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T his thesis aims at characterizing the elastic force in viscoelastic liquids by studying the migration of particles in microfluidic devices. Contrary to Newtonian liquids in which lift forces are negligible at low Reynolds number, in viscoelastic liquids, a transverse force acts on the particles. It is due to the shear rate gradient around the particle and depends strongly on the Weissenberg number and the ratio between the particle size and the channel size. Taking advantage on the huge aspect ratio between the length and the height of a microfluidic slit, it is possible to detect very small transverse velocities, by determining the particle trajectory. It was shown that rather small normal forces could be detected, down to a Weissenberg number as low as 10 -3 . In this range, standard rheometry is not possible, and particle migration could be used as an inverse method to characterize weak viscoelastic properties. Previous work on the subject mainly focused on model viscoelastic fluids, having a shear rate-independent viscosity. In this case, the viscoelastic force is responsible for particle migration towards the channel center, and is proportional to the Weissenberg number. The objective of this thesis is to extend previous results to more complex but also rather common case of shear-thinning viscoelastic liquids.

Different polymer solutions exhibiting from weak to strong shear-thinning effects were used in glass microchannels of various sizes. A 3D tracking technique allowed the determination of the probability density function (PDF) of particle position in the transverse direction. Similarly to the case of shear rate independent viscosity, the migration is very sensitive to the particle size. However, the PDF shapes are different, with a peak at the center and large tails. We proposed a rational model, based on the assumption that the lift force is given by the gradient of the first normal stress difference 𝑁 1 over the particle. The model accounted well for the PDF shapes, and allowed a systematic fitting of these. The value of 𝑁 1 deduced from the fits are in good agreement with the one obtained by different standard rheometry techniques.

Numerical simulations were also performed using the Oldroyd-B model. The results showed that the viscoelastic lift force is also sensitive to the ratio of viscous stress to total stress. By increasing this ratio beyond 0.1, a change in the sign of the lift force was observed, leading to the migration of particles towards the wall. This unexpected anti-focusing effect was then confirmed experimentally. These results highlight that transverse viscoelastic migration is a complex phenomenon, highly sensitive to the details of viscoelastic fluid models.

The last part of the thesis presents a preliminary study of electric field applications in the microfluidic device to control and manipulate particle lifting by applying an extra force competing with pressure-driven flow. Possible directions for this study and ways of improvements are discussed.

Résumé

L a présente thèse a pour objectif de caractériser la force élastique dans les liquides viscoélastiques en étudiant la migration des particules dans les dispositifs microfluidiques. Contrairement aux liquides newtoniens dans lesquels les forces de lift sont négligeables à faible nombre de Reynolds, dans les liquides viscoélastiques, une force transversale agit sur les particules transportées dans l'écoulement. Elle est due au gradient de taux de cisaillement autour de la particule et dépend fortement du nombre de Weissenberg et du rapport entre la taille de la particule et la taille du canal. En tirant parti du trés grand rapport entre la longueur et la hauteur d'une fente microfluidique, il est possible de détecter de très faibles vitesses transversales en déterminant la trajectoire de la particule. Il a été démontré que des forces normales relativement faibles pouvaient être détectées, jusqu'à un nombre de Weissenberg aussi bas que 10 -3 . Dans cette plage, la rhéométrie standard n'est pas possible, et la migration des particules pourrait être utilisée comme méthode inverse pour caractériser les propriétés viscoélastiques faibles. Les travaux antérieurs sur le sujet se sont principalement concentrés sur des fluides viscoélastiques modèles, ayant une viscosité indépendante du taux de ciasaillement. Dans ce cas, la force viscoélastique est responsable de la migration des particules vers le centre du canal et est proportionnelle au nombre de Weissenberg. L'objectif de cette thèse est d'étendre les résultats précédents à des cas plus complexes, mais aussi plus courants, de liquides viscoélastiques rhéofluidifiant sous l'effet du cisaillement.

Différentes solutions de polymères faiblement à fortement rhéofluidifiantes ont été utilisées dans des microcanaux en verre de différentes tailles. Une technique de suivi 3D a permis de déterminer la fonction de densité de probabilité (PDF) de la position des particules dans la direction transversale. Comme dans le cas d'une viscosité indépendante de la vitesse, la migration est très sensible à la taille des particules. Qualitativement, les formes de la PDF sont différentes, avec un pic au centre et des queues importantes. Nous avons proposé un modèle rationnel, basé sur l'hypothèse que la force transverse est donnée par le gradient de la première différence de contrainte normale 𝑁 1 sur la particule. Le modèle rend bien compte des formes de PDF et permet un ajustement systématique de celles-ci. La valeur de 𝑁 1 déduite des ajustements est en bon accord avec celle obtenue par différentes techniques de rhéométrie standard.

Des simulations numériques ont également été réalisées à l'aide du modèle Oldroyd-B. Les résultats ont montré que la force transverse viscoélastique est également sensible au rapport entre la contrainte visqueuse et la contrainte totale. En augmentant ce rapport au-delà de 0,1, un changement de signe de la force de portance a été observé, conduisant à la migration des particules vers la paroi. Cet effet anti-focalisation inattendu a ensuite été confirmé expérimentalement. Ces résultats soulignent que la migration viscoélastique transversale est un phénomène complexe, très sensible aux détails des modèles de fluides viscoélastiques.

La dernière partie de la thèse présente une étude préliminaire des applications du champ électrique dans le dispositif microfluidique, afin de contrôler et manipuler le soulèvement des particules, en appliquant une force supplémentaire en concurrence avec les forces liéses à l'écoulement. Les orientations possibles de cette étude et les moyens de l'améliorer sont discutés.

Mots-clés : rhéologie, viscoélasticité, microfluidique, migration de particules, force de lift, OpenFOAM, électrophorèse.

I would like to express my sincere gratitude to the jury members: to Salima Rafai and Julien Chauchat, who were involved in monitoring my PhD progress during the CSI meetings. I am grateful for the valuable guidance and encouragement that helped me achieve this objective. To Yohan Davit and Aurélien Bancaud, I express my gratitude for agreeing to participate as jury members and for reviewing this thesis manuscript. I would also like to express my sincere appreciation to Enric Santanach-Carreras and the microfluidic division at One Tech R&D, Total Energies, for their support in funding my thesis and giving me the opportunity to present my work at various workshops and conferences.

The success of this thesis project can be attributed to the support of the entire team. The beginning of my journey at the Laboratoire Rhéologie et Procédés (LRP) in 2019 started with Antoine Naillon, who offered me the opportunity to do my M2 internship. He provided me with valuable guidance and tools to help me advance in my Master's and PhD. development. The foundation of my thesis research was based on his post-doctoral research. His constant support and assistance throughout the project were crucial in achieving the set objectives. I am grateful for his contributions to this work. I express my gratitude to Guillaume Maîtrejean for his invaluable assistance with the numerical aspect of the project. Since I had no prior experience with simulations, it was a challenging task for me. However, I learned a great deal from him, and he was always patient and helpful in exploring tests and solutions. He not only provided incredible support but also became a good friend. Many thanks to Clément De Loubens for his collaboration and support in the regular meetings we had. I am profoundly grateful to Hugues Bodiguel as it was fortunate to have the opportunity to work together on this challenging and exciting research project. Hugues has been a dedicated and supportive mentor, and I feel glad to have collaborated with him for nearly four years.

Furthermore, I want to extend my thanks to the entire LRP, where I met people who provided me with support throughout this journey, some of whom have become not just colleagues but also friends. I am grateful to the technical and administrative staff for their assistance whenever I required it. Many thanks also to my friends at LEGI for their warm and welcoming attitude during all the activities they did, as I was also part of their laboratory.

Thanks to the family I discovered in Grenoble: Luis Carlos, Nastya, Maicol, Khadija, Ivan, Revaz, Cruz and Perlitha. Thanks for being there when I needed and sharing such as nice moments together. I feel blessed with life to have met you here.

I am grateful to Malina and Akuma for being my support in the final part of this path. Thanks for coming to me when I most needed, I am truly thankful for all the laughter, shared dreams, and memories we have been creating together. I hope that life allows us to pursue more goals together in the future.

I would also like to thank my family, who have supported me in every aspect of my life. The pandemic was a difficult moment in my life, especially being far from home. In such a difficult situation, they were the ones who motivated me to accomplish this goal. To my parents Nancy and Ricardo, and also my second mom Hellen, all the efforts and sacrifices you have made to raise my sister and me are greatly appreciated. From the bottom of my heart, I feel blessed to have you healthy and to be able to share this achievement with you. Thanks to my sister Nancy and also my second sister Fatima, I love you so much, thanks for the video calls and all the motivation to achieve this objective. I would like to express my gratitude to my grandmother Susana Margarita, and also a special thanks to my late grandfather Alberto, as he is constantly in my thoughts and memories, even though he is no longer with us physically. All of you are a part of me, even though you are thousands of miles away, you are always with me.

I am deeply grateful to France for all the wonderful things it has given me. This incredible country has provided me with unforgettable experiences that have left me in awe.

Finally, thanks to life for being an Ecuadorian, and like many others, I strive to make a home wherever I go, always seeking better opportunities.

Infinitas gracias a todos... 

Introduction

P olymers are macromolecules consisting of repeating units of monomers. When these polymers are dissolved in a solvent, they form a polymer solution. These liquids exhibit complex properties under applied stress or strain compared to simple fluids, exhibiting both viscous and elastic behaviours. They are called viscoelastic liquids. They are ubiquitous in nature and industrial processes having important applications in various fields. So understanding the behavior of these complex fluids is crucial for a number of reasons.

The paper by Y. [START_REF] Zhang | Characterization of diluted polymer solutions using light scattering techniques[END_REF], emphasizes the importance of characterizing polymer solutions for developing new materials and optimizing existing ones in biotechnology and materials science. [START_REF] Matyjaszewski | Controlled/living radical polymerization: features, developments, and perspectives[END_REF], state that characterization of polymer solutions is crucial for quality control of polymer products in the field of controlled/living radical polymerization (CRP), ensuring their performance, stability, and consistency. [START_REF] Ahearne | Characterizing the viscoelastic properties of thin hydrogel-based constructs for tissue engineering applications[END_REF], point out that accurate characterization of polymer solutions is critical for understanding their interactions with biological systems and soft tissue engineering. In their work, the authors present a novel indentation method for characterizing the viscoelastic properties of alginate and agarose hydrogel based constructs, which are often used as a model system of soft biological tissues. J. [START_REF] Kim | Polymeric nanofibers for environmental remediation: a review of applications[END_REF], conclude that polymer solutions have a great utility in environmental remediation, such as removing pollutants from wastewater and soil, and their characterization is necessary to determine their effectiveness and optimize their performance. In the field of energy, diluted polymer solutions are important in energy storage devices, drilling fluids, and enhanced oil recovery, as noted by [START_REF] Zhao | Recent advances in polymer-based materials for energy storage[END_REF][START_REF] Barati | An overview of drilling fluid and completion fluid technology used in the Iranian oil and gas industry[END_REF][START_REF] Torsaeter | Enhanced oil recovery by injection of polymers[END_REF], respectively. The characterization of these solutions is essential to optimize their performance, understand their properties, and ensure their stability and effectiveness in various applications.

Given the wide range of applications that viscoelastic liquids have, it is crucial to have a thorough understanding of their behavior, which depends on their rheological properties. Elasticity, viscosity, loss and storage modulus, viscoelastic relaxation time and normal stress difference are among these properties. Elasticity defines how a material deform reversely, storing the memory of its initial shape when it is subjected to a stress. Viscosity is the tendency of a fluid to resist flow under shear stress. Its coefficient of proportionality relates the stress to the shear strain (also known as the shear modulus). The storage and the loss modulus express the elastic and viscous response of a fluid under small oscillation. At least, the viscoelastic relaxation time of a solution is the typical time under which the fluid keeps the memory of its initial shape. Below this characteristic time, the fluid behaves like an elastic solid. Above, it behaves as a liquid. And the normal stress difference, which can be roughly seen as the stress in the perpendicular direction to the main flow direction, is due to the storage of elastic energy in the fluid by the deformation of the polymer chains under a shear strain. For a shear flow between two plates, this normal stress difference correspond to a stress "pushing" perpendicular on the plates, in addition to the pressure. Traditional characterization of complex fluids involves the use of rheometers, which are apparatus that measure the normal and the shear stresses of a material under different applied strains (or reversely, the strain under applied stresses). Nonetheless, standard rheometers may be limited by their sensitivity, in particular to measure the viscoelastic properties when the polymer solution are weak elastic (small viscoelastic relaxation time and small normal stress difference). Therefore, there is a need for complementary techniques that can provide more insight into the behavior of viscoelastic liquids.

Microfluidic devices have gained significant attention in recent years due to their ability to manipulate very small volume of liquid, in very stable flow and controlled condition [START_REF] Whitesides | The origins and the future of microfluidics[END_REF], and to characterize some physical phenomenon at local and small scales [START_REF] Anbari | Microfluidic model porous media: Fabrication and applications[END_REF]. Such devices have been used in a variety of applications, including chemical analysis, drug discovery, and biomedical research. One of the challenges that microfluidics can tackle is the characterization of the behavior of complex fluids. Testing viscoelastic liquids in microfluidics devices, including those with weak elasticity, can lead to interesting and precise observations. As example, Lopez-Herrera and Lauga, 2015, studied a dilute solution of polyethylene oxide (PEO) in water and was able to show that at low concentrations, subjected to a high shear rate, PEO polymer chains can align themselves along the flow direction, causing the solution to exhibit anisotropic behavior leading to interesting flow patterns and even the possibility of using PEO solutions as a type of "liquid crystal" material. Therefore, studying the behavior of weak viscoelastic liquids in microfluidic devices is of great interest and has the potential to enable new applications and technologies.

The addition of microparticles to a polymer solution prompted our investigation of the normal force in viscoelastic fluids. In contrast to Newtonian liquids, where iso-density particles follow the streamlines under the assumption of a Reynolds number going towards to zero, particles can migrate transversely to the streamlines if there is a gradient of shear rate in a flow of a viscoelastic solution. Indeed, in that case, the balance of the elastic forces acting around the particle is non zero, due to the dependence of the first normal stress difference (N1) to the shear rate. As a result, they move towards the lowest shear rate zone, that in case of a Poiseuille flow in a microfluidic device, it is towards the center of the channel. This phenomenon has been first studied theoretically by [START_REF] Karnis | Particle motions in sheared suspensions. XIX. Viscoelastic media[END_REF]Mason, 1966, Ho and[START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF] qualitatively in experiments by [START_REF] Highgate | End effects and particle migration effects in concentric cylinder rheometry[END_REF]Whorlow, 1969, Gauthier et al., 1971, during the sixties and seventies. More recently, this topic was re-investigated thanks to the emergence of microfluidics and the ability to design new devices, in particular for particle sorting application [START_REF] Larson | The structure and rheology of complex fluids[END_REF][START_REF] Leshansky | Tunable nonlinear viscoelastic "focusing" in a microfluidic device[END_REF][START_REF] Masaeli | Continuous inertial focusing and separation of particles by shape[END_REF], but also numerically [START_REF] D'avino | Numerical simulations of particle migration in a viscoelastic fluid subjected to shear flow[END_REF][START_REF] D'avino | Particle migration due to viscoelasticity of the suspending liquid and its relevance in microfluidic devices[END_REF][START_REF] Villone | Simulations of viscoelasticity-induced focusing of particles in pressure-driven micro-slit flow[END_REF]. Lately, the theoretical predictions of [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF][START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF][START_REF] Karnis | Particle motions in sheared suspensions. XIX. Viscoelastic media[END_REF][START_REF] Karnis | Particle motions in sheared suspensions. XIX. Viscoelastic media[END_REF], developed for a second order fluid were validated using particle migration experiments in a microfluidic device by [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF] This phenomena correspond to the motion of particle perpendicular to the main streamline. It was shown that rather small normal forces could be detected, down to a Weissenberg number as low as 10 -3 , in a range where standard rheometry is not possible. Thus, one can wonder if the particle migration tracking can be used as a tool to characterize viscoelastic properties of dilute polymer solution, with more complex but also rather common shear-thinning viscoelastic liquid, exploring ranges that are inaccessible to standard rheometry. Indeed, particle migration is influenced by various factors controlled in microfluidic device, including the particle size to channel depth ratio and the shear rate. Thus, one can expect that a broad range of viscoelastic properties can be measured in a given microfluidic device.

In this PhD thesis, we aim to investigate the behavior of viscoelastic fluids in microfluidic devices through the characterization of particle migration. Our goal is to develop a better understanding of the complex interactions between viscoelastic fluids and suspended particles. To achieve this, we use a combination of experimental and computational techniques to study particle migration in different microfluidic geometries, under different flow conditions, and for a set of two polymer systems that show a moderate and high shear-thinning behavior. Experimental measurement of the first normal stress difference thanks to particle migration characterization are compared with viscoelastic properties measured by standard rheometry, in order to validate the method. Moreover, some attempts to couple flow with electrophoresis will be made in order to optimize and fasten the characterization.

