [m] h = height of the microchannel [m] 2.5.3 Rheological flow curves

Figure 2 .

 2 Figure 2.6 shows the high shear rate viscosity data (open symbols) obtained via microfluidic high shear rate rheology for the case of a 0.1% (wt.) Kelzan ® T xanthan gum solution (10XG) added to the viscosity data obtained by rotational rheometry (closed symbols) already presented in Figure 2.4.

Figure 2 . 7 :

 27 Figure 2.7: Rheological flow curve measured for a 10XG solution via both classical rotational rheometry (closed symbols) and microfluidic high shear rate rheometry (open symbols). The full line is a nonlinear fitting function obtained according to the Carreau-Yasuda model and the highlighted region indicates the confidence interval of the fitting procedure.

  Figure 2.8: Rheological flow curves measured for six different Kelzan ® T solutions via both classical rotational rheometry (closed symbols) and microfluidic high shear rate rheometry (open symbols). The full lines are nonlinear fitting functions obtained according to the Carreau-Yasuda model and the highlighted regions indicate the confidence interval of the fitting procedure.

Figure 2 . 9 :

 29 Figure 2.9: Rheological flow curves measured for six different Kelzan ® T solutions via both classical rotational rheometry (closed symbols) and microfluidic high shear rate rheometry (open symbols) plotted versus stress.

Figure 2 .

 2 Figure 2.10: Time dependence of the strain obtained via creep tests performed for various stresses τ 0 and two Kelzan ® T gum concentrations: (a) C XG = 0.2% and (b) C XG = 1%. In both panels the data sets are color indexed by the value of the imposed stress τ 0 (see the bottom color-bars). The full line is a guide for the eye, γ ∝ t 1 .

Figure 2 .

 2 Figure 2.13: Dependence of the zero shear viscosity η 0 on the concentration of Keltrol T M xanthan C XG . The lines are power-law fitting functions (see text for description). The vertical arrows point the concentration bounds: C * and C * * of the relevant concentrated regimes (see text for discussion).
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Figure 3 . 1 :

 31 Figure 3.1: Drawing of the microchannel mechanically grooved on one slab.

Figure 3 . 2 :

 32 Figure 3.2: Top: Frontal (camera) view of the cross-slot region in the (y, x) plane.Bottom: Lateral view (not accessible through the measurements but only hinted as) of the cross-slot region in the (x, z) plane. Blue and yellow regions refer to the channel inlets while the red highlighted region is the impingement zone. The "cartoon" arrow is solely a visual hint for the three dimensional flow structure dominated by the presence of a swirl located at the centre of the cross-slot region later referred to. The subscripts i1, i2 and o refer to the first inlet (oil as the dispersed phase), the second inlet (xanthan gum solutions or water as the continuous phase) and the outlet flow (final emulsion) respectively.

  Figure 3.3: Detailed industrial drawing of the microchannel.

Figure 3 . 4 :

 34 Figure 3.4: Photographs of the microfluidic device with aluminum blocks used to tighten it.

Figure 3 . 5 .

 35 Figure 3.5: Schematic representation of the experimental test bench: IFC 1,2 -input fluid containers, OFC -output fluid container, DB 1,2 -digital balances, P 1,2 -fluid pumps, PT 1,2 -pressure transducers, PC 1,2 -data acquisition computers, MFC -microfluidic chip, HL -halogen lamp, CCD -digital camera, ZL -zoom lens.

  (oil) respectively, two weighing scales (Sartorius -M SE 2203) with an accuracy of 0.001 g are used being connected to a N I DAQ module (U SB -6009 analog to digital). The sampling rate for the mass flow rate acquisition is 1 Hz. The volume flow rate is the decrease of the fluid mass in the input container recorded by the balance over time divided by the liquid's density. The two curves shown in Figure 3.6 are an example of a signal recorded during an emulsification experiment. The slope of the curve, representing the volume flow rate, is obtained by:

Figure 3 . 6 :

 36 Figure 3.6: Live mass decrease versus time of the (a) continuous (b) and dispersed phases.

FigureQ

  Figure 3.7: Gems -3100 pressure transducer.

Figure 3

 3 Figure 3.8: Illustration of the pressure signal averaging.

d

  drop = diameter of a dispersed drop [µm] σ drop = standard deviation of drop diameter [µm] σ ln = geometric standard deviation or width of the distribution [µm] µ ln = geometric mean drop size [µm]

Figure 3

 3 Figure 3.10: (a) Digital Microscope KEY EN CE V HX -7000. (b) High resolution zoom lens V H -ZST with a magnification ranging from 20x to 2000x. Images are taken from the user's manual of the digital microscope KEY EN CE V HX -7000.

Figure 3 .

 3 Figure 3.11: Microscope images of a diluted emulsion of oil in a xanthan gum solution with a concentration C XG = 0.15 %(wt.). A 300× objective is used.

Figure 3 .

 3 Figure 3.12: Convergence of the mean drop diameter for an emulsion of oil in a xanthan gum solution with a concentration C XG = 0.2 %(wt.) at a combination of flow rates Q i2 = 100 mL/min and Q i1 = 18 mL/min where d 32 is the Sauter diameter, d 10 is the mean arithmetic diameter and δ is the standard deviation.

Figure 3 .

 3 Figure 3.13: Illustrations of the image processing sequence: (a) Original image (b) Image after subtracting the background and enhancing the contrast (c) Binary closed image with the contours of the identified objects (droplets) superposed.

Figure 3 .

 3 Figure 3.14: Illustration of the front tracking for a mother droplet in a water matrix with flow rates 50 -6.3 mL/min (continuous-dispersed phases respectively). The black full line and the red dashed line represent respectively the initial and final contours of the drop. The black circle and the red square are respectively the initial and final centroids of the drop. The color map of the velocity vectors relates to their magnitude (red -small values, blue -large values).

Figure 3 .

 3 Figure 3.15: Principle of PIV measurements [Scharnowski and Kähler, 2020].

  density of the seeding particle [kg/m 3 ] d p = diameter of the seeding particle [m] U = velocity of the fluid [m/s] µ = dynamic viscosity of the fluid [P a.s] L c h = characteristic length [m]

Figure 3 .

 3 Figure 3.16: Schematic representation (not in scale) of the micro-P IV setup: L -laser, LB -laser beam, LS -laser sheet, OB -optical block, LTS -linear translation stage, GR -glass rod, CL -cylindrical lens, MFC -microfluidic chip, ZL -zoom lens, CCD -digital camera.

Figure 3 . 17 :

 317 Figure 3.17: Photograph of the: 1. OB -optical block, 2. MFC -microfluidic chip, 3. ZL -zoom lens.

  Figure 4.1 details the geometry of the microchannel and the fluids entering it from inlets 1 and 2 for this part of the study. The dilute raw emulsions carrying the oil mother drops (initial drops before breakup) are fed through inlet 1 with a rectangular cross-section H 1 = W 1 = 300 µm at a mass flow rate ṁi1 (volume flow rate Q i1 ) while the xanthan solution is fed through an opposite inlet 2 with dimensions twice larger H 2 = W 2 = 600 µm at a mass flow rate ṁi2 (volume flow rate Q i2 ).

Figure 4 . 1 :

 41 Figure 4.1: (a) Schematic view of the microfluidic chip.. (b) Top: Frontal (camera) view of the cross-slot region in the (x, y) plane. Bottom: Lateral view (not accessible through the measurements but only hinted as) of the cross-slot region in the (y, z) plane.The colors are as follows: blue and yellow regions refer to the channel inlets while the red highlighted region is the impingement zone. The "cartoon" arrow is solely a visual hint for the three dimensional flow structure dominated by the presence of a swirl located at the centre of the cross-slot region.

  diameter of the mother drop [m] η XG = viscosity of the xanthan gum solution [P a.s] U i2 = mean velocity of the inlet continuous phase [m/s] H 2 = height of the continuous phase inlet channel [m]

  viscosity of the xanthan gum solution [P a.s] ρ = density of the solution [kg/m 3 ] γ w/o = interfacial tension [N/m] D av = average diameter of the injected mother drops [m] The Ohnesorge number was varied in the following Oh ∈ [2.28 • 10 -2 , 5.2 • 10 -2 ] through the experiments. The small values of the Ohnesorge number indicate that the flows are dominated by the inertia and the capillarity rather than by viscous effects.

Figure 4 . 2 :

 42 Figure 4.2: Illustrations of single droplet dynamics for several xanthan concentrations indicated in the top insets for a flow rate couple of 50 -6.3 mL/min. The scatter refers to the instantaneous positions of the centre of mass of the oil droplet. Both the false color and the relative size of the symbols map the deformation parameter DP . In each panel the red highlighted zone marks the impingement region.

Figure 4

 4 Figure 4.3: Time series of the deformation parameter DP corresponding to the data illustrated in Figure 4.2 (flow rate couple of 50 -6.3 mL/min). The time axis is normalized by the residence time t r of the drop in the field of view.

Figure 4

 4 Figure 4.4: Probability density functions corresponding to the time series illustrated in Figure 4.3 (flow rate couple of 50 -6.3 mL/min).

Figure 4 . 5 :

 45 Figure 4.5: Summary of the trapping statistics: bottom-left axis -dependence of the trapping time t trapping (circles) on the concentration of xanthan in the continuous phase, bottom-right axis -dependence of the time averaged deformation parameter ⟨DP ⟩ t on the xanthan concentration. The flow rate couple is 50 -6.3 mL/min.

Figure 4 . 6 :

 46 Figure 4.6: Probability density functions of the in plane velocity of an oil droplet exhibiting trapping behaviour for three concentrations C XG of xanthan gum in the continuous phase indicated in the top insets. The flow rate couple is 50 -6.3 mL/min.

Figure 4 . 7 :

 47 Figure 4.7: Probability of trapping of a single oil drop as a function of the concentration C XG of xanthan gum in the continuous phase for several combinations of flow rates indicated in the legend. The full lines are cubic spline interpolating functions that serve as a guide for the eye.

2 =

 2 Figure 4.8: Dependence of the trapping probability P t on the effective swirl efficiency Ψ ef f . The full line, P t ∝ (Ψ ef f -0.1) 0.5 , is a guide for the eye.

  5 mL/min) flow rates for various xanthan concentrations are shown in Figures 4.10 and 4.11 respectively. The time instants are indicated in the top insets of each micro-graph.

Figure 4

 4 Figure 4.9: Dependence of the averaged (over 100 individual events) breakup times (time until the breakup begins) of the single oil droplet for various flow rates indicated in the inset on the volume fraction of xanthan in the continuous phase. The full lines are cubic spline interpolating functions that serve as a guide for the eye.

  4.11) where: A = area of the droplet (or filament) [m 2 ] p = perimeter of the droplet (or filament) [m]

Figure 4 .

 4 Figure 4.10: Illustration of the dynamics of droplet breakup for several xanthan concentrations in the continuous phase with flow rates 50 -6.3 mL/min: (a) C XG = 0%, (b) C XG = 0.05%, (c) C XG = 0.1%, (d) C XG = 0.15%, (e) C XG = 0.2%. In each sub-panel the red contours delineate the oil-water interface.

Figure 4

 4 Figure 4.12: Temporal evolution of the number N of connected objects (daughter droplets and filaments) observed in the field of view after the breakup of the single oil droplet for various concentrations of xanthan in the continuous phase indicated in the two insets for two distinct flow rate couples: (a) 50-6.3 mL/min and (b) 150-12.5 mL/min. The full lines in each panel are power law fitting functions.

Figure 4

 4 Figure 4.13: Probability distribution functions of the sphericity parameter ξ of the oil droplets observed in the field of view for various xanthan gum concentrations in the continuous phase indicated in the top insets with two combinations of flow rates: (a) 50 -6.3 mL/min and (b) 150 -12.5 mL/min.

Figure 4 .

 4 Figure 4.14: Top row: Illustration of the front tracking (technical details of the analysis are presented in 3.5) for a mother droplet in a water matrix with flow rates 50 -6.3 mL/min at several time instants indicated in the top insets. The solid black line and the dashed red line represent the initial and final contours of the drop respectively. The black circle and the red square are the initial and final centroids of the drop respectively. The color map of the velocity vectors relates to their magnitude (red shows small values, blue shows large values). Bottom row: Corresponding probability density functions of the flow type parameter λ computed according to 3.14.

Figure 4 .