Overall, this research will contribute to the development of microfluidic devices that can be used for a wide range of applications, such as particle sorting. By characterizing the behavior of viscoelastic fluids in microfluidic devices, we can better understand the fundamental principles underlying microfluidic transport, which can ultimately lead to the development of more efficient and effective microfluidic devices.

Structure of the manuscript: This manuscript comprises five chapters:

-Chapter 1 serves as an introductory chapter, providing a theoretical framework for the thesis. It encompasses essential rheological definitions and equations in which this study is based. Additionally, it includes a review of related literature concerning particle migration, summarizing the primary conclusions and perspectives of each work.

-Chapter 2 provides a detailed account of the materials and methods employed to conduct particle migration experiments. This chapter outlines the methodology used to obtain conventional rheometry data and describes the strategy to retrieve the 𝑁 1 scaling of the tested polymer solutions. In addition, this chapter outlines the development of the theoretical prediction for particle trajectories, along with a discussion of the resulting scaling and validation of the data. These discussions constitute a fundamental component of the chapter.

-In Chapter 3, the focus is on the numerical modelling of the two-dimensional simulations. This chapter covers the introduction of the constitutive laws, the methodology used, the benchmark with other works, the validation of the results and primary outcomes of the simulations. Towards the end of the chapter, the results are discussed.

-Chapter 4 outlines the initial work carried out to incorporate an electric field into the microfluidic device. This chapter provides a detailed description of the physical and chemical processes involved in electrokinetic transport phenomena and the application of a DC voltage along the channel length. The experimental setups and initial results are presented in this chapter, along with future research perspectives.

-The Chapter 5 provides a summary and some perspectives about the significance of the findings, as well as the conclusions of the main outcomes in the present project.

Introduction (Version française)

L es polymères sont des macromolécules constituées d'unités répétitives de monomères.

Lorsque ces polymères sont dissous dans un solvant, ils forment une solution de polymère. Ces liquides présentent des propriétés complexes sous l'effet d'une contrainte ou d'une déformation appliquée, par rapport aux fluides simples, et affichent des comportements à la fois visqueux et élastiques. Ils sont appelés liquides viscoélastiques. Ils sont omniprésents dans la nature et dans les processus industriels et ont des applications importantes dans divers domaines. Il est donc essentiel de comprendre le comportement de ces fluides complexes pour un certain nombre de raisons.

L'article de Y. [START_REF] Zhang | Characterization of diluted polymer solutions using light scattering techniques[END_REF], souligne l'importance de la caractérisation des solutions polymères pour le développement de nouveaux matériaux et l'optimisation des matériaux existants dans les domaines de la biotechnologie et de la science des matériaux. [START_REF] Matyjaszewski | Controlled/living radical polymerization: features, developments, and perspectives[END_REF], indique que la caractérisation des solutions de polymères est cruciale pour le contrôle de la qualité des produits polymères dans le domaine de la polymérisation radicalaire contrôlée/vivante (CRP), garantissant leur performance, leur stabilité et leur cohérence. [START_REF] Ahearne | Characterizing the viscoelastic properties of thin hydrogel-based constructs for tissue engineering applications[END_REF], soulignent qu'une caractérisation précise des solutions de polymères est essentielle pour comprendre leurs interactions avec les systèmes biologiques et l'ingénierie des tissus mous. Dans leur travail, les auteurs présentent une nouvelle méthode d'indentation pour caractériser les propriétés viscoélastiques des constructions à base d'hydrogel d'alginate et d'agarose, qui sont souvent utilisées comme système modèle de tissus biologiques mous. J. [START_REF] Kim | Polymeric nanofibers for environmental remediation: a review of applications[END_REF], concluent que les solutions polymères ont une grande utilité dans la remédiation environnementale, comme l'élimination des polluants des eaux usées et du sol, et que leur caractérisation est nécessaire pour déterminer leur efficacité et optimiser leurs performances. Dans le domaine de l'énergie, les solutions polymères diluées sont importantes dans les dispositifs de stockage de l'énergie, les fluides de forage et la récupération assistée du pétrole, comme le soulignent respectivement [START_REF] Zhao | Recent advances in polymer-based materials for energy storage[END_REF][START_REF] Barati | An overview of drilling fluid and completion fluid technology used in the Iranian oil and gas industry[END_REF][START_REF] Torsaeter | Enhanced oil recovery by injection of polymers[END_REF]. La caractérisation de ces solutions est essentielle pour optimiser leurs performances, comprendre leurs propriétés et garantir leur stabilité et leur efficacité dans diverses applications.

Étant donné le large éventail d'applications des liquides viscoélastiques, il est crucial de bien comprendre leur comportement, qui dépend de leurs propriétés rhéologiques. L'élasticité, la viscosité, le module de perte et de stockage, le temps de relaxation viscoélastique et la différence de contrainte normale font partie de ces propriétés. L'élasticité définit la façon dont un matériau se déforme en sens inverse, en conservant la mémoire de sa forme initiale lorsqu'il est soumis à une contrainte. La viscosité est la tendance d'un fluide à résister à l'écoulement sous l'effet d'une contrainte de cisaillement. Son coefficient de proportionnalité relie la contrainte à la déformation de cisaillement (également connu sous le nom de module de cisaillement). Le module de stockage et le module de perte expriment la réponse élastique et visqueuse d'un fluide sous l'effet de petites oscillations. Au minimum, le temps de relaxation viscoélastique d'une solution est le temps caractéristique pendant lequel le fluide garde la mémoire de sa forme initiale. En dessous de ce temps caractéristique, le fluide se comporte comme un solide élastique. Au-dessus, il se comporte comme un liquide. Et la différence de contrainte normale, qui peut être considérée grossièrement comme la contrainte dans la direction perpendiculaire à la direction principale de l'écoulement, est due au stockage de l'énergie élastique dans le fluide par la déformation des chaînes de polymères sous l'effet d'une contrainte de cisaillement. Pour un écoulement en cisaillement entre deux plaques, cette différence de contrainte normale correspond à une contrainte "poussant" perpendiculairement sur les plaques, en plus de la pression. La caractérisation traditionnelle des fluides complexes implique l'utilisation de rhéomètres, qui sont des appareils mesurant les contraintes normales et de cisaillement d'un matériau sous différentes déformations appliquées (ou inversement, la déformation sous les contraintes appliquées). Néanmoins, les rhéomètres standard peuvent être limités par leur sensibilité, en particulier pour mesurer les propriétés viscoélastiques lorsque la solution de polymère est faiblement élastique (petit temps de relaxation viscoélastique et petite différence de contrainte normale). Il est donc nécessaire de disposer de techniques complémentaires permettant de mieux comprendre le comportement des liquides viscoélastiques.

Les dispositifs microfluidiques ont fait l'objet d'une attention particulière ces dernières années en raison de leur capacité à manipuler de très petits volumes de liquide, dans un flux très stable et des conditions contrôlées [START_REF] Whitesides | The origins and the future of microfluidics[END_REF], et à caractériser certains phénomènes physiques à l'échelle locale et à petite échelle [START_REF] Anbari | Microfluidic model porous media: Fabrication and applications[END_REF] Dans l'ensemble, cette recherche contribuera au développement de dispositifs microfluidiques pouvant être utilisés pour une large gamme d'applications, telles que le tri des particules. En caractérisant le comportement des fluides viscoélastiques dans les dispositifs microfluidiques, nous pouvons mieux comprendre les principes fondamentaux qui soustendent le transport microfluidique, ce qui peut finalement conduire au développement de dispositifs microfluidiques plus efficaces et plus performants.

Structure du manuscrit: Ce manuscrit comprend cinq chapitres :

-Le chapitre 1 sert d'introduction et fournit un cadre théorique pour la thèse. Il comprend les définitions et les équations rhéologiques essentielles sur lesquelles cette étude est basée. En outre, il comprend une revue de la littérature relative à la migration des particules, résumant les principales conclusions et perspectives de chaque travail.

-Le chapitre 2 fournit un compte-rendu détaillé des matériaux et des méthodes utilisés pour mener des expériences de migration de particules. Ce chapitre décrit la méthodologie utilisée pour obtenir des données de rhéométrie conventionnelle et décrit la stratégie pour récupérer l'échelle 𝑁 1 des solutions de polymères testées.

En outre, ce chapitre décrit le développement de la prédiction théorique pour les trajectoires des particules, ainsi qu'une discussion sur l'échelle résultante et la validation des données. Ces discussions constituent un élément fondamental du chapitre.

-Dans le chapitre 3, l'accent est mis sur la modélisation numérique des simulations bidimensionnelles. Ce chapitre couvre l'introduction des lois constitutives, la méthodologie utilisée, la comparaison avec d'autres travaux, la validation des résultats et les principaux résultats des simulations. Vers la fin du chapitre, les résultats sont discutés.

-Le chapitre 4 décrit le travail initial effectué pour incorporer un champ électrique dans le dispositif microfluidique. Ce chapitre fournit une description détaillée des processus physiques et chimiques impliqués dans les phénomènes de transport électrocinétique et l'application d'une tension continue sur la longueur du canal. Les montages expérimentaux et les premiers résultats sont présentés dans ce chapitre, ainsi que les perspectives de recherche futures.

-Le chapitre 5 fournit un résumé et quelques perspectives sur l'importance des résultats, ainsi que les conclusions des principaux résultats du présent projet.

1

General Overview

This chapter introduces the notion of viscoelastic liquids, their behavior under different conditions, and presents their important rheological properties. Specifically, the focus is on the behavior of non-Newtonian fluids, with a discussion of the rheological models used to study nonlinear viscoelasticity in polymer solutions. Additionally, this chapter explores the state of the art of the present thesis, starting by introducing the phenomenon of particle migration in microfluidic devices, including its background, motivation, and relevant equations, as well as the physics and factors influencing this behavior. Lastly, this chapter presents some key reference works about particle migration and concludes with a discussion of future directions for this research area, converging to the objective and strategy of the current work. 

Introduction to Viscoelastic Fluids

Liquids can have simple or complex behaviour under stress or strain depending on their physical and chemical properties. First introduced by Prof. Eugene C. Bingham [START_REF] Barnes | An introduction to rheology[END_REF], rheology was conceived as the science of flow and deformation. Since then, the importance of studying the properties of liquids has led to the development and advancement of various devices and techniques over the past few centuries: starting from conventional rheometers or viscometers, to conceive microfluidic rheometers and integrating them with techniques like microscopy, Dynamic Light Scattering (DLS), Small Angle Neutron Scattering (SANS), Small Angle X-ray Scattering (SAXS), among others [START_REF] Del Giudice | A review of microfluidic devices for rheological characterisation[END_REF]. This has resulted in a better understanding of the properties of liquids, especially to complex rheology fluids, which has enabled the optimization and creation of new materials in several scientific fields, few examples: bioresponsive materials for tissue engineering applications [START_REF] Ahearne | Characterizing the viscoelastic properties of thin hydrogel-based constructs for tissue engineering applications[END_REF], liquid crystals with unique optical, electrical, and mechanical properties that can be used in displays or sensors [START_REF] Lopez-Herrera | Dynamics of dilute viscoelastic polymer solutions in microfluidic channels[END_REF], 'smart materials' like the graphene-based that can change their properties in response to external stimuli such as temperature, light, or electric fields [START_REF] Yu | Graphene-based smart materials[END_REF].

The first section of the general overview in the present work will be focused on fluids, reviewing briefly their rheological properties, with a specific emphasis on viscoelastic liquids since they are the primary focus of the current investigation.

Viscous properties

Viscosity is a measure of a fluid's resistance to flow. It describes the internal friction between different layers of a fluid as they move past each other, and it is considered as one of the physical properties which is comparatively easily measured [START_REF] Vand | Viscosity of solutions and suspensions. I. Theory[END_REF]. [START_REF] Sunthar | Polymer rheology[END_REF], expresses that rheology involves measurements in controlled flow, mainly the viscometric flow in which the velocity gradients are nearly uniform in space. In these simple flows, there is an applied force where the velocity (or the equivalent shear rate) is measured, or vice versa, obtaining as result the resistance of a fluid to flow, which is the viscosity.

Viscometers or rheometers are devices that can measure this property as they are used to define an effective shear viscosity 𝜂 from the ratio:

𝜂 = 𝜎 𝑥𝑦 γ (1.1)
where 𝜎 𝑥𝑦 is the shear stress (measured or applied) and γ is the shear rate (applied or measured).

Viscosity is typically measured in units of Pascal-seconds (Pa.s) or centipoise (cP). The viscosity of a polymer solution is influenced by several factors, including the temperature, molecular weight of the polymer, the concentration of the polymer in the solution, and the solvent used [START_REF] Chhabra | Non-Newtonian flow and applied rheology: engineering applications[END_REF].

An important classification of fluids based on their rheological properties, is their behavior under deformation. Newtonian fluids are materials that obey Newton's law of viscosity, which states that the shear stress is proportional to the strain shear rate. This means that the viscosity of a Newtonian fluid is constant and does not depend on the shear rate or the time elapsed. Examples of Newtonian fluids include water, glycerol, and many gases.

On the other hand, non-Newtonian fluids are materials that do not follow Newton's law of viscosity. Their viscosity can change depending on the shear rate or the time elapsed, and 1.1. Introduction to Viscoelastic Fluids they may exhibit complex behavior under flow conditions (Figure 1.1). Non-Newtonian fluids can be further classified into several categories based on their behavior. Shearthinning fluids, also known as a pseudoplastic fluid, such as ketchup, have a viscosity that decreases with increasing shear rate [START_REF] Zhong | Rheological behavior of xanthan gum solution related to shear thinning fluid delivery for subsurface remediation[END_REF], while shear-thickening fluids, also known as a dilatant fluid, such as cornstarch suspended in water, have a viscosity that increases with shear rate (X. [START_REF] Zhang | The rheology of shear thickening fluid (STF) and the dynamic performance of an STF-filled damper[END_REF]. Some diluted polymer solutions can exhibit a steady viscosity in a wide range for applied shear rates, but they are also weak elastic. They are known as Boger fluids [START_REF] James | Boger fluids[END_REF]. These fluids were first described by David Boger as a way to better understand the rheology of other complex fluids, which can exhibit shear-thinning or shear-thickening behavior at high shear rates. Most of the polymer solution exhibit a shear-thinning behavior, corresponding to the disentanglement and the alignment of the polymer chains under shear. Different mathematical models can be used to describe the viscosity behavior of fluids. When the shear-thinning starts from a shear rate close to zero, the most common approximation used is a power-law relationship:

𝜂 = 𝜂 0 (︂ γ γ0 )︂ 𝑛-1 (1.2)
where 𝜂 0 is the viscosity of the liquid at γ0 . The ratio 𝜂 0 / γ𝑛-1 0 is sometimes noted 𝑚 and called the flow consistency index. 𝑛 is the flow behavior index, where 𝑛 = 1 for a Newtonian fluid with constant viscosity, 𝑛 < 1 for a shear-thinning fluid and 𝑛 > 1 for shear-thickening liquids.

However, other complex viscosity equations have been proposed to better model the viscosity of fluids, particularly those that exhibit a plateau at small shear rates and a shearthinning behavior above a characteristic shear rate. The Carreau-law is one of them [START_REF] Osswald | Polymer rheology[END_REF]. It approaches the viscosity values at different shear rates, defining two plateaus that correspond to zero and infinity shear rate viscosity by the expression:

𝜂 = 𝜂 ∞ + (𝜂 0 -𝜂 ∞ ) (︁ 1 + ( γ/ γ𝑐 ) 2 )︁ (𝑛-1)/2 (1.3)
where 𝜂 0 is the zero shear viscosity, 𝜂 ∞ is the infinite shear viscosity equal to the solvent viscosity, γ𝑐 the critical shear rate that separates the two regimes, and n the dimensionless exponent of the shear-thinning (Figure 1.3 [START_REF] Zolper | Energy efficient siloxane lubricants utilizing temporary shear-thinning[END_REF].

When the solvent viscosity can be negligible, this equation simplifies in:

𝜂 = 𝜂 0 (︁ 1 + ( γ/ γ𝑐 ) 2 )︁ (𝑛-1)/2 (1.4)

Viscoelastic polymer fluid properties

Viscoelastic fluids are materials that exhibit both viscous and elastic behavior [START_REF] Bird | Fluid mechanics[END_REF]. Polymer fluids, that are mixtures of polymers (long chains of repeating molecules) and solvents (substances that dissolve the polymers), usually belong to this kind of fluid [START_REF] Larson | The structure and rheology of complex fluids[END_REF], i.e. they act as a weak solid and liquid in dependence on the conditions they are subjected (Figure 1.4). They are crucial in the development of new materials, such as viscoelastic adhesives and coatings. The complex nature of studying the flow behavior of these fluids has motivated numerous researchers over the last century, and despite these efforts, their characterization still poses significant challenges, especially when they are weak viscoelastic.

The elasticity property of a viscoelastic fluid refers to its ability to deform elastically and return to its original shape when subjected to an external force. This elastic behavior arises due to the presence of a molecular network structure that can store and release energy under deformation [START_REF] Bird | Fluid mechanics[END_REF].

There are various methods to characterize the elastic properties of viscoelastic fluids, some of which are: measurement of the storage (𝐺 ′ ) modulus (Pa) imposing small shear oscillations in the linear regime. Another way is to estimate the viscoelastic relaxation time (𝜆) in s, for example using capillary break up experiment. In Figure 1.5, the behavior of a polymer sample when subjected to elongational stretching is shown. Due to its viscoelastic nature, the stretching results in the formation of a thin filament at the end. In addition, polymer solutions as being viscoelastic, they can develop anisotropy in the orientation of the constituent polymers in flow, there by leading to normal stress differences.

According to Sunthar, 2010, the normal stress difference is zero for a liquid that is isotropic (Newtonian fluid), that means that the properties of the fluid are conserved in all measured directions. In other hand, for viscoelastic liquids the normal stress can be different depending on the direction of deformation. This phenomenon is known as normal stress difference. The magnitude and direction of the normal stress difference can be affected by various factors, such as the rate of deformation, temperature, and the chemical composition of the liquid [START_REF] Larson | The structure and rheology of complex fluids[END_REF]. The normal stress difference has two components:

𝑁 1 = 𝜎 𝑥𝑥 -𝜎 𝑧𝑧 (1.5) Chapter 1. General overview 𝑁 2 = 𝜎 𝑧𝑧 -𝜎 𝑦𝑦 (1.6)
denoting 𝑁 1 as the first normal stress difference, perpendicular to the flow direction in x axis for a shear flow (Poiseuille or Couette). The second normal stress difference 𝑁 2 is usually small enough to be considered as zero for polymeric liquids.

We can also define the first and second normal stress coefficients Ψ 1 and Ψ 2 as function of the shear rate γ:

𝜓 (1,0) = 𝑁 1 γ2 𝜓 (2,0) = 𝑁 2 γ2 (1.7)
A phenomenon that highlight the effect of a non zero normal stress difference is the Weissenberg effect, also known as rod climbing effect. It is a phenomenon commonly observed in polymer solutions. Figure 1.6 illustrates that when a rotating rod is immersed in a solution of long-chain polymers, the solution shows an interesting behavior. The polymer molecules align themselves with the rod and start climbing up along its length. This effect is due to the normal stress difference created in the viscoelastic solution as a result of the shear flow induced by the rotating rod. It is because of this normal stress difference 𝑁 1 that particle migration takes place in viscoelastic fluids [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF][START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], among others factors that can also produce lift of particles (Subchapter 1.3.2).
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Related to the rheological characterization of viscoelastic fluids, direct measurements for the normal stress can be obtained by conventional rheometry, but rheometers have some limitations when measuring normal stresses for diluted polymer solutions. As the normal force exerted by the fluid is small, the lecture by the rheometer can be not precise, leading to big error bars or meaningless measurements, especially at low shear rates. When increasing to moderate shear rates, then the normal stress strength approaches to values than the rheometer is able to measure, in some cases also affected by considerable incertitude (Figure 1.7).

The minimum resolution of rheometers measurements depends on various factors, such as the specific rheometer being used, the properties of the solution and the experimental conditions [START_REF] Lodge | Low-shear-rate rheometry and polymer quality control[END_REF]. For instance, low shear rates rheological measurements can be affected by some aspects, including: instrumental noise, sample preparation, sample properties (such as high viscosity or low elastic module), temperature changes, wall slip, and shear rate sensitivity.

In order to enhance the precision of measurements, a larger geometry is needed to improve the sensitivity of the rheometer to small torques. However, this can result in a greater volume of sample, which can be a drawback when working with valuable, costly or restricted materials. In some cases, the required sample volume can be as large as several milliliters [START_REF] Whitesides | Soft lithography in biology and biochemistry[END_REF]. In addition to this, discerning between reliable and unreliable data requires a considerable amount of expertise on the part of the experimenter. Furthermore, proficiency in utilizing or refining testing protocols is necessary upon the specific characteristics of the sample being tested [START_REF] Ewoldt | Experimental challenges of shear rheology: how to avoid bad data[END_REF].

One important parameter to introduce to characterize the viscoelasticity is the Weissenberg number, which is defined as the ratio of the first normal stress difference, due to elasticity, over the viscous shear stress:

𝑊 𝑖 = 𝑁 1 𝜎 𝑥𝑦 (1.8)
When this ratio is high, the elasticity dominates the flow, when it is low, the viscosity is the dominating phenomena. In the diluted polymer solution tested in this study, the 𝑊 𝑖 is small, even if elasticity is responsible for migration.

Rheological models of viscoelastic liquids

To take into account both the viscous and elastic characteristics of the fluid, a rheological model can be implemented. This is a mathematical representation that describes the relationship between stress, strain, and time for viscoelastic fluids.

Maxwell model

In 1867, James Clerk Maxwell presented a model for a system that combines both elastic and viscous effects. This model is known as Maxwell model and it is based in linear differential equations that relate stress and strain applied in the viscoelastic fluid. Maxwell modeled the fluid as a spring and a damp associated in series. In that way, the stress in the elastic spring 𝜎 𝐺 = 𝐺𝛾 and in the viscous damp 𝜎 𝜂 = 𝜂 γ are the same and equal to the total stress 𝜎. Moreover, the total strain is the sum of the elastic strain, 𝛾 𝐺 , and the viscous strain 𝛾 𝜂 [START_REF] Osswald | Polymer rheology[END_REF], such that:

𝜎 = 𝜎 𝐺 = 𝜎 𝜂 (1.9)
and 𝛾 = 𝛾 𝐺 + 𝛾 𝜂 (1.10) which can also be differentiated in time to give a function for total rate of deformation, or strain rate:

γ 𝑥𝑦 = γ 𝑥𝑦 𝐺 + γ 𝑥𝑦 𝜂 (1.11)
Combining Equations 1.9, 1.11 with, results in Maxwell's linear differential equation given by: 𝜂 γ = 𝜆 σ + 𝜎 (1.12)

where 𝜆 = 𝜂/𝐺 is the relaxation time of the viscoelastic solution.

If a constant stress is applied, the Maxwell's linear differential equation is solved for strain:

𝛾 = 𝜎 (︂ 𝑡 𝜂 + 1 𝐺 )︂ (1.13)
If a constant strain shear rate γ0 is applied, the Maxwell's linear differential equation is solved for stress:

𝜎 = γ0 (︁ 1 -𝑒 -𝑡 𝜆 )︁ (1.14)
As it is shown in Figure 1.8, Maxwell model is represented by an instantaneous change of the spring and a time-dependent reaction, 𝑡 + Δ𝑡, of the damper in series. When a material element is subjected to an external force, it undergoes an immediate deflection due to its elastic property. After this initial deflection, it continues to deform at a constant rate due to its viscous component. This continuous deformation under a constant load is known as creep or retardation. When the load is removed, the elastic deformation is recovered, while the viscous deformation remains. 

Introduction to Viscoelastic Fluids

The typical response of a polymer solution to an oscillatory experiment give us a complex modulus 𝐺 * : 𝐺 ′ for the storage component (real part) that represents the characteristic elastic modulus and 𝐺 ′′ for the loss component (imaginary part) which measures the viscous response [START_REF] Sunthar | Polymer rheology[END_REF].

𝐺 ′ and 𝐺 ′′ are measured in the viscous regime, with the linear and quadratic scaling respectively. We can define mathematically both modulus by the Maxwell model using the expressions:

𝐺 ′ = 𝜂 𝜆 𝜔 2 1 + 𝜔 2 𝜆 2
(1.15)

𝐺 ′′ = 𝜂𝜔 1 + 𝜔 2 𝜆 2
(1.16)

Figure 1.9 shows the storage and loss modulus of a sample of HPAM 8% and the theoretical curves obtained by implementing the Maxwell's model. The loss modulus represents the energy dissipated as heat during deformation, while the storage modulus represents the energy stored during deformation. The position of the intersection point between 𝐺 ′ and 𝐺 ′′ can provide information about the frequency dependence of the material's viscoelastic properties and can be used to determine the material's transition from elastic to viscous behavior.

Figure 1.9: 𝐺 ′ and 𝐺" curves for HPAM 8% measured by conventional rheometry and theoretical curves. The frequency f at the intersection point is the inverse of the relaxation time 𝜆 -1 .

Non-linear viscoelasticity behavior modeling

One of the limitations for the Maxwell model presented in the previous subsection, is that it is restricted to small strains. For large deformations, when the viscoelastic liquid flows, one need to account for the convected stress. This could be done using the upper-convected time derivative of the stress:

∇ 𝜏 = 𝜕𝜏 𝜕𝑡 + 𝑢 • ∇𝜏 -∇𝑢 𝑇 • 𝜏 -𝜏 • ∇𝑢 (1.17)
where 𝜕𝜏 /𝜕𝑡 is the derivative of the stress tensor 𝜏 , ∇𝑢 is the gradient of velocity, and ∇𝑢 𝑇 • 𝜏 is the tensor product of the transpose of the velocity gradient tensor and the stress tensor. Using this time derivative, the Maxwell model presented above is extended to large strains. The corresponding model is known as the upper-convected Maxwell model. Importantly, even in steady state, it accounts for the non-zero normal stress differences.

The upper-convected Maxwell model fails however to describe accurately viscoelastic diluted polymer solutions, since it assumes that the stress is entirely governed by the polymers. In order to overcome this limitation, the Oldroyd-B model [START_REF] Oldroyd | On the formulation of rheological equations of state[END_REF], which is one of the most used, decomposes the total stress 𝜎 in a Newtonian solvent contribution and a viscoelastic (polymeric) one 𝜏 :

𝜎 = 2𝜂 𝑠 D + 𝜏 (1.18)
where 𝜂 𝑠 is the solvent viscosity, D is the deformation rate tensor or rate of strain tensor

𝐷 = 1 2 [︀ ∇𝑢 + (∇𝑢) 𝑇 ]︀
, 2𝜂 𝑠 D is the solvent stress. The polymeric stress 𝜏 , can be written as:

𝜏 + 𝜆 ∇ 𝜏 = 2𝜂 𝑝 D (1.19)
where 𝜂 𝑝 is the polymer viscosity, 𝜆 is the viscoelastic relaxation time,

∇

𝜏 is the upperconvected time derivative of the extra-stress tensor 𝜏 .

The global stress field is solution of the incompressible Navier-Stokes equations

∇ • 𝑢 = 0 𝜌 (︂ 𝜕𝑢 𝜕𝑡 + 𝑢 • ∇𝑢 )︂ = -∇𝑝 + ∇ • 𝜎 + 𝑓 (1.20)
Considering the variable change: τ = 𝜏 𝜏 0 , where 𝜏 0 = 𝜂 𝑈 𝐻 , and solving the system of equations, it finally gives:

𝜕 𝑡 ũ = 1 𝑅𝑒 (︁ -∇𝑝 + ∇𝜎 )︁ σ = 2𝛽 D + τ τ + 𝑊 𝑖 ∇ τ = 2(1 -𝛽) D (1.21)
being the Weissenberg number 𝑊 𝑖 and the solvent viscosity ratio 𝛽 the main parameters of this rheological model. Microfluidics refers to the study of fluids flowing through microchannels with characteristic dimensions on the order of tens to hundreds of micrometers. In microfluidic devices, the 1.2. Characterization of a viscous diluted suspension flow in microfluidic channel fluid flow is often characterized by low Reynolds numbers (Re -→ 0) due to the small channel dimensions, resulting in a dominance of viscous forces over inertial forces [START_REF] Stone | Engineering flows in small devices: microfluidics toward a lab-on-a-chip[END_REF]. This leads to a very stable flow behavior with the absence of turbulence and the ability to precisely control fluid flow. Moreover, when inertia is negligible and the particle are not buoyant, the particles follow the stream lines.

The fundamental equations of fluid mechanics, such as the Navier-Stokes equations, still hold in microscale flow, but simplifications and approximations are often made to the equations to make them more tractable. Assuming non compressible flow without inertia in the Navier-Stokes equation results in the Stokes equations, which are much simpler to solve

∇ • 𝑢 = 0 𝜌 𝜕𝑢 𝜕𝑡 = -∇𝑝 + 𝜇∇ 2 𝑢 + 𝑓 (1.22)
where 𝑢 is the velocity vector, 𝑝 is the pressure, 𝜌 is the fluid density, 𝜇 is the dynamic viscosity, and 𝑓 is the body force per unit volume.

The first equation is the continuity equation, which states that the fluid is incompressible, and the second equation is the momentum equation, which relates the rate of change of velocity with the pressure gradient, viscous forces, and body forces. Depending on the physico-chemistry interaction between the solid surface and the fluid, and the channel size, the boundary conditions may have to be carefully considered, for example taking a slip length into account.

Considering a pressure driven liquid induced by a pressure gradient Δ𝑃/𝐿, flowing through a infinite low aspect ratio rectangular channel, the velocity profile is considered to vary only in the 𝑧 direction, and it can be derived for a power law fluid (Equation 1. 

𝑃 1 2𝑧 -𝑃 2 2𝑧 -2 𝜎 𝑥𝑦 𝐿 = 0 (1.23) ⇒ 𝜎 𝑥𝑧 = - Δ𝑃 𝐿 𝑧 = 𝜂 γ = 𝜂 0 (︂ γ γ0 )︂ 𝑛-1 γ (1.24) ⇒ γ = - γ 𝑛-1 𝑛 0 (︂ Δ𝑃 𝜂 0 𝐿 )︂ 1/𝑛 𝑧 1/𝑛 (1.25)
where Δ𝑃 is the pressure drop, 𝐿 is the total channel length, and 𝐻 is the channel height.

Chapter 1. General overview

The integration of the shear rate taking into account the boundary conditions at the walls, where 𝑧 = ±𝐻/2, 𝑉 𝑥 = 0, results to the velocity profile:

𝑉 𝑥 (𝑧) = γ 𝑛-1 𝑛 0 (︂ Δ𝑃 𝜂 0 𝐿 )︂ 1/𝑛 𝐻 𝑛+1 𝑛 𝑛 𝑛 + 1 (︃ (︂ 1 2 )︂ 𝑛+1 𝑛 - (︁ 𝑧 𝐻 )︁ 𝑛+1 𝑛 )︃ (1.26)
In case of a Newtonian fluid, with constant viscosity (𝑛 = 1), we retrieve the classical Poiseuille velocity profile :

𝑉 𝑥 (𝑧) = Δ𝑃 𝐻 2 2𝜂 0 𝐿 (︂ 1 4 - (︁ 𝑧 𝐻 )︁ 2 )︂ (1.27)
which maximal velocity 𝑉 𝑥𝑚𝑎𝑥 at 𝑧 = 0 can be expressed as:

𝑉 𝑥𝑚𝑎𝑥 = Δ𝑃 𝐻 2 8𝜂 0 𝐿 (1.28)
Equation 1.25 denotes a shear rate profile into the microchannel, which reaches its maximal value at the channel walls and it is null at the centerline, as depicted in Figure 1.11 in the case of 𝑛 = 1 (constant viscosity). Equation 1.26 shows, that the flow behavior index 𝑛 plays a crucial role in the velocity profile of a Poiseuille flow for power-law fluids. At a given pressure gradient, if 𝑛 is less than one (shear-thinning), the fluid near the center of the channel flows faster than in the Newtonian case (n=1), and the velocity profile shows a "flattened" front at the region of the maximal velocity. When 𝑛 is greater than one (shear-thickening), the profile is defined with a steeper slope in the middle of the channel and the maximal velocity is smaller. This effect can be seen in Figure 1.12. 

Particle tracking techniques

The experimental study of the flow of fluids using particles has prompted the development and refinement of particle tracking techniques, which involve detection of the motion of particles within a fluid under various flow conditions. Plenty of techniques are nowadays accessible, being Particle Tracking Velocimetry (PTV) and Particle Image Velocimetry (PIV) the most frequently implemented due to their widespread use and popularity. PTV provides high spatial and temporal resolution and can be used to study the microstructure and flow behavior of viscoelastic fluids. However, PTV requires more complex image processing and analysis than other particle-based techniques, making it more computationally intensive and can be sensitive to noise and errors in particle tracking [START_REF] Sokoray-Varga | Particle tracking velocimetry (PTV) and its application to analyse free surface flows in laboratory scale models[END_REF].

• Particle Image Velocimetry (PIV) is similar to PTV, but it involves tracking the motion of multiple particles in an image. This is a non-invasive optical technique used to measure fluid velocity field in a two-dimensional plane. It implies seeding the fluid with small particles that are illuminated with a laser sheet, and then capturing images of the particles using a high-speed camera. The images are then analyzed using correlation between two consecutive images, to determine the local velocity field of the fluid [START_REF] Sokoray-Varga | Particle tracking velocimetry (PTV) and its application to analyse free surface flows in laboratory scale models[END_REF]. PIV is less computationally intensive than PTV and provides high spatial resolution.

It is widely used because of its ability to provide detailed information about the flow field, including vortices and turbulence. Despite that, its accuracy can be affected by factors such as the size and shape of the particles, the density of the fluid, and the camera resolution [START_REF] Adrian | Twenty years of particle image velocimetry[END_REF].