 4 Figure 4.15: Time series of the shear deformation γ (dashed line), extensional deformation ε (full line) and total deformation D 2 (dash-dotted line). The measurements were performed with water as a continuous phase and a combination of flow rates 50-6.3 mL/min. Micro-graphs of the mother drop acquired at the time instants marked by the full red circles in the main plot are illustrated on the top line.

Figure 4 .

 4 Figure 4.16: Dependence of the time averaged rates of shear (open symbols) and extension (full symbols) averaged prior to the primary breakup of the mother drop on the xanthan concentration. The symbols refer to the combinations of flow rates indicated in the inset. The lines are cubic spline interpolating functions that serve as a guide for the eye.

Figure 4 . 17 :

 417 Figure 4.17: Statistics of the extensional strains ϵ prior to the primary breakup at various xanthan concentrations: (a) time average and (b) rms of fluctuations. In each panel the symbols refer to the combinations of flow rates indicated in the inset and the lines are cubic spline interpolating functions that serve as a guide for the eye.

Figure 4 .

 4 Figure 4.18: Dynamic regimes of single oil drop observed in both Newtonian and non-Newtonian fluid matrices (versus the drop Reynolds number). The four experimentally observed dynamic modes are indicated in the legend.

Figure 5 . 1 :

 51 Figure 5.1: (a) Schematic view of the microfluidic chip.. (b) Top: Frontal (camera) view of the cross-slot region in the (x, y) plane. Bottom: Lateral view (not accessible through the measurements but only hinted as) of the cross-slot region in the (y, z) plane.The colors are as follows: blue and yellow regions refer to the channel inlets while the red highlighted region is the impingement zone. The "cartoon" arrow is solely a visual hint for the three dimensional flow structure dominated by the presence of a swirl located at the centre of the cross-slot region.

  volume flow rate of oil entering through inlet 1 [mL/min] Q i2 = volume flow rate of xanthan solutions entering through inlet 2 [mL/min]

Figure 5 . 2 :

 52 Figure 5.2: (a) Variation of the emulsions' arithmetic mean diameter d 10 with the flow rate Q i2 at a constant oil fraction of about Φ = 5% and for a concentration of xanthan in the solution C XG = 0.15%. The error bars are defined by the arithmetic uncertainty e given by eq. 5.9. Cumulative distribution functions for each of the flow rates Q i2 presented in panel (a).

Figure 5 .

 5 Figure 5.3: Variation of the emulsions' arithmetic mean diameter d 10 with the Reynolds number Re i2 of the continuous phase at different oil fractions Φ ∈ [5%, 20%] and for different concentrations of xanthan in the solution C XG ∈ [0% (wt.), 0.2% (wt.)].

Figure 5 .

 5 Figure 5.4: Variation of the emulsions' arithmetic mean diameter with the concentration of xanthan in the solution for three flow rate couples (Φ = 10%). Error bars express the arithmetic uncertainty e. For a couple of flow rates 100-11 mL/min, Re i2 ∈ [1470, 3040]. For a couple of flow rates 200 -25 mL/min, Re i2 ∈ [3360, 6090]. For a couple of flow rates 300 -33 mL/min, Re i2 ∈ [5360, 9130].

Figure 5 . 5 :

 55 Figure 5.5: Dependence of the zero shear viscosity η 0 on the concentration of xanthan C XG . The four distinct shaded areas mark the various concentration regimes. The vertical arrows point the concentration bounds that delineate the four regimes: C * , C * * , C e . The lines are power law fitting functions. This figure reproduces Figure 2.12 initially detailed and discussed in Sec. 2.5.5.

Figure 5 .

 5 Figure 5.6: Variation of the emulsions' arithmetic mean diameter with the concentration of xanthan in the solution for different flow rate couples. Error bars express the arithmetic uncertainty e.

Figure 5 . 7 :

 57 Figure 5.7: Variation of the emulsions' arithmetic mean diameter d 10 with the oil fraction Φ at a fixed continuous phase flow rate Q i2 = 100 mL/min for a concentration of xanthan C XG = (a) 0%, (b) 0.05%, (c) 0.1% and (d) 0.15%.

Figure 5 . 8 :

 58 Figure 5.8: Variation of the emulsions' arithmetic mean diameter d 10 with the xanthan gum concentration C XG at a fixed continuous phase flow rate Q i2 = 200 mL/min for four different oil fractions Φ.

Figure 5 . 9 :

 59 Figure 5.9: Probability density function of the droplet size distribution for a flow rate couple of 200-25 mL/min for several xanthan concentrations C XG = (a) 0%, (b) 0.05%, (c) 0.1% and (d) 0.15%. (e) Cumulative distribution functions for the previously listed conditions.

Figure 5 .

 5 Figure 5.10: (a) Variation of the emulsions' SP AN with the concentration of xanthan in the solution for three flow rate couples indicated in the inserts (Φ = 10%). (b) Variation of the emulsions' SP AN with the mean arithmetic diameter d 10 for three flow rate couples indicated in the inserts (Φ = 10%).

  = mass flow rates of the fluids at inlets 1 and 2 [kg/s] ṁo = total mass flow rate of the obtained emulsion [kg/s] U i1,i2,o = velocities of the fluids at inlets 1 and 2 and at the oulet [m/s] V iz = (600 × 10 -6 ) 3 , volume of the impingement zone [m 3 ] ρ o = Φρ i1 + (1 -Φ)ρ i2 , density of the obtained emulsion [kg/m 3 ] ρ i1,i2 = densities of the fluids at inlets 1 and 2 [kg/m 3 ] Φ = oil fraction [%]

Figure 5 .

 5 Figure 5.11: Variation of the mean Sauter diameter d 32 with the maximum droplet diameter d max of the final obtained emulsion for different tested flow rate couples (with Q i2 ∈ [100, 500]), oil fractions and concentrations of xanthan gum in the solution. The solid black line is the linear fit described by d 32 = 0.4d max with R 2 = 0.974.

Figure 5 .

 5 Figure 5.12: Variation of the mean Sauter diameter d 32 of oil drops with the energy dissipation rate ϵ for a continuous phase of (a) water, (b) 075XG, (c) 10XG, (d) 20XG and (e) 40XG at a fixed oil fraction in the emulsion of Φ = 10%.

Figure 5 .