Though less common: Laser Doppler Velocimetry (LDV) works by illuminating the fluid with a laser beam, which scatters off the particles within the fluid [START_REF] Beauvais | Laser-Doppler Velocimetry (LDV)[END_REF], and Magnetic Resonance Velocimetry (MRV) uses magnetic resonance imaging (MRI) to detect the motion of fluids by applying magnetic fields and radio waves [START_REF] Elkins | Magnetic resonance velocimetry: applications of magnetic resonance imaging in the measurement of fluid motion[END_REF]. The Ultrasound Velocimetry (USV), a relatively new technique, implies the use of ultrasound waves as detection method and it shows a great performance in opaque fluids or in regions where direct access is limited [START_REF] Yeom | Improvement of ultrasound speckle image velocimetry using image enhancement techniques[END_REF].

All these techniques have undergone significant advancements, mostly thanks to improvements in materials and methodology facilitated by technological advances. Overall, all of them provide valuable insights into the study of the fluid behavior, and the preference depends on the specific research question, the resources and facilities, and the properties of the fluid under investigation.

Both PTV and PIV techniques have their own variation for microscales: Micro Particle Image Velocimetry (𝜇PIV), useful for studying fluid flows in microchannels and other microfluidic devices with small geometries by using microparticles [START_REF] Lindken | Micro-particle image velocimetry (𝜇PIV): recent developments, applications, and guidelines[END_REF], and Fluorescence Particle Tracking Velocimetry (FPTV), that combines PTV with fluorescence microscopy to enable tracking of fluorescently labeled particles in a fluid flow.

This last technique is particularly useful for studying fluid flows in small channels that require high sensitivity, as the high contrast of fluorescence particles with the surrounding fluid makes the detection more precise, enhancing the spatial resolution in comparison with conventional brightfield tracking [START_REF] Walter | Measurements of the porescale water flow through snow using Fluorescent Particle Tracking Velocimetry[END_REF].

Particle migration in microfluidic devices

The study of particle migration in channel flows is a rapidly growing field of research with wide-ranging applications in areas such as materials science, biophysics, and chemical engineering. This phenomena refers to the movement of particles within a flowing fluid, which can occur due to a variety of physical mechanisms, processes or interactions. Understanding particle migration is crucial for developing accurate models of complex fluids and predicting their behavior under different flow conditions, and for using this phenomena to develop devices able to sort small object as particles or cells.

This section provides a concise overview of research on particle migration, including a discussion of the physical factors that influence particle lifting. It also presents a literature review of a recent work by [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], which explores the dynamics of particle migration in confined viscoelastic Poiseuille flows and serves as a key reference for the present research project.

Origin of particle motion across stream lines

The dynamics of particle migration have been widely studied as this phenomenon is essential for many microfluidic applications, including cell sorting and lab-on-a-chip devices [START_REF] Whitesides | The origins and the future of microfluidics[END_REF][START_REF] Beebe | Microfluidic tectonics: a comprehensive construction platform for microfluidic systems[END_REF]. [START_REF] Li | Dynamics of particle migration in channel flow of viscoelastic fluids[END_REF], examine the elements that impact particle movement and flow characteristics in channel flows. These factors include, but are not limited to inertial effects, the proximity of the channel wall, fluid elasticity, shear-thinning, particle deformability, and particleparticle interactions. Due to the complexity of these factors and their interplay, it can be challenging to analyze their effects in isolation. However, their interplay leads to a variety of interesting phenomena, such as:

• Buoyancy effect when the density of the particle are not equal to the liquid density, and the stream lines are not aligned with the gravity field, the particle crosses the stream lines in the direction of the gravity field.

• Inertial lift refers to the lateral movement of particles in a flowing fluid, perpendicular to the direction of the flow, when inertial forces are involved and there is a gradient of shear rate. This phenomenon was first observed by [START_REF] Segre | Radial particle displacements in Poiseuille flow of suspensions[END_REF], in a study of the motion of particles for a laminar flow in Newtonian fluids.

• Shear-induced migration in the semi dilute regime. Shear-induced migration also occurs because of irreversible interaction that occurs in the suspension. These interactions induce particle drifts from regions of high to low shear stress, where the probability to experience an interaction is small [START_REF] Leighton | The shear-induced migration of particles in concentrated suspensions[END_REF].

• Viscoelastic migration attributed to the influence of the normal stress differences in a viscoelastic fluid, which depends on the shear rate, mostly observed in viscoelastic fluids of constant viscosity [START_REF] Kang | DNA-based highly tunable particle focuser[END_REF][START_REF] Lim | Inertio-elastic focusing of bioparticles in microchannels at high throughput[END_REF][START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF]. When the fluid exerts a gradient of shear rate, there is an anisotropy of the normal stress around the particle resulting in a net force, perpendicular to the shear plan.

• Shear-thinning migration due to the shear-thinning of the fluid as the rheological properties enhance the compressive normal stress on particles due to the shearthinning nature and the increase in the strain rate [START_REF] Karnis | Particle motions in sheared suspensions. XIX. Viscoelastic media[END_REF][START_REF] Gauthier | Particle motions in non-Newtonian media. II. Poiseuille flow[END_REF][START_REF] Huang | Direct simulation of the motion of solid particles in Couette and Poiseuille flows of viscoelastic fluids[END_REF], moving particle towards the wall.

• The particle shape can have a significant impact on the mechanism of particle migration in microchannels. For instance, it has been observed that particles with different shapes, such as ellipsoids, rods, and spheres, can exhibit different migration behavior due to the different hydrodynamic forces acting on them. Furthermore, the orientation of the particles with respect to the flow direction and their deformability as well, can affect their ability to migrate [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF][START_REF] Czajka | Effects of hydrodynamic interactions on the near-surface diffusion of spheroidal molecules[END_REF][START_REF] Karimi | Hydrodynamic mechanisms of cell and particle trapping in microfluidics[END_REF]. et al., 2017). e) Schematic of the dynamic self-assembling particle system in a two-inlet microfluidic channel. Randomly distributed particles are selfassembled through inertial lift forces (𝐹 𝐿 ) and hydrodynamic particle-particle interactions (𝐹 𝐼 ) [START_REF] Lee | Dynamic self-assembly and control of microfluidic particle crystals[END_REF]. f ) Schematic of the motion of fluid around the rotating particle in Stokes and inertial flow at z=0. For Stokes flow the streamlines (blue line) behave symmetrically. However, for the inertial flow (red line), the path of the fluid is diverted towards the particle, resulting in a lag upstream and finally the return of the fluid elements closer to the particle than the Stokes-predicted (blue) path [START_REF] Amini | Intrinsic particle-induced lateral transport in microchannels[END_REF].

Viscoelastic migration in microfluidic channel

The physics of particle migration in viscoelastic liquids flowing in microfluidic channels is a complex phenomenon that involves the interplay of several effects: the evolution of the normal stress difference and the viscosity with the shear rate, perturbation of the stream line around the particle and particle rotation. In their theoretical work "Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid", [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF], discuss the migration of particles by developing equations to describe their trajectories in second-order fluids. The main assumptions to achieve this are the following:

• A second order fluid is a fluid with one viscoelastic relaxation time, constant viscosity, and where the normal stress differences are 𝑁 1 = -4𝜂𝜆𝜖 1 γ2 and 𝑁 2 = 2𝜂𝜆 (1 + 2𝜖 1 ) γ, where 𝜖 1 is a numerical prefactor between 0 and 0.5. When 𝜖 1 = 0.5 and 𝑁 2 = 0, the second-order fluid model correspond to the Oldroyd-B model.

• The fluid is incompressible and the flow is steady.

• The particles are rigid and neutrally buoyant. They are also small compared to the characteristic length scale of the flow, so that their motion does not significantly affect the flow field.

• The particles are non-Brownian, which means that their motion is dominated by the fluid flow and not by random thermal fluctuations.

• The flow is unidirectional, either in the form of simple shear flow or Poiseuille flow.

• The Reynolds number is small, which means that the particle motion is dominated by viscous forces and not by inertial forces. More precisely, 𝑅𝑒 ≪ 𝜆 ≪ 1.

The main conclusion of their work, is that migration occurs in the direction of decreasing absolute shear rate, which is towards the centerline for a plane Poiseuille flow, regardless of the detailed form of the undisturbed velocity profile. Moreover, they found that the migration velocity scales as 𝑣 𝑧 ∼ 𝛼 2 𝑊 𝑖, where 𝛼 is the ratio between the particle diameter and the channel height giving the equation for the elastic lateral force, 𝐹 𝐿 :

𝐹 𝐿 = 5𝜋𝜂𝑉 𝑥 𝑎𝑊 𝑖𝛼 2 𝑧 * (1.29)
where 𝜂 is the fluid viscosity, 𝑉 𝑥 the mean longitudinal velocity of the fluid, 𝑎 is the particle radius, and 𝑧 * is the z position of the particle normalized by channel height H.

Other experiments and simulations have qualitatively confirmed this finding. This last was tested by Leshansky et al., 2007, when comparing [START_REF] Leshansky | Tunable nonlinear viscoelastic "focusing" in a microfluidic device[END_REF].

This work confirmed that in the absence of normal stresses, particles in a fluid will follow a straight path without any particle lifting, but migrate towards the center of the channel in a viscoelastic liquid. They also found that the particle migration is faster for bigger particles and higher flow rate.

Nevertheless, more complex migration behaviors were observed. For instance, research conducted by [START_REF] Tehrani | An experimental study of particle migration in pipe flow of viscoelastic fluids[END_REF][START_REF] D'avino | Single line particle focusing induced by viscoelasticity of the suspending liquid: theory, experiments and simulations to design a micropipe flow-focuser[END_REF][START_REF] Romeo | Viscoelastic flow-focusing in microchannels: scaling properties of the particle radial distributions[END_REF][START_REF] Kang | DNA-based highly tunable particle focuser[END_REF], has demonstrated that particles tend to migrate towards the central axis of a circular tube. Similarly, S. [START_REF] Yang | Sheathless elasto-inertial particle focusing and continuous separation in a straight rectangular microchannel[END_REF], observed that particles accumulate at both the centerline and corners of a rectangular channel. Villone et al., 2011, confirmed Considering viscoelastic shear-thinning fluids, works based on numerical simulations developed by [START_REF] Villone | Simulations of viscoelasticity-induced focusing of particles in pressure-driven micro-slit flow[END_REF][START_REF] Nam | Continuous separation of microparticles in a microfluidic channel via the elasto-inertial effect of non-Newtonian fluid[END_REF][START_REF] D'avino | Numerical simulations of particle migration in a viscoelastic fluid subjected to shear flow[END_REF], showed that particles can migrate towards the center of the channel or to the walls depending on its initial position (Figure 1.15d).

Particle migration in microfluidic devices

In fact, the shear-thinning affects the dynamics of particle migration in a great manner. For weak elastic steady viscosity fluids, the elastic force resulting from normal stress differences, drives the particles in direction to the centerline, being stronger at the walls and decreases as the particle approaches to the middle of the channel [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF][START_REF] Karnis | Particle motions in sheared suspensions. XIX. Viscoelastic media[END_REF][START_REF] Leshansky | Tunable nonlinear viscoelastic "focusing" in a microfluidic device[END_REF]. On the other hand, according to [START_REF] Li | Dynamics of particle migration in channel flow of viscoelastic fluids[END_REF], the shear-thinning effect reduces the first normal stress difference by causing a greater asymmetry around the particle compared to the steady viscosity fluid. This effect tends to move the particles towards the walls, being this outcome more pronounced depending on the factors mentioned above.

In spite of the above cited studies, and many others, some open questions about the particle migration behavior and the relationship with the rheological properties of the fluid still not addressed, especially for complex liquids cause it has been shown that the shear-thinning can modify the dynamics of particle migration in a combined effect with the other factors mentioned at the beginning of this section.

Experimental quantitative characterization of viscoelastic migration in Maxwell fluid

More recently, [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], focused in weak elastic steady viscosity fluids to study the dynamics of particle migration in confined Poiseuille flows. This work aimed on the quantitative experimental validation of the theoretical prediction proposed by [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF][START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF][START_REF] Brunn | The behavior of a sphere in non-homogeneous flows of a viscoelastic fluid[END_REF]. They used measurements and predictions for the evolution of the probability density function (PDF) of the z positions of the particles along the channel. Their main assumption for their prediction is that the particle migration velocity is proportional to the gradient of shear rate.

They studied two polymer families: Polyacrylamide HPAM [8, 9.5, 10, 11%] and Polyvinylpyrrolidone PVP [5, 7.5, 10%], which are weak elastic with constant viscosity. [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF].

Their methodology was to track the trajectories of the particles by using a 3D FPTV algorithm, in this way, they measured the probability density function (PDF) of the z position of the particles at six different distances from the inlet of the microchannel (𝐻 × 𝑤 = 55 × 1100 𝜇𝑚 2 , 𝐿 = 5 𝑐𝑚, depicted in Figure 1.19). Naillon et al., 2019, confirmed that particle migration is strongly influenced by particle size. The migration velocity is found to be proportional to the square of the confinement ratio 𝛼 2 , that relates the particle size over the channel height. [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], also found that increasing the Weissenberg number, does indeed lead to an increase in particle migration towards the channel center. Figure 1.20 resumes the effect of both the 𝑊 𝑖 and 𝛼 in the dynamics of particle migration.

Figure 1.20: Examples of evolution of the PDF of the z position along the flow direction x. The higher the Weissenberg number 𝑊 𝑖 and the confinement ratio 𝛼 are, the more efficient the focusing is [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF].

As the elastic force 𝐹 𝑒 scales with 𝑊 𝑖𝛼 2 𝑥 * in the theoretical prediction [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF], the authors tested the polymer solutions in the steady viscosity regime, measuring the PDF and retrieving the standard deviation of the z position of the particles, 𝜎, at the different x locations along the channel, for different pressure drops, implementing two confinement ratios. They managed to build a master curve that relates the normalized particle focusing 𝜎 * against the scale 𝑊 𝑖𝛼 2 𝑥 * . The experimental results differ by a factor of 20% (Ho and 1.3. Particle migration in microfluidic devices [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF] or 30% [START_REF] Brunn | The behavior of a sphere in non-homogeneous flows of a viscoelastic fluid[END_REF]) from the theoretical predictions, which overestimates the migration. Thus, they confirmed the theoretical prediction for the viscoelastic force, with an experimental prefactor, called 𝐾 in the Figure 1.21. Red and blue square data points correspond to PVP and HPAM solutions, respectively. Solid line is the fitting of experimental data and discontinuous curves describes the trajectories from other works [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF].

1.3.4 Our motivation about microfluidics... Microfluidic devices have become increasingly popular for the different applications they can offer, including the characterization of viscoelastic liquids. They also provide many advantages over traditional rheological methods, such as:

• Microfluidic devices allow for the generation of complex flow fields, such as extensional and shear flows, which are difficult to achieve with traditional methods [START_REF] Stone | Engineering flows in small devices: microfluidics toward a lab-on-a-chip[END_REF][START_REF] Squires | Microfluidics: fluid physics at the nanoliter scale[END_REF].

• Microfluidic channels provide a controlled and well-defined geometry, which allows for precise measurements (over a wide range of frequencies and strain rates) and reproducibility [START_REF] Gervais | Toward one-step point-of-care immunodiagnostics using capillary-driven microfluidics and PDMS substrates[END_REF].

• Microfluidic devices require small sample volumes, which can be especially important when dealing with expensive or rare samples [START_REF] Whitesides | Soft lithography in biology and biochemistry[END_REF].

• Microfluidic devices can be integrated with other analytical techniques, such as microscopy, to enable real-time observation of fluid behavior, having the potential to greatly enhance our understanding [START_REF] Paiè | Microfluidic based optical microscopes on chip[END_REF].

• Finally, microfluidic devices can offer a platform for developing new technologies and applications, such as particle sorters, microfluidic mixers and microfluidic reactors, which can revolutionize industrial processes [START_REF] Nam | Continuous separation of microparticles in a microfluidic channel via the elasto-inertial effect of non-Newtonian fluid[END_REF][START_REF] Shi | Recent progress of microfluidic reactors for biomedical applications[END_REF]. The interest of microfluidic devices due to their advantages has introduced those devices into the rheological characterization of liquids, its facility to be merged with microscopy arrives into the conceive of the also called "microfluidic rheometers" as presented in the review of Del Giudice, 2022. The first quantitative validation of the theoretical prediction for viscoelastic particle migration done by [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], paved the way to use particle migration experiments in microfluidic devices to characterize the viscoelastic properties of a solution.

Conclusions on previous work and PhD thesis strategy

Implications of the results for future research [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], in a combination of conventional rheology and microrheology, provide insights into the complex behavior of particles in viscoelastic fluids under confined flow conditions, at the steady viscosity regime.

Several implications for future research can be suggested, including:

• Additional experimental efforts are required to understand the difference between theory and experiments, particularly in terms of the small discrepancy between the experimental results and theoretical predictions, as well as the overestimation of the migration efficiency for the two polymer families.

• Numerical simulations might bring some insight into the problem, notably one may be able to verify the analytics, to include confinement effects, and to incorporate 1.4. Conclusions on previous work and PhD thesis strategy more complex rheological properties and geometries.

• To extend this study to shear-thinning or shear-thickening solutions, to determine whether the methodology and assumptions can be adapted to those complex fluids.

Overall, the results of this study provide a valuable foundation for future research in the field of microfluidics and particle migration, and highlight the importance of understanding the complex interplay of forces and rheological properties in these systems. Nevertheless, their work was limited to constant viscosity fluid.

Thus, the goal of this thesis is to characterize the elastic force in viscoelastic liquids by studying the migration of particles in microfluidic devices, even for complex rheology as shear-thinning fluid.

Objectives and strategies

The main objective of the thesis is characterizing the elastic force in viscoelastic liquids by studying the migration of particles in microfluidic devices.

The work developed by [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], is taken as main reference, with the objective of extending their study to complex fluids, addressing the question whether or not, shearthinning liquids can be characterized in those microfluidic devices, also taking advantage of the experimental validation of their work with theoretical research [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF].

The proposed strategy for this PhD thesis is to investigate the experimental particle migration in weak and moderate shear-thinning liquids while, at the same time, two dimensional numerical simulations for obtaining the lift forces around a disk in a confined viscoelastic Poiseuille flow are developed. Moreover, the experimental application of electric field in microfluidic devices to electric-drive particles will be explored.

The rheological properties of viscoelastic solutions, including viscosity and relaxation time, are retrieved by conventional rheometry and subsequently particle migration is studied in these fluids by micro-rheometry (microfluidic device + microscopy). The study will involve testing a range of confinement ratios and Weissenberg numbers, which will be conducted using a Fluorescence Particle Tracking Velocimetry (FPTV) technique coupled with a z-detection algorithm. The Probability Density Function (PDF) will be obtained for the z-position of particles in the channel, which will provide insight into the migration behavior of the particles as an accumulative effect along four positions on the channel. Theoretical predictions will be developed to describe the trajectories of particles in complex fluids. To compute the normal force acting on the particles, a model that estimates the rheological properties at a characteristic shear rate is proposed, then, the scaling of the normal stress will be determined by fitting the PDF with those theoretical predictions. The results will be compared with values for 𝑁 1 retrieved by conventional rheometry techniques and direct measurements.

In addition and parallel to experimental work, 2D simulations will also be conducted to enhance comprehension of the observations attained from the particle migration experiments. The methodology involves generating a dynamic mesh in Gmesh software in a rectangular domain with a disk, utilizing quadrangle elements. The flow is simulated using OpenFOAM®, along with the RheoTool package, dedicated to solving non-Newtonian fluids, among others. The present project employs the solution of the steady incompressible Navier-Stokes equations for an Oldroyd-B fluid, which does not consider the shear-thinning behavior of solutions, but provides a suitable foundation to the present project. The simulations are focused on computing the lift coefficient around a free particle in a confined Poiseuille flow, varying the contribution of the solvent to the total viscosity and the Weissenberg number. In addition, the numerical model is verified by analyzing the effect of mesh and numerical parameters on the outcomes.

The present research includes experimental preliminary investigations of the application of electric fields in microfluidic devices. In this regard, a mixture of microparticles and solution is subjected to an electric field within the microfluidic device, and the resulting electroosmotic flow is measured using a flowmeter. Concurrently, the FPTV technique is utilized to track the apparent velocity of the particles. The electrophoretic mobility is then calculated as it is directly linked to the computed velocities. The objective is to alter the migration of particles in viscoelastic fluids by applying an external force that competes with the pressure-driven flow, leading to an enhancement or dismissal of the migration.

The Figure 1.23 resumes the planning for the present thesis.

Particle migration in microfluidic devices road to characterize viscoelastic liquids Overall, the combination of experimental and numerical methods will provide a comprehensive analysis of particle migration in viscoelastic fluids.

20x 20x X1 X4 X2 X3 X 1 X 2 X 3 X 4 y r t e m o e h R l a n o i t n e v n o C V T P F + e c i v e d c i d i u l f o r c i

Synthèse en français

Conclusions sur les travaux antérieurs et stratégie de thèse de doctorat [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], dans une combinaison de rhéologie conventionnelle et de microrhéologie, donne un aperçu du comportement complexe des particules dans les fluides viscoélastiques dans des conditions d'écoulement confiné, au régime de viscosité stable. Plusieurs implications pour la recherche future peuvent être suggérées, notamment :

• Des efforts expérimentaux supplémentaires sont nécessaires pour comprendre la différence entre la théorie et les expériences, en particulier en ce qui concerne le faible écart entre les résultats expérimentaux et les prédictions théoriques, ainsi que la surestimation de l'efficacité de la migration pour les deux familles de polymères.

• Des simulations numériques pourraient permettre de mieux comprendre le problème, notamment en vérifiant les analyses, en tenant compte des effets de confinement et en incorporant des propriétés rhéologiques et des géométries plus complexes.

• Étendre cette étude aux solutions d'amincissement ou d'épaississement par cisaillement, afin de déterminer si la méthodologie et les hypothèses peuvent être adaptées à ces fluides complexes.

Dans l'ensemble, les résultats de cette étude constituent une base solide pour les recherches futures dans le domaine de la microfluidique et de la migration des particules, et soulignent l'importance de comprendre l'interaction complexe des forces et des propriétés rhéologiques dans ces systèmes. Toutefois, leur travail se limitait à un fluide à viscosité constante.

L'objectif de cette thèse est de caractériser la force élastique dans les liquides viscoélastiques en étudiant la migration des particules dans les dispositifs microfluidiques, même pour des rhéologies complexes comme les fluides à effet de cisaillement.

Le travail développé par [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], est pris comme référence principale, avec l'objectif d'étendre leur étude aux fluides complexes, en abordant la question de savoir si oui ou non, les liquides à cisaillement peuvent être caractérisés dans ces dispositifs microfluidiques, en profitant également de la validation expérimentale de leur travail avec la recherche théorique [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF].

La stratégie proposée pour cette thèse de doctorat consiste à étudier la migration expérimentale des particules dans des liquides à cisaillement faible et modéré tout en développant des simulations numériques bidimensionnelles pour obtenir les forces de portance autour d'un disque dans un écoulement de Poiseuille viscoélastique confiné. En outre, l'application expérimentale du champ électrique dans les dispositifs microfluidiques pour entraîner électriquement les particules sera explorée.

Les propriétés rhéologiques des solutions viscoélastiques, notamment la viscosité et le temps de relaxation, sont obtenues par rhéométrie conventionnelle, puis la migration des particules est étudiée dans ces fluides par micro-rhéométrie (dispositif microfluidique + microscopie). L'étude consistera à tester une gamme de rapports de confinement et de nombres de Weissenberg, à l'aide d'une technique de vélocimétrie de suivi des particules par fluorescence (FPTV) couplée à un algorithme de détection des z. La fonction de densité de probabilité (PDF) sera obtenue pour la position z des particules dans le canal, ce qui donnera un aperçu du comportement migratoire des particules en tant qu'effet cumulatif le long de quatre positions sur le canal. Des prédictions théoriques seront développées pour décrire les trajectoires des particules dans des fluides complexes.

Pour calculer la force normale agissant sur les particules, un modèle qui estime les propriétés rhéologiques à un taux de cisaillement caractéristique est proposé, puis l'échelle de la contrainte normale sera déterminée en ajustant la PDF avec ces prédictions théoriques.

Les résultats seront comparés aux valeurs de 𝑁 1 obtenues par des techniques rhéométriques conventionnelles et des mesures directes.

En outre et parallèlement au travail expérimental, des simulations en 2D seront également réalisées pour améliorer la compréhension des observations obtenues à partir des expériences de migration des particules. La méthodologie consiste à générer un maillage dynamique dans le logiciel Gmesh dans un domaine rectangulaire avec un disque, en utilisant des éléments quadrangulaires. La présente recherche comprend des études expérimentales préliminaires sur l'application des champs électriques dans les dispositifs microfluidiques. À cet égard, un mélange de microparticules et de solution est soumis à un champ électrique à l'intérieur du dispositif microfluidique, et le flux électroosmotique qui en résulte est mesuré à l'aide d'un débitmètre. Parallèlement, la technique FPTV est utilisée pour suivre la vitesse apparente des particules. La mobilité électrophorétique est ensuite calculée car elle est directement liée aux vitesses calculées. L'objectif est de modifier la migration des particules dans les fluides viscoélastiques en appliquant une force externe qui entre en compétition avec le flux induit par la pression, conduisant à une amélioration ou à un rejet de la migration.

Globalement, la combinaison des méthodes expérimentales et numériques fournira une analyse complète de la migration des particules dans les fluides viscoélastiques.

2

Experimental characterization of the migration velocity by tracking particle trajectories in a microfluidic device

This chapter provides an overview of the experimental part of the thesis project which aims to characterize viscoelastic liquids through particle migration experiments. It reviews the materials and the conventional devices used to obtain rheological data. Details about the microfluidic device and experimental set-up for Particle Tracking Velocimetry (PTV) and z-detection are also presented. The chapter describes the software and programming language used for data analysis and specific protocols followed to validate results. The study of probability density function (PDF) of particle positions in the channel, shows the efficiency of particle migration for different solutions with various confinement ratios. The chapter discusses the dynamics of particle migration in weak viscoelastic and shear-thinning fluids, and identifies the parameters that affect it. Theoretical predictions for the trajectories of the particles are presented. Experimental results show that the focusing of particles in shear-thinning fluids is not the same as in second-order liquids when increasing the pressure drop, which seems to be less efficient. The chapter also presents a scaling of the normal stress for the testing samples, as well as cross-validation with conventional rheometry techniques and direct measurements. 

Materials and method

The significance of this research lies in the great importance of the characterization of diluted polymer solutions for several applications in the industry, specially in the development of new materials, processes and technologies, that can address pressing societal needs in fields like biomedical, environmental remediation, oil recovery, among others. The main challenge to overcome is that the fully characterization for these liquids is unachievable by conventional rheometry due to the minimum resolution of the devices.

The contribution done by [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF], is of great relevance as theoretical predictions for the trajectories of the particles in second-order fluids were stated. The qualitative and quantitative research of [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], was focused on weak elastic steady viscosity fluids. The authors studied the particle migration in confined Poiseuille flows by a method of 3D PTV, concluding in experimental results that differ by a factor of 20% or 30% from the theoretical predictions obtained in 1976, leaving some open questions about the origin of this discrepancy.

The studied samples in the present thesis aim to characterize polymer solutions with different rheology behavior. In the work of [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], powders of hydrolyzed polyacrylamide (HPAM) and polyvinyl-pyrrolidone (PVP) were studied as they show steady viscosity until an applied shear rate. In the present thesis project, a sample of FLOPAAM 3130s was tested, as its rheology is in between a steady viscosity and a moderate shearthinning. Moreover, three concentrations of FLOPAAM 3630s were analyzed as their pure shear-thinning rheology is of great interest in order to observe how does this thinning affect the dynamics of particle migration.

The project strategy is to retrieve the rheological properties of the tested viscoelastic solutions (viscosity 𝜂, relaxation time 𝜆) and then to study the particle migration on those liquids, testing not a single but a set of confinement ratios and Weissenberg numbers. For so, a Fluorescence Particle Tracking Velocimetry (FPTV) plus a z-detection algorithm is implemented, retrieving the PDF that denotes the probability density function of the z position of the particles in the channel. The experimental challenges are related to the precision of the measurements at micro-scales, needed to measure the slow migration velocity in the cross stream direction in comparison to the main stream velocity. Improvements on the technique and resources are implemented, the validity and reliability of the data is given by the comparison with theoretical flow profiles, using the conventional rheological data already acquired. Theoretical predictions for the trajectories of particles were developed for complex fluids. The scaling of the normal force acting on the particles 𝑁 1 at a characteristic shear rate γ is then computed by fitting the PDF with the theoretical predictions. The estimations and direct measurements for 𝑁 1 values obtained through conventional rheometry methods, are then compared with the normal stress values retrieved by the microfluidic rheometer, for cross-validation purposes.

In the next subchapters we will deeper discuss the procedures and techniques used to characterize the rheological properties of viscoelastic liquids, providing information about the materials involved in the testing of solutions and a thorough understanding of the methods used to gather the experimental data and guiding step-by-step the reader to the experimental thesis development.

Tested materials

This research project aims to characterize polymer solutions with different rheological behavior, due to the polymer nature (chain length) and result of their response to an applied deformation (steady viscosity or shear-thinning). [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], focused their study in two polymer families of weak elastic and shear rate independent viscosity at γ < 100𝑠 -1 . The solvent for all the tested solution was distilled water, filtered with 0.2 𝜇𝑚 pore size filter. The dilution of polymer solutions were prepared from powders of hydrolyzed polyacrylamide (PAM, CAS 9003-05-8, 𝑀 𝑛,𝑃 𝐴𝑀 =150 kDa), polyvinyl-pyrrolidone (PVP, CAS 9003-39-8, 𝑀 𝑛,𝑃 𝑉 𝑃 =360 kDa) provided by Sigma-Aldrich. The polymer concentration used for HPAM was 8%, 10%, 11% and PVP 5%, 10%, and a salt concentration of 1 g/L for all of them. Those polymer solutions were not tested in the current project but their rheology will be presented for comparison purposes.

A similar protocol for sample's preparation was followed in the present thesis: A single diluted polymer solution from polyacrylamide 3130s (FLOPAAM, 𝑀 𝑛,3130𝑠 =2 MDa) at 0.6% plus glycerol at 20%, NaCl of 6 g/L was tested. This polymer powder, provided by TOTAL Energies, at this concentration, exhibits a steady viscosity in a short range for low γ, a transition regime where 𝜂 starts varying, and after a moderate shear-thinning behavior. The reason to add glycerol is to increase the density of the polymer solutions until matching the density of the particles, so settling velocity 𝑉 𝑠 can be almost vanished in order to avoid particle sedimentation due to the density difference Δ𝜌.

Lastly, polyacrylamide 3630s (𝑀 𝑛,3630 =20 MDa), also provided by TOTAL Energies, was studied in concentrations of 0.05%, 0.1%, 0.2%, and NaCl of 6 g/L. In this polymer, the shear-thinning is strong for all the three concentrations, and the question to address is how does this pure shear-thinning behavior will modify the dynamics of particle migration. As this polymer powder is widely use for Enhanced Oil Recovery (EOR), the salt concentration of the basis solution was also increased to 35 g/L for the 0.2% concentration, as the rock reservoir water modifies the salinity of the polymer flooding. By varying the salt concentration of the solvent, the links between polymer chains are also modified, once again we will observe how does this variation affect the migration of particles. Once having prepared the polymer solutions, Fluoro-Max dyed green aqueous fluorescent particles (Figure 2.2) were mixed into them. Such fluorescent particles emit bright and distinct colors when illuminated by the light of shorter wavelengths than the emission wavelength, improving their contrast and visibility relative to background materials. These internally dyed polymer particles incorporate the dye throughout the polymer matrix to produce bright fluorescent colors, minimize photo bleaching and prevent dye leaching into aqueous media.

The implemented particle diameters were 2, 5 and 10 𝜇𝑚 and made of polystyrene (𝜌 = 1.05 𝑔/𝑐𝑚 3 , refractive index of 1.59 at a wave length of 589 nm and at 25°C). The content of solids into the 10 ml Fluoro-Max bottle, obtained from Thermo Fisher Scientific, was 1%. The required volume fraction of particles to be mixed into the polymer solution, is determined by controlling the number of particles in the field of view during the experiments.

Citing for example the case for 2 𝜇𝑚 particle diameter and considering 15 microparticles per field of view into 5 ml of sample, we have a 𝑉 𝑓 𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 2.84 × 10 -6 lower than 0.01%, not affecting the rheological properties of the solution and interactions between particles can be neglected.

Rheological characterization of materials

Rotational rheometer experiments

The viscosity is going to be measured in the Discovery Hybrid Rheometer (DHR3) with two different geometries: the cone and plate and the Couette geometry.

The first one is a plate with an angle formed by the flat section of 50 mm diameter and the cone apex of 1°, which is going to be in contact to the fluid, imposing different shear rates to determine the variation of its viscosity as response. The Couette geometry is a concentric cylinder (28 mm bob diameter and 30 mm cup diameter), whose annular space will be filled with the polymer solution. The bob will impose also a constant rate of deformation that is going to be increased at given time steps, measuring the viscosity response at each one. The preference of using Couette instead of the cone and plate, was the viscosity response at high rates of strain for low concentrated polymer solutions (FLOPAAM 3130s at 0.6% + glycerol and FLOPAAM 3630s at 0.05%), as the fluid left the cone and plate geometry at fast rotation, resulting in erroneous viscosity measurements.

a) b) c)

The flow curves were obtained by imposing increasing shear rates from 10 -1 to 10 3 𝑠 -1 and decreasing shear rates from 10 3 to 10 -1 𝑠 -1 . At low shear rates, the fluid takes time to retrieve stabilized measurements, so time steps of 200 s for γ ≤ 3 𝑠 -1 were imposed, and time steps of 50 s were set for higher shear rates (Figure 2.4). A good control parameter when working with FLOPAAM 3130s at 0.6% + glycerol and FLOPAAM 3630s at 0.05% at low shear rates, was to verify that the measured torque when rotating was higher than 5 𝜇𝑁.𝑚, which implies that the resulting lecture is above the minimum resolution of the rheometer. With the resulting experimental data, we can fit the shear-thinning behavior of the solution by implementing a rheological model. For this project, the Carreau-Yasuda fitting was chosen to model the flow curves, which is one of the most used in cases of a shear-thinning fluid with a plateau at low shear rates.