 5 Figure 5.13 shows the variation of the mean arithmetic diameter d 10 with the diameter Ohnesorge number Oh d for different xanthan gum concentrations and oil fractions in the emulsion. d 10 decreases with Oh d following a power law such that d 10 = 16700(Oh d ) -0.57 and R 2 = 0.944. Knowing that the density of the continuous phase ρ i2 and the interfacial tension between both fluids γ w/o are both constant, this shows that the mean diameter depends on the viscosity of the continuous phase. Thus, this leads back to what was concluded in Sec. 5.2.2.1 about the existence of a clear relationship between the ex-situ assessed granulometry of the emulsions and the rheological behavior of the continuous phase.

Figure 5 .

 5 Figure 5.13: Variation of the mean arithmetic diameter d 10 with the diameter Ohnesorge number Oh d for different xanthan gum concentrations and oil fractions in the emulsion. The black line corresponds to the fit such that d 10 = 16700(Oh d ) -0.57 and R 2 = 0.944.

Figure 5 .

 5 Figure 5.14: Comparison of emulsification processes using microfluidic devices in terms of Capillary number and mean arithmetic diameter ranges between the literature and the investigated domain in this study highlighted in blue.

Figure 5 .

 5 Figure 5.15: Pictures of six different emulsion samples: the day of their production (top picture), one week later (middle picture) and one month after their production (bottom picture). Samples 1 and 2 are emulsions of oil in water. Samples 3 and 4 are emulsions of oil in a 0.2% xanthan gum solution. Samples 5 and 6 are emulsions of oil in a 0.5% xanthan gum solution. Samples 1, 3 and 5 are produced at a flow rate couple of 200 -20 mL/min. Samples 2, 4 and 6 are produced at a flow rate couple of 500 -50 mL/min.

Figure 5 .

 5 Figure 5.16: Evolution of the mean arithmetic diameter d 10 of an emulsion of oil in water and that of an emulsion of oil in a 0.2% xanthan gum solution (both prepared at a flow rate couple of 200 -20 mL/min) with time: granulometry measured the day of their production, one week later and one month after their production. The red dashed line is a guide for the eye. It corresponds to the value of d 10 for an emulsion of oil in a 0.2% xanthan gum solution the day of its production.

Figure 5 .

 5 Figure 5.19: Dependence of the relative pressure P i2 on the bulk Reynolds number Re i2 measured for a continuous phase solution of 20XG. The dashed line is a linear fitting of the pressure versus the Reynolds number data in the region where Re i2 ≤ Re c i2 .

Figure 5 .

 5 Figure 5.20: Dependence of the relative pressure P i2 on the bulk Reynolds number Re i2 measured for various concentrations of xanthan in the continuous phase. The dashed lines are the linear fitting functions of the pressure versus the Reynolds number data in the region where Re i2 ≤ Re c i2 .

Figure 5 .

 5 Figure 5.21: (a) Dependence of the relative pressure P i2 on the bulk Reynolds number Re i2 measured for various concentrations of xanthan in the continuous phase (logarithmic scale). (b) Normalized (by the laminar part) pressure drops versus Reynolds numbers for the various concentrations of xanthan in the continuous phase solution.

Figure 5 .

 5 Figure 5.22: Variation of the reduced flow resistance RF R with the Reynolds numbers Re i2 and the different concentrations C XG of xanthan in the continuous phase solution.

Figure 5 .

 5 Figure 5.23: Dependence of the plateau value of the reduced flow resistance (RF R) on the xanthan concentration. The shaded region highlights the level of fluctuations of RF R around its plateau value.

Figure 5 .

 5 Figure 5.24: Sketch of the microchannel in which the dashed red circle highlights the edge zone which is the region of interest during the high speed visualization and investigation of dynamic regimes.

Figure 5 .

 5 Figure 5.25: Top Panel A: Snapshot from the high speed visualization (540000 f ps) of the flow of water and oil at 100 -10 mL/min (Re i2 ≈ 3100). Bottom Panel B: Snapshot from the high speed visualization (540000 f ps) of the flow of 20XG and oil at 100 -10 mL/min (Re i2 ≈ 1140).

Figure 5 .

 5 Figure 5.26: Illustration of the first dispersion mode: parallel flow.

Figure 5 .

 5 Figure 5.27: Illustration of the second dispersion mode: a single long thick filament.

Figure 5 .

 5 Figure 5.28: Illustration of the third dispersion mode: one or more long thick branched filaments.

Figure 5 .

 5 Figure 5.29: Illustration of the fourth dispersion mode: several short thin filaments.

Figure 5 .

 5 Figure 5.30: Illustration of the fifth dispersion mode: slugs and large drops.

Figure 5 .

 5 Figure 5.31: Illustration of the sixth dispersion mode: clouds of small drops.

Figure 5 .

 5 Figure 5.32: Dispersion modes of oil in water/xanthan solutions for different Reynolds numbers and concentrations of xanthan. The lines delineate the transitions between various dispersion regimes (see text for discussion).

Figure 5 .

 5 Figure 5.33: Procedure for the ST D.

  ,

  35 for pure water (panel (a)), for a C XG = 0.2% xanthan solution (panel (b)) and for a C XG = 0.5% xanthan solution (panel (c)). Regardless the xanthan concentration, at low Reynolds numbers, the fluctuations of the interface between the fluids are strongly correlated in time (the data sets labelled by a circle in Figure 5.35). As the Reynolds numbers are progressively increased past the onset of fully developed turbulent flow states, Re i2 > 2300, these fluctuations de-correlate.

Figure 5 .Figure 5 .

 55 Figure 5.34: Space time diagrams computed for C x = 0.3% xanthan in the continuous phase and several Reynolds numbers indicated in the top inserts. The dispersion modes are equally indicated in the top inserts. y * is the normalized space scale by the width of the channel.

Figure 5 .

 5 Figure 5.36: Dependence of the characteristic time of correlation of the interface fluctuations on the Reynolds number measured for three distinct xanthan concentrations detailed in the insert.

Figure 5 .

 5 Figure 5.37: Example of power spectra of the interface fluctuations computed for several Reynolds numbers indicated in the inserts when three distinct fluids are used as continuous phase: (a) pure water (C XG = 0%), (b) xanthan solution with C XG = 0.2%, (c) xanthan solution with C XG = 0.5%. In each panel the values of the Reynolds number are mapped on the lateral color-bar. The lines are power law guides for the eye (see text for discussion).

Figure 5 .

 5 Figure 5.38: Example of an image that has been masked and cropped for the P IV algorithm for a flow of 20XG and oil at a flow rate couple 100 -10 mL/min. In this example, at the bulk average speed of 2.55 m/s, a distance of about 21 µm is traveled by the fluid in comparison with the mean size of the tracer particles of 10 µm.

Figure 5 .

 5 Figure 5.39: (a) Time-averaged velocity field and (b) average velocity of the flow within the microchannel for a flow of 20XG and oil at a flow rate couple 100 -10 mL/min as obtained from the P IV algorithm.

Figure 5 .

 5 Figure 5.40: The time-averaged velocity profiles for the three different concentrations of xanthan gum solutions tested: (a) C XG = 0%, (c) C XG = 0.1% and (e) C XG = 0.2%. Local r.m.s. velocity profiles for the three different concentrations of xanthan gum solutions tested: (b) C XG = 0%, (d) C XG = 0.1% and (f) C XG = 0.2%.

Figure 5 .

 5 Figure 5.41: An illustration of the oil layer that sticks to the inner boundary of the channel for relatively low Reynolds numbers.

Figure 5 .

 5 Figure 5.42: (a) Illustration of velocity time series of the centre-line velocity measured for a solution with C XG = 0.1% of xanthan gum at different Reynolds numbers Re i2 indicated on the right. (b) Probability density functions (pdf 's) of the centre-line velocity measured for a solution with C XG = 0.1% of xanthan gum at different Reynolds numbers Re i2 detailed in the insert. The full line is a Gaussian fitting function.

Figure 5 .

 5 Figure 5.43: (a) The time-averaged and (b) local r.m.s. velocity profiles for the three different concentrations of xanthan gum solutions tested at Re i2 ≈ 2300. (c) Illustration of velocity time series of the centre-line velocity measured with three distinct xanthan concentrations indicated in the top inserts. (d) Probability density functions (pdf 's) of the centre-line velocity measured with three xanthan concentrations detailed in the insert. The full line is a Gaussian fitting function.

  5.31) According the definition above, laminar flows with absolutely no fluctuations in the fluid speed or direction are characterized by zero values of the turbulence intensity in every point of the flow while transitional and fully-turbulent flows are characterized by non-zero turbulent intensities which typically depend on the position in the flow. The dependence of the turbulence intensity measured at the center-line of the microchannel on the Reynolds number for three xanthan concentrations C XG = 0%, C XG = 0.1% and C XG = 0.2% is illustrated in Figure 5.44.

Figure 5 .

 5 Figure 5.44: Dependence of the turbulence intensity (see text for definition) measured at the center-line of the microchannel on the Reynolds number for three xanthan concentrations detailed in the figure insert.

ure 5 .

 5 22). The plateau value reached by the reduced flow resistance coefficient as the Reynolds number is increased increases with the xanthan concentration and the trend of this dependence changes at C ≈ C * * and C ≈ C e (Figure 5.23) which indicates that the hydrodynamic regimes are also correlated with the rheological regimes.

Figure A. 1 :

 1 Figure A.1: (a) Schematic representation of the rheometric setup: D -top rotating disk, PP -bottom Peltier plate, S -sample, OL -protective oil layer, O -electric oven. (b) Schematic representation of the linear stepped stress ramp. The time per stress step is t 0 . For clarity of the presentation, 10 steps of each of the two branches of the ramp are chosen while during the experiments reported herein the number of steps is 750.

  05 • C and 75 ± 0.05 • C using both the Peltier system embedded in the bottom plate PP of the rheometer and an electrical oven enclosure O mounted on the top of the geometry (panel (a) of Figure A.1). The viscosity data acquired during temperature ramps were corrected using the "Thermo gap" option of the rheometer which accounts for the thermal expansion of the solid parts of the rheometric geometry. To prevent the evaporation of the fluid sample S which may become critically important during long rheometric tests performed at temperatures larger than the ambient temperature, the free meniscus of the solution has been covered with a thin layer of oil OL (panel (a) of Figure A.1).

Figure A. 3 :

 3 Figure A.3: Illustration of increasing/decreasing controlled stress ramps performed with a C XG = 1% xanthan solution for several values of the time per stress step t 0 indicated in the top inserts. The full/empty symbols refer to the increasing/decreasing branches of the controlled stress ramp. The full lines in each panel are nonlinear fit functions according to the Herschel-Bulkley model.

Figure A. 4 :

 4 Figure A.4: Dependence of the hysteresis area A measured through unsteady stress ramps on the time per stress step t 0 for various xanthan concentrations detailed in the insert. The full line is a guide for the eye, A ∝ t -1 0 .

  All features listed above observed during unsteady stress ramps performed with a xanthan gum solution having a concentration C XG = 1% are representative of a yield stress rheological behavior and have also been observed through this study for various solutions with xanthan concentrations C XG ≥ 0.3%. The dependence of the area of the rheological hysteresis A measured during controlled stress flow ramps on the time per stress step t 0 for various xanthan concentrations is shown in Figure A.4. The creep tests performed by imposing a constant stress and monitoring the long time asymptotic behavior of the strain explained in Chapter 2 are recalled.

  Measurements performed during creep tests performed for various values of the imposed stress τ 0 are exemplified in Figure A.5. For C XG = 0.2% a linear asymptotic scaling of the strain is observed (panel (a) of Figure A.5), indicating a viscous behavior. A substantially different behavior is observed for a highly concentrated xanthan gum solution (panel (b) of Figure A

  Figure A.5 have been performed to obtain the values of the scaling exponents α.

Figure A. 5 :

 5 Figure A.5: Time dependence of the strain obtained via creep tests performed for various stresses τ 0 and two Kelzan ® T gum concentrations: (a) C XG = 0.2% and (b) C XG = 1%. In both panels the data sets are color indexed by the value of the imposed stress τ 0 (see the bottom color-bars). The full line is a guide for the eye, γ ∝ t 1 . This plot reproduces Figure 2.10 from Chapter 2 for clarity reasons.

Figure A. 6 :

 6 Figure A.6: Dependence of the scaling exponent α on the stress τ 0 imposed during the creep tests. The symbols are detailed in the figure insert. This plot reproduces Figure 2.11 from Chapter 2 for clarity reasons.