In the Figure 2.5 at left, we can observe the flow curves for PAM and PVP at different concentrations. The viscosity measurements are constant for γ < 100 𝑠 -1 . At right we appreciate the FLOPAAM 3130s 0.6% + glycerol and the three sample concentrations of FLOPAAM 3630s at 6 g/L of NaCl, with a highest shear-thinning behavior at 0.2%. The comparative with PAM and PVP rheometry let us to appreciate the pronouncing thinning effect on the viscosity function of the applied strain in those complex liquids. We can observe that for all concentrations of FLOPAAM 3630s solutions, the shear-thinning behavior starts at smaller shear rates than for PAM and PVP, but for FLOPAAM 3130s 0.6% + glycerol a transition regime in between a steady viscosity and shear-thinning is observed. This means that even at very low pressure drop flow conditions in the microfluidic device, we are going to be into the effect of the shear-thinning when testing FLOPAAM 3630 samples.

Elongational rheometer measurements

The capillary breakup experiment allows us to create an unstable fluid filament by setting an axial stretch (in z-position) to a small volume of liquid. The filament is going to thin due to the surface tension, reaching a point where finally breaks. The interest of the elongational rheometry in comparison to the rotational, is the measurement of small viscoelastic relaxation times (few tens of ms), a characteristic property that may be difficult to experimentally determine by shear rate imposing in a rheometer, specially for diluted polymer solutions.

In the article "Capillary break-up rheometry of low-viscosity elastic fluids" by [START_REF] Rodd | Capillary break-up rheometry of low-viscosity elastic fluids[END_REF], the method for determining the relaxation time of viscoelastic solutions involves using a capillary break-up rheometer (CaBER), to measure the deformation and break-up of a fluid thread under the influence of a single imposed flow. This is achieved by separating very fast two thin cylinders. From the measurements of the fluid thread break-up, the authors calculated the relaxation time, which is a measure of the time it takes for the fluid to return to its original state after being subjected to a deformation. Even though this classical method is widely used for solutions of polymers and surfactants, it is not suitable for the relaxation times linked to diluted polymers, as the filament would break-up when the inertial effects, inherent for a fast plate separation, are not negligible.

To measure such small viscoelastic relaxation times, the Slow Retraction Method (SRM) is used (Campo-Deano and Clasen, 2010). The SRM assures that the effects of fluid inertia (intrinsic in a fast plate separation) are minimized. A droplet of the viscoelastic sample is trapped between two cylinders with 4𝑚𝑚 diameter (other configurations available), separated by a very small distance called gap of 0.5𝑚𝑚. A led light source is set at the back part of the CaBER to make a contrast with the filament of the solution. The upper plate is then moved very slowly (implementing the SRM) with a defined stretching profile (linear, exponential or cushioned). The stretching is applied until the thinning of the sample finishes with the pinch out. A high speed camera is used to record the frames of the fluid stretching against time [200 -3000 fps].

In the article "Elongational Rheology of Polymer Melts" by Rivera-Rodriguez and Pipes, 2010, the authors discuss the behavior of viscoelastic fluids under elongational flow, and specifically examine the relaxation time of the fluid in this type of flow. They note that the relaxation time is typically on the order of microseconds to milliseconds, depending on the specific properties of the fluid (nature of the polymer, concentration, any additive such as salt or minerals, among others that may affect the links between the polymer chains).

Citing another reference, the paper "Elasto-capillary thinning and breakup of model elastic liquids", the authors [START_REF] Anna | Elasto-capillary thinning and breakup of model elastic liquids[END_REF], manifested that for viscoelastic fluids, assuming a cylindrical thinning of the filament at the last regime, its stretching correspond to a competition between elasticity and capillarity. As result, the filament radius R decays exponentially with a characteristic time directly related to the viscoelastic relaxation time of the solution with the Equation 2.1:

𝑅 ∝ 𝑒𝑥𝑝(-𝑡/3𝜆) (2.1)
where 𝜆 is the viscoelastic relaxation time.

The stretching of the FLOPAAM 3630s at 0.5% is represented in the Figure 2.7. With all the recorded pictures we are able to determine the relaxation time using a computational algorithm built in Matlab®, expecting an exponential decay of the filament radius over time that must be fitted in the last stretching regime. Basically, the algorithm stacks all the pictures suppressing the background noise and setting binary values to each frame. As result, we obtain a plot that relates the minimum radius of the filament 𝑅 𝑚𝑖𝑛 versus the stretching time of the sample.

Looking at the Figure 2.8 relating the measurements for FLOPAAM 3630s, we can notice that in fact, three regimes are shown. The first regime, at the beginning of the stretching, is either the viscoelastic regime, where the capillary force are only equilibrated by viscous force, or the inertio-viscoelastic when the thinning are so fast than inertial force are note negligible. Then, there is a transition in which a cylindrical filament is forming. And at last, we reach the third regime called the flow regime, in which the material flows like a liquid as result of elasto-capillary forces. In this third regime is where the filament of the solution decrease exponentially in time, as it is shown in the fitting curves for the three polymer samples. As the values for 𝜆 are significantly small, it is necessary to test the minimum resolution of the measurements from the CaBER. For so, the Figure 2.9 at left, shows the "apparent measured 𝜆" of glycerol 90%, a Newtonian solution, which is expected to be zero. In that case the fitting gives a value of 0.15 ms. This is not a valid 𝜆 value but the resolution of our measurements, so any value lower than this can be considered as zero either. The Polyvinyl-pyrrolidone (PVP) at 3% was also tested. A clear inflexion point is noticed, followed by an exponential decay of the filament radius. This fitting gives a 𝜆 = 0.37 𝑚𝑠, being the lowest measured viscoelastic relaxation time value among a group of polymer solutions tested in the whole period of the research project. The Table 2.1 summarizes all the rheological properties for the tested solutions. 𝜂 0 are the values of the zero shear rate viscosity, n the shear-thinning coefficient, γ𝑐 the critical shear rate, 𝜆 the relaxation time, and the last two columns refer to salt concentration in g/L and percentage of glycerol. 𝑁 1 measurement and estimation from conventional rheometry

The behavior of the normal stress of viscoelastic solutions can be estimated by conventional rheometry and direct measurements. While not entirely accurate due to device limitations and the intricate rheological behavior of the solution, these techniques can still provide valuable insights for discussion and a more thorough interpretation of the results when retrieving the 𝑁 1 scale from particle migration experiments.

• Conventional rheometry: The ARES G2 rheometer was used to obtain direct measurements for the normal stress of complex fluids under an applied shear rate.

The device accuracy can be enhanced by using specialized geometries and accessories, such as the rough cone and plate to avoid slippage, between fluid and the cone and plate. The measurements of 𝑁 1 for the polymer solutions are shown in Figure 2.10. A combination of factors can affect these rheometry measurements, especially at low shear rates, including the already discussed instrument sensitivity, the homogeneity of the solution, bubbles generation while stressing, contaminants on the testing sample, loading procedure onto the rheometer and variation of temperature.

But there are also factors that can affect the rheological properties measurements at high shear rate. According the study of [START_REF] Mckinley | Rheological and geometric scaling of purely elastic flow instabilities[END_REF], elastic instability in cone and plate geometries can take place when

𝑊 𝑖 > 𝑀 𝑐 (2𝑠𝑖𝑛𝜃) 1/2 (2.2)
where the constant 𝑀 𝑐 generally depends on the flow curve (𝑀 𝑐 ≈ 5 in literature) and 𝜃 is the cone and plate angle. As example, the measurement for FLOPAAM 3630s 0.2% was done by using the cone and plate 50mm -2°, considering 𝑀 𝑐 = 5, we get a critical 𝑊 𝑖 = 18.93. Figure 2.11 shows the response of 𝑁 1 when a stress 𝜎 is applied. This condition was checked for all the polymer sample measurements and it was determined that elastic instabilities affected the 𝑁 1 readings at 1000 𝑠 -1 for FLOPAAM 3630s 0.1%, and at 300 and 1000 𝑠 -1 for the FLOPAAM 3630s 0.2% solution. In contrast, the normal stress measurements for FLOPAAM 3130s 0.6% + glycerol and FLOPAAM 3630s 0.05% samples are reliable because their Weissenberg numbers remained lower than the instability condition. Therefore, those data points impacted by elastic instabilities will not be included in the analysis presented here.

• CaBER single measurement: Same as for rotational rheometry, it is possible to retrieve some information about the normal stress of the testing fluids from the CaBER experiments. A single data point can be retrieved as the device is stretching the solution at a given elongational shear rate ε, resulting in a single fit value for the relaxation time 𝜆. The extension rate of the fluid filament ε is given by:

ε = - 2 𝑅 𝑚𝑖𝑑 (𝑡) 𝑑𝑅 𝑚𝑖𝑑 (𝑡) 𝑑𝑡 = 2 3𝜆 𝐸 (2.3)
where 𝑅 𝑚𝑖𝑑 is the minimum filament radius at a given time [START_REF] Chellamuthu | A comprehensive study of the extensional rheology of complex fluids[END_REF].

Considering the solutions modeled by an Oldroyd-B model, 𝜆 𝐸 = 𝜆 [START_REF] Anna | Elasto-capillary thinning and breakup of model elastic liquids[END_REF], it is possible to estimate the extension rate with Equation 2.3 and the normal stress as:

𝑁 1 = 2𝜆𝜂 γ2 (2.4)
where 𝜂 is the local viscosity at a given local shear rate γ. The extension rate is then considered to be close to the local shear rate ε ≈ γ. With those hypothesis, values for 𝑁 1 are estimated from the relaxation times and the flow curves of the tested polymer solutions.

• Stop flow: In complex fluids, the relaxation time is function of the applied shear rate 𝜆( γ). As in CaBER it is not possible to modify the extension rate, stop flow experiments were conceived to retrieve different relaxation times 𝜆 when applying a set of shear rates γ. With the ARES G2, rough cone and plate geometry 50 mm -2°, a stress is imposed at a constant shear rate to a fluid sample. After measurement stabilization, the stress is released by setting γ = 0 and the solution starts to relax. An exponential decay of the stress is expected, with the viscoelastic relaxation time as the characteristic time. Thus, the fit is taken in semilogy plot, in this relaxing regime, to retrieve a viscoelastic relaxation time, and the normal stress can be estimated with Equation 2.4. Figure 2.12 shows the fittings of the relaxation times in stop flow experiments for both polymer systems. The 𝜆( γ) is retrieved at fitting the curves when the imposed stress is released.

Relaxation times measured by rotational rheometry have some limitations when it comes to test complex fluids. One of the main issues is the possibility of instabilities during the measurement process. This can occur due to the non-linear and timedependent behavior of complex fluids, which can lead to deviations from the expected flow behavior and make it difficult to obtain reliable results. Despite the challenges posed by noise measurements, particularly at low shear rates for low concentrations of polymer, relaxation curves were obtained for all polymer samples.

The values of 𝜆 obtained through stop flow experiments are comparable to those measured by the CaBER method at the corresponding shear rate, as well as the normal stress scaling (Figure 2.13). Nevertheless, with CABER or stop flow experiment, the first normal stress difference is not measured but only estimated from the value of the viscoelastic relaxation time, assuming an expression for the normal force coming from a given theoretical model. About the direct measurements of the normal stress by rheometry, only high values can be able to be measured because of the resolution of the apparatus. Thus, it is necessary to develop new tools to characterize the viscoelastic properties of a solution with complex rheology.

To try to solve this need, the lecturer will be introduced to the experimental part related to particle migration in microfluidic channels.

Microfluidic experimental device

The microfluidic device consists in a very thin rectangular capillary made of borosilicate glass with a height H= 50 or 100 𝜇𝑚 (5015-length and 5010-length, Tolerances +/-10%, Vitrocom Inc.), width w=1.1 mm and length L= 5.23 cm. Two nanoport connectors (N-333 NanoPort, Microfluidic Chip-shop) made of Polyether ether ketone (PEEK) with a trench at their base (corresponding to the channel width 1.1 mm x H), will communicate the capillary channel to the syringes and pressure controllers through a 1.6 mm ID duct. This connection allows the inflow and outflow of the polymer solution (see Figure 2.14).

As the implemented particle sizes were 2, 5 and 10 𝜇𝑚 of diameter, the confinement ratios 𝛼 = 2𝑎/𝐻 can range between 0.04 to 0.2. 

Microchannel fabrication

The microchannel fabrication is the primary step to develop particle migration experiments because it is in this device that the migration of the particles is going to be studied.

The The capillary, the input and output nanoports and the glass frame are the principal elements that constitute our microfluidic device. The nanoports are glued with the capillary channel using Norland Optical Adhesive 81, that cures by exposure to long wave ultraviolet light (320-400nm). We should try to carefully avoid that the glue fills the capillary or blocks the nanoport ducts. Immediately, the glass frame is mounted and glued avoiding the excess of glue to not to spread it in the connector orifices. Finally, the device is cured in UV light for around 6 minutes, avoiding to look at the UV light or using UV protective glasses.

As the capillary channel is glued with the nanoports and the glass frame manually, this can lead to small differences in the level of straightness at both x-y and x-z planes. In the present work, the unevenness at x-y plane is referenced as tilt, that is measured and corrected at the tracking of particle z position. Indeed, before an acquisition, the z position of the channel surface is characterized at two points 𝑃 1 = (𝑦 1 , 𝑧 1 ) and 𝑃 2 = (𝑦 2 , 𝑧 2 ), identified at the y-bottom and y-top of the field of view. Thanks to the z-motor, we measure the difference on z axis. A difference of Δ𝑧 ≈ 12 𝜇𝑚 in a Δ𝑦 ≈ 600 𝜇𝑚 was observed in the tested microfluidic devices. The z correction is given by the following equation:

𝑍 𝑐𝑜𝑟𝑟 = 𝑧 𝑖 - (︂ Δ𝑧 Δ𝑦 )︂ (𝑦 𝑖 -𝑦 𝑟𝑒𝑓 ) (2.5)
where 𝑧 𝑖 and 𝑦 𝑖 are z and y coordinates of a particle, and 𝑦 𝑟𝑒𝑓 is the y reference distance to the half of the field of view.

On the contrary, the slope in x-z is not affecting our measurements in such small field of view.

As last step, we must to be sure there are no leaks or blocked ducts in our device, for so, a pressure test is done before the experimentation. Water is pumped trough the device thanks to the pressure controller with an initial pressure drop of 100 mbars. The value of Δ𝑃 is systematically increased up to 1 bar, holding the pressure drop for 1 min. Visual inspection at the glued connections is mandatory pending the duration of pressure test.

As it was shown, the procedure is not complex but it requires critical alignment or exact positioning in order to avoid issues such as: leaks, blocked capillary or nanoports and high tilts.

Experimental set-up

Pressure controllers (SMC devices) are used to impose the pressure drop between the two nanoports by connecting plastic syringes at each side. The compressed air is going to push and drive the flow from one side to another. The SMC devices can apply a minimum Δ𝑃 = 40 mbars. Due to this limitation, the values for pressure drop ranged from 2 to 30 mbars were applied by gravity difference (difference of liquid level at syringes, minimal error of 2 mm for Δ𝐻).

The microfluidic device is mounted on the moving stage of an inverted microscope OLYM-PUS IX73, equipped with an ORCA-Flash4.0 V3 Digital CMOS camera with a field of view 2048 × 2048 𝑝𝑖𝑥𝑒𝑙𝑠 2 . The microscope implements a medium power objective of 20x magnification, numerical aperture of 0.40, infinity corrected, working compatible cover glass thickness of 0.17 mm. For such objective lens and camera, the pixel ratio corresponds to 3.07 pixels/𝜇𝑚 (resulting field of view of 665 × 665 𝜇𝑚 2 ).

The CoolLED pE-300 device is chosen to light up our microfluidic device by broad spectrum LED illumination. The Fluoro-Max fluorescent particles were excited with a 450 nm wavelength and emitted at 589 nm.

Once the polymer solution with the fluorescent particles is into the microfluidic device, the LED illumination is properly set, the pressure drop is imposed and the frame acquisition starts. The acquisition set-up allows to record several images at a given frame rate, exposure time, binning value, among others settings that need to be adapted according the working conditions. A scheme of all the devices is illustrated in the Figure 2.16. Before performing all the experiments, it was checked that the inertial forces can be neglected as the flow is considered to be in the laminar regime (Re-→ 1e-7), where viscous forces are dominant. Moreover, the presence of instabilities was investigated. The path of particles along the capillary channel was tracked using the moving stage of the inverted microscope, and it was determined that neither eddies nor whirls were present, indicating the absence of instabilities in the channel flow.

PTV 3D technique

A homemade Matlab® program was used to control the acquisition settings, the moving stage, and to process the images continuously.

The particle tracking velocimetry (PTV) technique was used to retrieve velocities and trajectories of moving particles. In the present work, a 3D PTV algorithm is implemented in Matlab®, based on the use of the function Track, provided by [START_REF] Blair | The Matlab Particle Tracking Code Repository[END_REF] This algorithm allows to extract the trajectories of every tagged particle, using as an input the coordinate of particles detected on the image at each frame.

To extract these coordinates, by setting the system of reference in the x-y plane at the field of view, images are binarized to compute the centroid and the diameter of each particle by measuring the major and minor axis length (𝑎 and 𝑏 respectively in Figure 2.17). For circular shapes the ratio 𝑎/𝑏 should be close to 1, but misshape can occur when two particles at different velocities (and different z-positions) are superimposed, or two or more particles are attached together while tracking. The first filter in our particle tracking acquisition is the misshape criteria, that suppress the particles whose distortion value is higher than 1.3 (acquisition setting that can be modified on the input parameters). .17: Misshape due to superimpose and agglomeration of particles. The criteria is defined by suppressing the trajectories with a ratio a/b>1.3.

By computing the centroid, we get the coordinates in the 2D plane, that are transformed into meters with the pixel-meter ratio value according to the optical calibration of the objective lens (for 20x, Rpx=3.07 pixels/𝜇𝑚). A list containing the original data rows are sorted into a series of trajectories by the function Track, for the different obtained images, with an additional column containing an unique 'ID number' for each identified particle trajectory (see Figure 2.18). The result array is sorted, so rows with corresponding ID numbers are in contiguous blocks, with the time variable as a monotonically increasing function inside each block. To retrieve the velocities we simply divide the displacement of an ID tagged particle in successive frames Δ𝑥 by the time given by the inverse of the frame rate Δ𝑡 = 1/𝑓 𝑝𝑠.

The number of image is then transformed into time in seconds by using the metadata information as well as 𝑡 0 and Δ𝑡. In this way, we are able to compute the velocity vectors, which relate the mean value of every velocity computed at each single frame displacement (see Figure 2.19). The next flowchart briefly summarizes the logic process followed to obtain the velocity vector VmeanPTV for the x-y plane. As mentioned, our current technique involves 3D, but so far we have only been able to obtain trajectories on the x-y plane. Therefore, the question is how to obtain 3D trajectories from 2D images. This will be answered by taking advantage of the particle image z-distortion when the distance to the focal plan varies, this leads to a PTV2D plus a z detection for achieving the three dimension tracking.

Z-detection of the particles

The z coordinate will be retrieved by taking advantage of the fact that the intensity profile of out-of-focus fluorescent particles directly depends on the distance to the focal plane. As result of this, the unfocused particles seem to be bigger than the others close to the focal plane. A calibration image of the fluorescence particles mixed into the solution should be obtained (Figure 2.21). Several frames from the particle when it is focused from one wall of the channel to the other wall were taken. For so the z-motor of the inverted microscope was used. The Figure 2.21 also shows a transition of three frames for a particle from the top wall to the bottom of the channel. A mean calibration map is computed from three different single calibration images, the resulting profile is then the orthoradial averaging of the acquired images at the different focal planes by moving the z-motor of the microscope. The calibration image was computed in both the real and frequency domain (Fast Fourier Transform), implementing any of them on the z-detection.

Better the computed mean calibration image, better the z-detection of the particles is.

To validate the PTV3D technique, we will use our calibration image to detect known z positions with fixed particles, so by imposing a z location we will detect its corresponding coordinate.

- As we can see on Figure 2.22, the frames cover the total depth of the channel equal to 50 𝜇𝑚. Please notice that the maximal difference from the mean value is 2 𝜇𝑚 in some few steps for a single calibration image but in most of them the values for both z positions are equivalent. This is a good quality parameter to check before its implementation to assure a better particle z-determination.

The tracking should be done focusing either the top or the bottom wall. If the focusing is set, for example, at the mid-plane of the channel, the apparent radius of the particles will be equivalent at the upper part with the lower mid of the channel, so the algorithm can not precise where the particle is. At focusing at the walls, we make sure that the apparent radius is just increasing from one wall to another, so no discrepancies on the tracking (see Figure 2.23). 

Measurement of particle migration

Different tracking locations were defined in the x axis to study the migration phenomena. The first location (𝑋 1 ) was set at 1 cm from the capillary inlet and the next ones will be taken every 10 mm from that position, having a total of four tracking locations along the channel (as it is detailed in the Figure 2.24). As it was already discussed in Subsection 2.1.3, the built capillary device is not perfectly flat as a tilt along the y axis of the field of view was observed when particles laid down at the bottom of the channel. Such difference in a very short distance gave us a wide and kind of dispersed velocity profile as it is shown in Figure 2.25.

By computing the slope, we could correct the z position at every x-y as explained with Equation 2.5, suppressing the effect of the channel tilt. As a result, a smaller dispersion is obtained, with a thickness of the velocity profile around ±2.5𝜇𝑚. To validate the acquired velocity profiles, we computed and compared the profiles at each 𝑥 location with the theoretical one. The Figure 2.27 displays the velocity profile for FLOPAAM 3630s 0.2% at 20 mbar. We can see on the picture that the longitudinal velocity does not depend on the tracking location, but also a nice match of the profiles along the channel and the expected flow profile is observed without any fitting parameters. The profile checking was done for all the experiments assuring a good agreement according the profile we expect.

To validate the results for a set of applied pressure drops, we compared the 𝑉 𝑥𝑚𝑎𝑥 given by experimental velocity profiles at different Δ𝑃 , with the theoretical maximal velocity obtained using the rheological parameters measured by conventional rheometry. Defining the maximum velocity 𝑉 𝑥𝑚𝑎𝑥 at the center of the channel, by evaluating 𝑧 = 0 in Equation 1.26 we get:

𝑉 𝑥𝑚𝑎𝑥 = γ 𝑛-1 𝑛 0 (︂ Δ𝑃 𝜂 0 𝐿 )︂ 1/𝑛 𝑛 𝑛 + 1 (︃ (︂ 𝐻 2 
)︂ 𝑛+1 𝑛 )︃ (2.6)
So, by plotting the experimental 𝑉 𝑥𝑚𝑎𝑥 measured in the microfluidic channel, in function of the pressure drop, it is feasible to retrieve the value of the shear-thinning exponent 𝑛, which is the inverse of exponent of the fitting with a power law. With these results, we can validate the experimental profiles with the rheological measurements used to characterize the polymer solutions.

The main goal of the tracking is to retrieve the probability density function (PDF) of the z position of the particles along the channel. This strategy is used because of the difficulty to track one flowing particle in the channel using the moving stage, as particle's 𝑉 𝑥 is expected to vary due to migration and plus the issue of the channel tilt that may vary from one location to the next in the longitude of the capillary.

On this example, for FLOPAAM 3630s 0.2%, 5 𝜇𝑚 particles and 20 mbar, a histogram relating the particle counting at the z position of the channel can be obtained from the velocity profile plots (Figure 2.29). By sectioning the total height of the channel in equivalent classes (2 𝜇𝑚), we can observe than in fact particles are migrating towards the center of the channel while we are approaching the last 𝑥 tracking location, having around 400 particles at the center 𝑧 = 0 in 𝑋 1 and almost three times this value in 𝑋 4 . We can further analyze the trajectories to see the migration efficiency along the channel. This is achieved by computing the probability density function (PDF) of the particles, i.e. the statistics about the particle position in the z axis. All the measurements can be plotted in the same figure to contrast the evolution in every 𝑥 tracking location, by using the counting data previously obtained. The Figure 2.30 relates the particle migration evolution in the microchannel. From the PDF, it is possible to compute the normalized standard deviation of the z positions of the particles 𝜎 * = 𝜎/𝐻 to quantify the migration efficiency as the decreasing of 𝜎 * along the channel, means focusing of particles to the centerline due to migration.

A model foth the prediction of particle trajectories in complex fluids

The validation of experimental data by computing theoretical trajectories was also developed. Our rheological model and equations will be based on the following hypothesis:

Viscosity

For the viscosity 𝜂, the experimental measurements by conventional rheometry are fit with the Carreau-Yasuda law (Equation 1.4).

𝜂 𝑐 ( γ) = 𝜂 0𝑐 (︃ 1 + (︂ γ γ0𝑐 )︂ 2 )︃ 𝑛𝑐-1 2 (2.7)
where 𝜂 0𝑐 is the zero shear rate viscosity and γ0𝑐 is the critical shear rate where the thinning starts.

In order to simplify the model, we assume that the shear rate does not change a lot around the average one for each experiment (each pressure drop). Thus, we can approximate locally, the viscosity by a power law:

𝜂 ( γ) = 𝜂 0 (︂ γ γ0 )︂ 𝑛-1 (2.8)
where γ0 is the average shear rate of an experiment defined as γ0 = 2𝑉 𝑥𝑚𝑎𝑥 /𝐻, with 𝐻 being the channel height, and where 𝜂 0 = 𝜂 ( γ0 ), corresponding to the viscosity of the fluid at the average shear rate of each experiment. n is now defined as the local shear-thinning exponent, being the local slope of the flow curve in log/log for γ = γ0 (Figure 2.31). Consequently, we can define:

𝜂 𝑐 ( γ0 ) = 𝜂 0𝑐 (︃ 1 + (︂ γ0 γ0𝑐 )︂ 2 )︃ 𝑛𝑐-1 2 (2.9) ⇒ ln (𝜂 𝑐 ) = ln (𝜂 0𝑐 ) + 𝑛 𝑐 -1 2 ln (︃ 1 + (︂ γ0 γ0𝑐 )︂ 2 )︃ (2.10) = ln (𝜂 0𝑐 ) + 𝑛 𝑐 -1 2 ln ⎛ ⎝ 1 + (︃ 𝑒 ln( γ0 ) γ0𝑐 )︃ 2 ⎞ ⎠ (2.11) (2.12)
Using 𝑋 = ln γ0 :

⇒ ln (𝜂 𝑐 ) = ln (𝜂 0𝑐 ) + 𝑛 𝑐 -1 2 ln (︃ 1 + (︂ 𝑒 𝑋 γ0𝑐 )︂ 2 )︃ (2.13) ⇒ d ln (𝜂 𝑐 ) d𝑋 = 𝑛 𝑐 -1 2 2 (︁ 𝑒 𝑋 γ0𝑐 )︁ 2 1 + (︁ 𝑒 𝑋 γ0𝑐 )︁ 2 = 𝑛 -1 (2.14) ⇒ d ln (𝜂 𝑐 ) d ln ( γ) = (𝑛 𝑐 -1) (︁ γ γ0𝑐 )︁ 2 1 + (︁ γ γ0𝑐
)︁ 2

(2.15)

⇒ 𝑛 = (𝑛 𝑐 -1) (︁ γ γ0𝑐 )︁ 2 1 + (︁ γ γ0𝑐 )︁ 2 + 1 (2.16) ⇒ 𝑛 𝑓 𝑖𝑡 = 𝑛 ( γ0 ) = (𝑛 𝑐 -1) (︁ γ0 γ0𝑐 )︁ 2 1 + (︁ γ0 γ0𝑐 
)︁ 2 + 1 (2.17)

⇒ η𝑓𝑖𝑡 = 𝜂 𝑐 ( γ0 ) (︂ γ γ0 )︂ 𝑛 𝑓 𝑖𝑡 -1 (2.18)
This last equation is the local power law approximating the Carreau law around the average shear rate of one experiment γ0 .

First normal stress difference

For the first normal stress difference 𝑁 1 , we assume that its evolution followed a power law:

𝑁 1 ( γ) = 𝑁 1,0 (︂ γ γ0
)︂ 𝑏 (2.19) where γ0 is an average shear rate of an experiment defined as γ0 = 2𝑉 𝑥𝑚𝑎𝑥 /𝐻, with 𝐻 being the channel height, and 𝑁 1,0 = 𝑁 1 ( γ0 ).

Velocity profile

As demonstrated in Subsection 1.2.1, the velocity profile of a the shear-thinning fluid is:

⇒ γ = - γ 𝑛-1 𝑛 0 (︂ Δ𝑃 𝜂 0 𝐿 )︂ 1/𝑛 𝑧 1/𝑛 (2.20) 𝑉 𝑥 (𝑧) = γ 𝑛-1 𝑛 0 (︂ Δ𝑃 𝜂 0 𝐿 )︂ 1/𝑛 𝑛 𝑛 + 1 (︃ (︂ 𝐻 2 
)︂ 𝑛+1 𝑛 -𝑧 𝑛+1 𝑛 )︃ (2.21)

Transverse viscoelastic force

The main assumption of our model is that the viscoelastic transversal force is proportional to the gradient of the shear rate:

𝐹 𝑒 = 𝐾𝑎 3 𝜕𝑁 1 𝜕𝑧 = 𝐾𝑎 3 𝜕𝑁 1 𝜕 γ 𝜕 γ 𝜕𝑧 (2.22)
Using Equations 2.19 and 2.20 we get:

𝐹 𝑒 = 𝐾𝑎 3 𝑁 1,0 𝑏 γ𝑏-1 γ𝑏 0 γ 𝑛-1 𝑛 0 (︂ Δ𝑃 𝜂 0 𝐿 )︂ 1 𝑛 1 𝑛 𝑧 1-𝑛 𝑛 𝐹 𝑒 = 𝐾𝑎 3 𝑁 1,0 𝑏 (︂ - γ 𝑛-1 𝑛 0 (︁ Δ𝑃 𝜂 0 𝐿 )︁ 1/𝑛 𝑧 1/𝑛 )︂ 𝑏-1 γ𝑏 0 γ 𝑛-1 𝑛 0 (︂ Δ𝑃 𝜂 0 𝐿 )︂ 1 𝑛 1 𝑛 𝑧 1-𝑛 𝑛 𝐹 𝑒 = 𝐾𝑎 3 𝑁 1,0 𝑏 γ-𝑏 𝑛 0 𝑛 × (︂ Δ𝑃 𝜂 0 𝐿 )︂ 𝑏 𝑛 × 𝑧 𝑏-𝑛 𝑛 (2.23)

Drag force

The drag force is equal to:

𝐹 𝑣 = 6𝜋𝜂𝑣 𝑧 𝑎 𝐹 𝑣 = 6𝜋𝜂 0 (︂ γ γ0 )︂ 𝑛-1 𝑣 𝑧 𝑎 𝐹 𝑣 = 6𝜋𝜂 0 γ (𝑛-1) 2 𝑛 0 (︁ Δ𝑃 𝜂 0 𝐿 )︁ 𝑛-1 𝑛 γ𝑛-1 0 𝑧 𝑛-1 𝑛 𝑣 𝑧 𝑎 𝐹 𝑣 = 6𝜋𝜂 0 (︂ Δ𝑃 γ0 𝜂 0 𝐿 )︂ 𝑛-1 𝑛 𝑧 𝑛-1 𝑛 𝑣 𝑧 𝑎 (2.24)

Migration velocity

The migration velocity is obtained by equalizing the transverse viscoelastic force (Equation 2.23) and the drag force (Equation 2.24):

𝐹 𝑒 = 𝐹 𝑣 ⇒ 𝑣 𝑧 = 𝐾𝑎 2 𝑁 1,0 𝑏 6𝜋𝑛𝜂 0 (︂ Δ𝑃 γ0 𝜂 0 𝐿 )︂ 𝑏-𝑛+1 𝑛 𝑧 𝑏-2𝑛+1 𝑛
(2.25)

Theoretical particle trajectories

For the calculation of the trajectory, it is possible to calculate the derivative 𝑑𝑧/𝑑𝑥, which will then have to be integrated:

𝑣 𝑧 𝑉 𝑥 = d𝑧 d𝑥 = 𝐾𝑎 2 𝑁 1,0 𝑏 6𝜋𝑛𝜂 0 (︁ Δ𝑃 γ0 𝜂 0 𝐿 )︁ 𝑏-𝑛+1 𝑛 𝑧 𝑏-2𝑛+1 𝑛 γ 𝑛-1 𝑛 0 (︁ Δ𝑃 𝜂 0 𝐿 )︁ 1/𝑛 𝑛 𝑛+1 (︂ (︀ 𝐻 2 )︀ 𝑛+1 𝑛 -𝑧 𝑛+1 𝑛 )︂ 𝑣 𝑧 𝑉 𝑥 = 𝐾𝑎 2 𝑁 1,0 𝑏(𝑛 + 1) 6𝜋𝑛 2 γ0 𝜂 0 (︂ Δ𝑃 γ0 𝜂 0 𝐿 )︂ 𝑏-𝑛 𝑛 𝑧 𝑏-2𝑛+1 𝑛 (︀ 𝐻 2 )︀ 𝑛+1 𝑛 -𝑧 𝑛+1 𝑛
(2.26)

Evolution of the PDF along the flow

Along a trajectory, we have:

𝑝(𝑥, 𝑧) = 𝑝(𝑥 0 , 𝑧 0 ) 𝑣 𝑧 (𝑧 0 ) 𝑣 𝑧 (𝑧) = 𝑝(𝑥 0 , 𝑧 0 ) (︁ 𝑧 0 𝑧 )︁ 𝑏-2𝑛+1 𝑛 (2.27)
Thus, the evolution of the PDF along the channel is computed assuming a homogeneous distribution at the entrance of the channel. And then, the trajectories are computed along the flow, with the new PDF being computed at the same location as the experimental ones.