Figure A. 7 :

 7 Figure A.7: Increasing/decreasing temperature ramps performed for three values of the imposed stress with a C XG = 1% xanthan solution: squares -τ 0 = 10 P a, trianglesτ 0 = 15 P a, circles -τ 0 = 20 P a. The full/empty symbols for each data set correspond to increasing/decreasing temperatures. The lines are nonlinear fitting functions according to the Arrhenius correlation.

Figure

  Figure A.10: Measurements of the steady state viscosity of a C XG = 1% xanthan gum solution performed at various temperatures T index by the bottom colorbar.

Figure A. 11 :

 11 Figure A.11: Dependence of the apparent yield stress τ y obtained by fitting the steady state flow curves with the Herschel-Bulkley model of xanthan solutions (see Figure A.10) with C XG = 1% on the temperature T . The error bars are defined by the error of the nonlinear fit.
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Table 1 .

 1 

	CHAPTER 1. STATE OF THE ART	
	Application	Concentration (% wt.)	Functionality
	Salad dressings	0.1 -0.5	Emulsion stabilizer; suspending agent, dispersant
	Beverages	0.05 -0.2	Stabilizer
	Dairy products	0.05 -0.2	Stabilizer; viscosity control of mix
	Pharmaceuticals (creams and suspensions)	0.1 -1	Emulsion stabilizer; uniformity in dosage formulations
	Cosmetic (denture cleaners, shampoos, lotions)	0.2 -1	Thickener and stabilizer
	Agriculture (additive in animal feed and pesticide formulations)	0.03 -0.4	Suspension stabilizer; improved sprayability, reduced drift, increased cling and permanence
	Textile printing and dyeing	0.2 -0.5	Control of rheological properties of paste; preventing dye migration
	Petroleum production	0.1 -0.4	Lubricant or friction reduction in drill-hole
	Enhanced oil recovery	0.05 -0.2	Reduces water mobility by increasing viscosity and decreasing permeability

for a number of important reasons, including emulsion stabilization, temperature stability, compatibility with food ingredients and its pseudoplastic rheological properties. It is present in salad dressings, beverages, frozen food, etc. Concentrations of xanthan typically used in food applications are in the range of 0.05 -0.5 (% wt.) [Garcıa-Ochoa et al., 2000; Paquin, 2009]. 2: Main industrial applications of xanthan gum [Garcıa-Ochoa et al., 2000].

Moreover, xanthan gum is an ingredient used in many applications covering a wide range of fields (Table

.

1.2), including pharmaceuticals, cosmetics, agriculture, textile printing, drag reduction, energy and petroleum industries or even explosives

[START_REF] Garcıa-Ochoa | Xanthan gum: production, recovery, and properties[END_REF][START_REF] Stephen | Food polysaccharides and their applications[END_REF][START_REF] Morris | Bacterial polysaccharides[END_REF][START_REF] Cuvelier | Concentration regimes in xanthan gum solutions deduced from flow and viscoelastic properties[END_REF][START_REF] Sohn | Drag-reduction effectiveness of xanthan gum in a rotating disk apparatus[END_REF][START_REF] Song | Rheology of concentrated xanthan gum solutions: Steady shear flow behavior[END_REF][START_REF] Narchi | Effect of protein-polysaccharide mixtures on the continuous manufacturing of foamed food products[END_REF]

.
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Table 2 .

 2 1: Physical properties of the used water and oil at 25 • C [Ji et al., 2020].

	Liquids at 25 • C	Tap water Sunflower oil
	Density [kg/m 3 ]	998	865
	Dynamic viscosity [mP a.s]	0.91	52.5
	Surface tension [mN/m]	73.5	33.7

• C. The physical properties of the used water and oil are summarized in Table 2.1 CHAPTER 2. CHOICE AND PHYSICAL PROPERTIES OF THE WORKING FLUIDS

Table 2 .

 2 2: Physico-chemical properties of Tween 20.

	-chemical properties	
	Chemical formula	C 58 H 114 O 26
	Molar mass	1228 g/mol
	Density	1.1 g/ml
	Appearance	Clear, viscous, yellow to yellow-green
	CM C	0.06 mol/m 3
	HLB	16.7

Table 2 .

 2 3: Different prepared Kelzan ® T gum solutions.

	Concentration of xanthan gum in the solution [% (wt.)]	Nomenclature
	0	W ater
	0.05	05XG
	0.075	075XG
	0.09	09XG
	0.1	10XG
	0.15	15XG
	0.2	20XG
	0.3	30XG
	0.4	40XG
	0.5	50XG

It is difficult to find universal values for bounds of the three concentration regimes C * and C * * based on the literature survey described in Sec.

1.4.4

. This is mainly due to the physico-chemical variety of xanthan gums used by various authors and to the various FLUIDS Figure 2.2: Schematic diagram of the Wilhelmy plate method.

Table 2 .

 2 ± 0.8 21.1 ± 0.2 21.3 ± 0.6 22 ± 0.7 21.4 ± 1.5 With 0.5 % (wt.) of Tween 20 5.4 ± 0.1 5.8 ± 0.5 5.7 ± 0.3 6.1 ± 0.8 5.7 ± 0.5 4: Interfacial tension between water (or Kelzan ® T gum solutions) and oil at 25 • C with and without the addition of surfactant.

	1)

Table 2 . 5 :

 25 Fitting parameters for the different Kelzan ® T gum solutions following the Carreau-Yasuda model.

	n	M AP E (%)

For xanthan gum concentrations C XG ≥ 0.3 % a clear low stress viscosity plateau develops. This together with the rather large values of the zero shear viscosity has prompted to question if the rheological behavior is a classical Carreau-Yasuda one or some mild yield stress behavior comes into play. To test this hypothesis, creep tests have been performed by imposing a constant stress and monitoring the long CHAPTER 2. CHOICE AND PHYSICAL PROPERTIES OF THE WORKING FLUIDS Solution η 0 (mP a.s) η ∞ (mP a.s) λ (s)

Table 3 .

 3 1: Features of the F AST CAM E SA -X2 1080K M 4 .

	Application	Frame rate [images/s]	Resolution H[pxl] -V [pxl]	Shutter exposure time [s]	Number of saved images
	Micro-P IV	100000	384 -264	1/119337	5000
	Single drop dynamics	300000	256 -80	1/583784	3000
	Dispersion modes	540000	128 -40	1/1200000	3000

  Table 3.2: Features of the M illenia eV laser.

	Output characteristics	
	Output Power	10 W
	Wavelength	532 nm
	Beam diameter	2.3 mm ± 10 %
	Beam divergence	< 0.5 mrad
	Polarization	> 100 : 1 vertical
	Power Stability	±1 %
	Beam Pointing Stability	2 µrad/ • C
	Noise	< 0.04 % rms
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	Chapter 4
	Single drop dynamics
	Contents
	4.1

Table 4 .

 4 1: Summary of the experiments. C XG stands for the xanthan gum concentration, Q i1 and Q i2 for the dispersed and continuous phase volumetric flow rates respectively, Re drop for the drop Reynolds number and Re i2 for the continuous phase bulk Reynolds number. Re drop and Re i2 are given in the form [minimum value, maximum value].

			min)	Re drop	Re i2
		50	6.3	[38.8, 276] [305, 1530]
		50	9.4	[34.7, 280] [305, 1530]
	[0, 0.05, 0.1, 0.15, 0.2]	50	12.5	[37.1, 240] [305, 1530]
		100	12.5	[69.3, 463] [659, 3053]
		150	12.5	[190, 749] [1021, 4582]

Table 5 .

 5 2: Summary of the granulometry parameters (see eqs. 5.7 to 5.11) for emulsions of oil in a 0.15% xanthan gum solution. d 10 stands for the mean drop size, e for the arithmetic uncertainty, δ for the standard deviation, P dI for the polydispersity index, d 32 for the Sauter diameter and d max for the maximum diameter in the sample.

	d 10	e	δ	PdI d 32	d max
	(µm) (µm) (µm)	(µm) (µm)
	Test 1 12.5	0.64	20.8 1.66 98.9 267.6
	Test 2 11.19 0.37 12.03 1.08 46.7 119.9
	Test 3 9.63	0.29	9.47 0.98 33.3	85.1
	Test 4 5.75	0.16	5.24 0.91 17.7	44.2
	Test 5 3.93	0.16	3.81 0.97 13.5	34.1

Table 5 .

 5 4: Values of the proportionality coefficient c between the mean Sauter diameter d 32 and the maximum droplet diameter d max found in the literature using different mechanical systems and fluids.

	Reference	Mechanical system	Description	c
	Sprow [1967]	Mixing vessel (turbine impeller)	Iso-octane in salt water emulsions	0.38
	Chen and Middleman [1967]	Agitated tank	Liquid-liquid dispersion	0.64
	Brown and Pitt [1972]	Stirred vessel	Dispersion of Kerosene in water	0.7
	Nishikawa et al. [1987]	Mixing vessel	Dispersion of honeybees' wax in water	0.45 -0.5
	Berkman and Calabrese [1988]	Static mixer	Dispersion of viscous liquids	0.67
			Chlorobenzene in	
	Pacek et al. [1998]	Stirred vessel	water/NaCl solution	0.45 -0.62
			dispersions	
	Zhou and Kresta [1998]	Agitated tank	Silicone oil dispersion in water	0.42 -0.69
	Lemenand et al. [2003]	Static mixer	Oil-in-water emulsification	0.48
	Padron Aldana [2005]	Rotor-stator mixer	Silicone oil dispersion in water	0.33 -0.45
	Habchi et al. [2009]	Twisted-pipe chaotic advection flow	Water/oil dispersions	0.8 -0.86
	Boxall et al. [2010]	Mixing cell	Water-in-Oil Emulsification	0.7
	Tripodi et al. [2019]	Confined impinging jet mixers	Oil-in-water emulsification	0.86
	This work	Cross-slot microchannel	Oil-in-water/xanthan emulsification gum solutions	0.4

•

  Yongbin Ji, Elia Missi, Jérôme Bellettre, Teodor Burghelea, Agnès Montillet, and Patrizio Massoli. Dynamics of a Newtonian Droplet in the Turbulent Flow of a Shear Thinning Fluid in a Microchannel. Phys. Rev. Fluids 8 (April 2023): 043301. https://doi.org/10.1103/PhysRevFluids.8.043301. • Elia Missi, Agnès Montillet, Jérôme Bellettre and Teodor Burghelea. Drag reduction assisted emulsification in a microchannel. Submitted to JNNFM, 2023. • Elia Missi, Agnès Montillet, Isabelle Capron, Jérôme Bellettre and Teodor Burghelea. Thermo-rheological properties of xanthan solutions in a broad range of concentrations. Submitted to Soft Matter, 2023.
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  Assistant teaching hours (80 hours): Practical work in Thermodynamics: Principles and Phase Change Practical work in Thermodynamics applied to machines and combustion. Contrôle de l'émulsification microscopique par réglage rhéologique fin Mots clés : émulsification, microcanaux, écoulement turbulent, fluides non-newtoniens, réduction de la traînée, efficacité énergétiqueRésumé : Une étude expérimentale de la dynamique turbulente de l'émulsification dans un dispositif microfluidique à jonction en croix est présentée. L'étude se concentre sur la possibilité d'augmenter l'efficacité énergétique du dispositif microfluidique déjà conçu et breveté en produisant des émulsions plus stables avec des gouttes de faibles tailles sans compromettre les coûts énergétiques globaux du processus d'émulsification. La phase continue aqueuse est rhéologiquement modifiée par l'ajout d'une quantité infime (moins de 1% en masse) d'un matériau polymère (gomme de xanthane). Dans un cadre physique simplifié, une étude de la dynamique d'une seule goutte d'huile dans la zone d'impact des microcanaux est d'abord réalisée. Deux modes dynamiques fondamentaux sont observés. Le premier concerne le "piégeage" de la goutte dans la zone d'impact et sa déformation sans rupture. Le second phénomène concerne la rupture des gouttes. Une description quantitative de la cinématique de la déformation des gouttes a été réalisée à l'aide d'un nouvel outil qui permet d'évaluer les distributions de vitesse le long des contours des gouttes, montrant que la rupture des gouttes est dominée par l'extension. Ensuite, le processus d'émulsification a été étudié dans une large gamme de concentrations de polymères dans la phase continue et de nombres de Reynolds (jusqu'à 16000) afin d'observer le phénomène de réduction de la traînée. Les statistiques de la taille des gouttelettes dans les émulsions résultantes sont mesurées ex-situ au moyen de la microscopie numérique. Les mesures intégrales des statistiques des pertes de charge dans le microcanal permettent de cartographier les niveaux de réduction de la traînée. Pour chaque état, la dynamique spatiotemporelle du processus d'émulsification est évaluée au moyen d'une imagerie à grande vitesse in-situ de l'interface entre les deux fluides. En utilisant des mesures micro-PIV de séries temporelles de la vitesse, une diminution significative du niveau des fluctuations de la vitesse axiale mesurée à la ligne centrale du microcanal est observée dans le régime d'écoulement de réduction de la traînée.
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AZO Materials, Five Reasons Why you Should Replace a Viscometer with a Rheometer, 2016 (from https://www.azom.com/article.aspx?ArticleID=13018)

Microfluidics by optical imaging to measure shear viscosity with high precision, https://formulaction.com/technologies/microfluidics-by-optical-imaging/
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Appendix A

The description of the rheological properties of the xanthan solutions presented in Chapter 2 was limited to those properties of direct relevance to either the study of the single drop dynamics (Chapter 4) or the drag reduction assisted emulsification (Chapter 5).

Yet, as a part of this thesis, a more detailed and systematic thermo-rheological investigation of xanthan gum solutions has been performed and will be published in a subsequent paper entitled: "Thermo-rheological properties of xanthan solutions in a broad range of concentrations".

The existence of a yield stress rheological behavior at high concentrations of xanthan gum in the solution is the subject of some debate in the literature. Thus, some authors firmly rule out the presence of the yield stress [START_REF] Parker | How does xanthan stabilise salad dressing?[END_REF] and solely acknowledge high viscosities, some describe a shear thinning behavior with large zero shear viscosities without fully ruling out the yield stress [Giboreau et al., 1994] and finally, some other authors explicitly refer to a yield stress behavior [START_REF] Song | Rheology of concentrated xanthan gum solutions: Steady shear flow behavior[END_REF]Zatz and Knapp, 1984;[START_REF] N'gouamba | Yielding and rheopexy of aqueous xanthan gum solutions[END_REF][START_REF] Marcotte | Rheological properties of selected hydrocolloids as a function of concentration and temperature[END_REF].

Several additional results not detailed in Chapter 2 will be discussed through Appendix A regarding the emergence of the yield stress behaviour and the thermo-rheological behaviour in a yield stress concentration regime. The thermo-rheological behaviour would prove instrumental in understanding the molecular scale organization of the xanthan chains responsible for the yield stress behaviour. • Along both the increasing and decreasing stress branch of the ramp and for low values of the applied stress the rates of deformation are vanishingly small and remain roughly constant when the applied stress is varied. As already discussed above, this behavior relates to a Hookean elastic solid behavior and is typically observed with yield stress materials such as aqueous solutions of Carbopol [START_REF] Putz | Settling of an isolated spherical particle in a yield stress shear thinning fluid[END_REF][START_REF] Putz | The solid-fluid transition in a yield stress shear thinning physical gel[END_REF][START_REF] Bibliography Younes | On the elusive nature of Carbopol gels:"model", weakly thixotropic, or time-dependent viscoplastic materials[END_REF][START_REF] Younes | In-situ visualisation of the micro-structure of a Carbopol gel during a confined microscopic flow[END_REF]. 

Appendix B

The rheological characterization of the Keltrol T M AP xanthan gum solutions was performed using two rheological techniques, the conventional rotational rheometry and the high shear rate microfluidic rheometry, following the same procedure explained in Sec.

2.5 in order to cover a broad range of shear rates relevant to the experiments.

The critical shear rate γcr corresponds to a critical value of Reynolds number Re cr above which the cone-plate flow turns inertially unstable (and thus it is no longer a rheometric flow). As we are not aware of any analytical result predicting the value of Re cr for a coneplate geometry for a shear-thinning fluid, we have (rather arbitrarily) chosen Re cr = 0.1. However, the determination of the critical shear rates γcr corresponding to the onset of the inertial (non-rheometric) flow regime is not straightforward which calls for a detailed description. First, high shear rate viscosity data has been obtained according to the procedure detailed in Sec. 2.5. Next, only the rotational rheological data corresponding to γ < 100 s -1 was retained and a first rough non-linear fit of these data was performed combined with the high shear rheometry data according to the Carreau-Yasuda model.

This rough nonlinear fit allows one to compute the Reynolds numbers corresponding to the rotational measurements (using the Carreau-Yasuda fitting parameters) according to: 

Appendix C

A study of the effect of the concentration of Tween 20 in the solvent on the dispersion of oil within the microchannel has been conducted using water and a solution of 0.2% of xanthan gum as two distinct solvents. Three different concentrations of Tween 20 in the continuous phase were tested: C T N = 0% (wt.), C T N = 0.5% (wt.) and C T N = 1% (wt.).

Different flow conditions were tested using these continuous phases and one conclusion is extracted whether it was water or the 0.2% xanthan gum solution in the continuous phase: within the microchannels, the flow is too fast that no effect of the concentration of Tween 20 on the dispersion of oil can be noticed. For this reason, during pressure drop measurements, qualitative analysis of the dispersion phenomena within the microchannels and micro-PIV measurements no Tween 20 was added to the continuous phase. 

Appendix D

Three different dispersion modes ("Mode 2", "Mode 3" and "Mode 4" in Sec. 5.4.2) emerged with the addition of xanthan gum to the aqueous phase that were not observed in the case of pure of water as a continuous phase.

To make sure these modes emerged due to the shear thinning effect of the xanthan gum solutions and not their relatively higher viscosity, emulsification processes using different high-viscosity Newtonian continuous phases were performed.

Three different solutions were used as continuous phases:

• an aqueous solution containing 40% (wt.) of glucose with a viscosity compared to that of the solutions with small xanthan gum concentration in the same flow conditions

• an aqueous solution containing 60% (wt.) of glucose with a viscosity compared to that of the solutions with high xanthan gum concentration in the same flow conditions

• an aqueous solution containing 40% (wt.) of glycerol with a viscosity higher than that of the solutions with high xanthan gum concentration in the same flow conditions Each of these continuous phases was injected in the microfluidic device with oil at the same flow conditions tested in Sec. For each flow condition, the dispersion of oil within these high-viscosity Newtonian continuous phases was similar to that in water and not in xanthan gum solutions ("Mode 2", "Mode 3" and "Mode 4" were not observed). This proves that the shear thinning behaviour of the xanthan gum solutions is the reason behind the emergence of these dispersion modes.

APPENDIX D