Dimensionless equation

It is also interesting to express these equations in a dimensionless form. Taking into account the following characteristic parameters :

-𝐿 𝑟𝑒𝑓 = 𝐻;

-γ𝑟𝑒𝑓 = γ0 = -Δ𝑃 𝜂 0 𝐿 𝑧 0 ; one can notice that γ* = γ/ γ0 = (𝑧/𝑧 0 ) 1/𝑛 (see Equation 1.25) -𝑣 𝑟𝑒𝑓 = γ0 𝐻;

-𝜂 𝑟𝑒𝑓 = 𝜂 0 ; -𝜎 𝑟𝑒𝑓 = 2𝜂 0 γ0 ; -𝐹 𝑟𝑒𝑓 = 𝜎 𝑟𝑒𝑓 𝐻 2 = 2𝜂 0 γ0 𝐻 2 ;
And defining the two dimensionless numbers:

𝑊 𝑖 = 𝑁 1 2𝜎 = 𝑁 1,0 (︁ γ γ0 )︁ 𝑏 2𝜂 0 (︁ γ γ0 )︁ 𝑛-1 γ = 𝑁 * 1,0 γ*(𝑏-𝑛) = 𝑁 * 1,0 (︂ 𝑧 * 𝑧 * 0 )︂ 𝑏-𝑛 𝑛 (2.28) 𝛼 = 2𝑎 𝐻 = 2𝑎 * (2.29) (2.30)
We obtain:

𝐹 * 𝑣 = 6𝜋𝜂 * 𝑎 * 𝑣 * 𝑧 = 3 2 𝜋𝜂 * 𝛼𝑣 * 𝑧 or 𝐹 * 𝑣 = 3 2 𝜋 (︂ 𝑧 * 𝑧 * 0 )︂ 𝑛-1 𝑛 𝛼𝑣 * 𝑧 (2.31) 𝐹 * 𝑒 = 𝐾𝑎 *3 𝜕𝑁 * 1 𝜕 γ* 𝜕 γ* 𝜕𝑧 * = 𝑏 8𝑛 𝐾𝛼 3 𝑊 𝑖 𝑧 * 0 or 𝐹 * 𝑒 = 𝑏 8𝑛 𝐾𝛼 3 𝑁 * 1,0 𝑧 * 𝑏-𝑛 𝑛 𝑧 * 𝑏-𝑛+1 𝑛 0 (2.32) 𝑣 * 𝑧 = 𝑏𝐾 12𝑛𝜋 𝛼 2 𝑊 𝑖 𝑧 * 1 𝑛 0 𝑧 * 𝑛-1 𝑛 or 𝑣 * 𝑧 = 𝑏𝐾 12𝑛𝜋 𝛼 2 𝑁 * 1,0 𝑧 * 𝑏-2𝑛+1 𝑛 𝑧 * 𝑏-𝑛+1 𝑛 0 (2.33) 𝑢 * 𝑥 = (︂ 1 𝑧 * 0 )︂ 1 𝑛 𝑛 𝑛 + 1 (︃ (︂ 1 
2

)︂ 𝑛+1 𝑛 -𝑧 * 𝑛+1 𝑛 )︃ (2.34) 𝑑𝑧 * 𝑑𝑥 * = 𝑏𝐾 (𝑛 + 1) 12𝜋𝑛 2 𝛼 *2 𝑊 𝑖 𝑧 * 1-𝑛 𝑛 (︁ (︀ 1 2 )︀ 𝑛+1 𝑛 -𝑧 * 𝑛+1 𝑛 )︁ (2.35) or 𝑑𝑧 * 𝑑𝑥 * = 𝑏𝐾 (𝑛 + 1) 12𝜋𝑛 2 𝛼 *2 𝑁 * 1,0 (︂ 1 𝑧 * 0 )︂ 𝑏-𝑛 𝑛 𝑧 * 𝑏-2𝑛+1 𝑛 (︁ (︀ 1 2 )︀ 𝑛+1 𝑛 -𝑧 * 𝑛+1 𝑛 )︁ (2.36)
By using these theoretical predictions, it is possible to estimate how the probability density function (PDF) changes along the channel. Figure 2.32 provides several examples that illustrate how this behavior is affected by the shear-thinning behavior index (𝑛) and its convolution with the resolution of the technique, which is determined by the minimum value able to be measured for standard deviation of the particles (𝜎). Additionally, the exponent (𝑏) has also an impact on the shape of the PDF. Overall, the shape of the PDF is influenced by these parameters, and in the case for the FLOPAAM solutions in study, 𝑛 being lower than one, the expected PDF is to be like the one in the example for 𝑛 = 0.5. According to the theoretical trajectories, the shape of the PDF is controlled by both the value of 𝑏 and 𝑛. They represent the relative contribution of the normal stress scale and the rheological behavior of the fluid to the overall particle migration dynamics.

The minimum resolution for the PTV technique was retrieved by experimental measurements. Figure 2.33 shows the PDF for FLOPAAM 3130s 0.6% + glycerol, 10𝜇𝑚 -100𝜇𝑚 geometry and flowing at 20 mbar, in which fast focalization of particles is retrieved. The PDF for positions 𝑋 3 and 𝑋 4 resemble to be the same, but we expect more focalization at the end of the channel. In this example one can notice that the PDF at 𝑋 4 is limited due to the resolution of the tracking method. By computing the standard deviation of the particles in this position, 𝜎 4 is equal to 2.7 × 10 -6 m. As we can notice, the trajectories of particles 𝑑𝑧/𝑑𝑥 are dependent on 𝑁 1,0 = 𝑁 1 ( γ0 ) and the power law exponent 𝑏 in Equation 2.19, which represents the scaling of 𝑁 1 as a function of the ratio ( γ/ γ0 ) 𝑏 . Similarly, the evolution of the PDF is also dependent on the exponent 𝑏.

Strategy to measure the viscoelastic properties with particle migration tracking

It is reminded that the goal of our work is to measure the viscoelastic properties of the diluted polymer solution with complex rheology, as shear-thinning. Our strategy is then to use the model developed in the previous Section 2.1.6, to fit the evolution of the experimental PDF.

Our strategy, in detail, is the following: The first input parameters are the mean shear rate of the experiment γ0 = 2𝑉 𝑥𝑚𝑎𝑥 /𝐻. Using this average shear rate, and the flow curve obtained by rheometry, the local power law flow curve is obtained using Equation 2.18. Then, the evolution of the theoretical PDF is obtained using the experimental parameters (Δ𝑃 , L, a, H), and playing manually with the value of 𝑁 1,0 = 𝑁 1 ( γ0 ), and b.

This strategy allows to extract the results presented in the next section.

Results

Results

The present section shows the results obtained for the normal stress estimated by microfluidic rheometry from a pure shear-thinning polymer solution: FLOPAAM 3630s, 0.05%, 0.1% and 0.2%, and a moderate shear-thinning liquid: FLOPAAM 3130s 0.6% + glycerol, first introducing a brief overview about the transverse migration phenomena observed in the experimentation.

The dynamics of particle migration will be reviewed, the analysis of increasing the particle size and the pressure gradient will be checked road to compare with the results found for Boger fluids in Poiseuille confined flow, as outlined by [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF]. The particle migration behavior along the channel and the corresponding probability density function for a range of pressure drops were obtained, along with the best fitting values for 𝑁 1 and 𝑏 using the theoretical predictions for particle trajectories in both fluids.

In order to obtain the evolution of the viscoelastic properties with the shear rate, the tracking of the evolution of the PDF has to be repeated for different γ0 , thus for different pressure gradients.

FLOPAAM 3630s: pure shear-thinning fluid

A recall of rheological properties for FLOPAAM 3630s solutions are shown in Figure 2.34. For all the concentrations, the shear-thinning effect is starting at low shear rates, and such relaxation times are relatively large compared to the others polymer solutions on Table 2.1. In addition, the 𝜆 values are function of the applied shear rate, so data retrieved from CaBER is at a given elongational shear rate ε. Let's look into details how this combination affects the dynamics of particle migration on complex fluids.

Effect of the particle size

The velocity of migration is affected by the size of particles. It has been observed in previous studies that for pressure driven flows, the migration velocity, denoted as 𝑣 𝑧 , is proportional to the square of the confinement ratio 𝛼 2 = (2𝑎/𝐻) 2 . This means that particles with larger sizes migrate faster when flowing in the same channel. Figure 2.35 illustrates the probability density function (PDF) for FLOPAAM 3630s 0.2%, where both experiments were conducted with an imposed pressure difference of 10 mbar but different 𝛼 values. By comparing both PDF, it is evident that the particle focusing increases a lot when the confinement ratio is nearly doubled, as predicted by the power law function of the viscoelastic force with 𝛼. At this point, the 𝛼 effect on particle migration seems to be similar as in weak elastic steady viscosity fluids. The following was to test the effect of the pressure gradient Δ𝑃/𝐿 on the dynamics of the particle migration.

Effect of the pressure drop

The previous studies focused on weak elastic steady viscosity fluids led to the conclusion that 𝑣 𝑧 is also proportional to the Weissemberg number, thus proportional to Δ𝑃/𝐿 for a given fluid and given geometry (see Equation 2.35 with n=1 and b=2). We anticipated a similar outcome for the tested shear-thinning liquids, but the results were quite surprising. Figure 2.36 depicts the normalized standard deviation of particles, denoted as 𝜎 * , plotted against the pressure gradient Δ𝑃/𝐿. 

Results

When FLOPAAM 3630s solutions were examined, the standard deviation of the PDF decreased, saturated, and even increased as the pressure gradient was increased. The subplot above summarizes the experimental outcomes observed for all concentrations of FLOPAAM 3630s, including two 𝛼 values. For FLOPAAM 3630s at 0.05% concentration 𝜎 * reached a minimum at 8 mbar, beyond which the 𝜎 * of the PDF remained constant even at higher pressure drops. At 0.1% concentration, the effect was more pronounced, with particle migration increasing and decreasing along the tracking locations as the pressure drops were increased. However, for 0.2% concentration, the 𝜎 * of particles at the center of the channel was increasing when increasing the imposed pressure drop. Moreover, this solution shows a slower migration of particles when increasing the confinement ratio. This last contradicts the findings of previous studies on weak elastic steady viscosity fluids.

Effect of the salt concentration

Because this polymer solution can be used in geological reservoirs for polymer flooding, a higher salt concentration was tested. We thus observed the affectation in the dynamics of the particle migration in a new solution of FLOPAAM 3630s 0.2% with 35 g/L of NaCl. Consistent results were observed relating previous outcomes but with a smaller viscosity and relaxation time in this new solution (Figure 2.37). As it can be appreciated in the third subplot, the 𝜎 * values are just increasing when the pressure drop increased, even with the reduction of the 𝜂 and 𝜆 values, being similar to the 6 g/L of NaCl solution. Thus, the experiment was not deeper analysed. Figure 2.37: FLOPAAM 3630s 0.2% with 35 g/L of NaCl. Rheology is affected by the salt increment but particle migration behaves the same as for 6 g/L of NaCl solution.

Rolling and sticking particles

A quite misunderstood phenomena was observed in the tracking of particles for some polymer solutions: rolling and sticking particles in both walls of the capillary, depicted in Figure 2.38. This phenomenon was not observed in the previous studies with Boger fluid. For now, we are not able to attribute this observation to a modification of the interaction between the wall and particle, or to a real migration towards the wall, as reported by [START_REF] D'avino | Numerical simulations of particle migration in a viscoelastic fluid subjected to shear flow[END_REF]. For the present migration analysis, the sticking and rolling particles at the walls were dismissed in post-processing, focusing on the statistics related to particle migration to the centerline.

Determination of viscoelastic properties

Figure 2.39 displays some outcomes resulting from fitting the particle trajectories for FLOPAAM 3630s at various concentrations and using different geometries, following the strategy presented in Subsection 2.1.7. This fitting process was performed for all other pressure drops as well. It is clear now that the theoretical model allows to retrieve different PDF shapes (with 𝑏) and dynamics (playing with 𝑁 1,0 ). That means that our model seems to be relevant to capture the main effects of the shear-thinning on the particle migration towards the center.

The following step involves plotting the obtained 𝑁 1,0 values from the fitting against the local applied shear rate γ0 for each experiment, which is illustrated in Figure 2.40. The
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colored slopes represent the local tangent of the evolution of the 𝑁 1,0 power law, i.e. the local exponent 𝑏. For concentrations of 0.05% and 0.1%, the evolution of 𝑁 1,0 indicates an increase in the normal stress for all values of γ0 . Nevertheless, the slope seems to indicate a 𝑏 value around 1, far from the value expected for a Boger fluid (b=2). In the case of a 0.2% concentration for two different geometries, there is a very small increase for 𝑁 1,0 , and the apparent measured values seem to be a little bigger for the smallest confinement ratio, but with the same power law.

Because of the complexity of the FLOPAAM 3630s solutions given to their shear-thinning behavior, another FLOPAAM solution from a different system than 3630s was studied to see in detail the effect of the nonlinear viscoelasticity on particle migration. For this purpose, the FLOPAAM 3130s 0.6%, diluted in salty water at 6 g/L and mixed with glycerol in 20% for match density with polystyrene particle was tested. The next subchapter will be dedicated to review the most highlighted results for this polymer sample.

FLOPAAM 3130s: moderate shear-thinning

For better understanding the acting of shear-thinning on the normal force in complex fluids, and its implication for particle migration, the proposition of studying a solution with a moderate shear-thinning effect but also a steady viscosity at low shear rates was conceived. In Figure 2.41 we observe the flow curve of FLOPAAM 3130s 0.6% + glycerol: a not sharp change on viscosity values when increasing shear rate, letting us to explore a Boger behavior up to γ = 1 𝑠 -1 , a transition regime for γ = [1 -10] 𝑠 -1 and shear-thinning is appreciated at γ > 10 𝑠 -1 . On the other hand, the relaxation time of the solution is of few milliseconds (𝜆 = 17.4 𝑚𝑠), value which is not expected to vary as much as in FLOPAAM 3630s samples, as the solution expresses a moderate shear-thinning.

By plotting the normalized standard deviation of the z positions of the particles 𝜎 * against the normalized 𝑥 locations, we can observe the migration efficiency through the decreasing of 𝜎 * along the channel, that means at lower STD values higher focusing of particles due to migration to the centerline (Figure 2.42). The resulting slope of the experimental data in the plots above, defines the ratio 𝑑 𝑧 /𝑑 𝑥 , which is equivalent to 𝑣 𝑧 /𝑉 𝑥 , and quantify the efficiency of the particle migration at a given pressure drop. As example, we can appreciate the slopes of 𝑑 𝑧 /𝑑 𝑥 at the first subplot in Figure 2.42, it is higher at 90 mbar compared to 20 mbar, indicating that particle migration efficiency is greater at the higher pressure drop. But we can also notice that at some pressure drops the slopes tend to have a similar value. This can be better seen by plotting 𝜎 * versus pressure gradient Δ𝑃/𝐿.

In the Figure 2.43, we can notice the focalization of particles up to a pressure gradient around 1.4 × 10 5 Pa/m. For highers Δ𝑃/𝐿 the 𝜎 * value starts to increase so a slower migration of particles is observed. This curious effect of focusing in function of the pressure gradient, recalls the also dependency of the rheological properties to the applied shear rate. The normal force acting around the particles is then estimated.

Determination of viscoelastic properties

The same methodology used for FLOPAAM 3630s solutions was applied to this new system, and the fitting for some pressure drops is illustrated in Figure 2.44. Figure 2.44: Fitting of the theoretical trajectories of the particles with the experimental data for a set of Δ𝑃 in FLOPAAM 3130s at 0.6% + glycerol.

Figure 2.45 displays the resulting evolution of 𝑁 1,0 with the shear rate. It seems that 𝑁 1,0 increases with a constant local exponent for small shear rates, then this exponent is dynamically changing, and finally it tends to saturate for γ0 > 10𝑠 -1 .

Figure 2.45: 𝑁 1,0 scaling for FLOPAAM 3130s 0.6% + glycerol by fitting the theoretical trajectories of the particles with the experimental data.

Cross-validation for 𝑁 1,0 scaling

All the measurements for 𝑁 1,0 taken by rotational rheometer and CaBER are then compared with the particle migration scaling in Figure 2.46. The final outcome indicates a satisfying agreement of the 𝑁 1,0 particle migration scaling with those obtained from established and well-accepted conventional rheometry methods.

The measurement in FLOPAAM 3130, clearly demonstrates that our methodology enables to measure 𝑁 1 as small as three orders of magnitude smaller than conventional rheometry, and one or two orders smaller than the estimation obtained with CaBER or stop flow experiments.

Discussion

This section will focus on the key results and their possible explanations for the observations and discrepancies that took place on the thesis development.

Viscoelastic properties of diluted polymer fluid and shear-thinning

The first important result to discuss is about the viscoelastic properties of the diluted polymer solutions used in this study. It has been shown in the Section 2.2 that the magnitude of the normal stress difference increases with an increase of the shear rate, but with a power law different from 2, that can even decrease with the increase of shear rate, in a similar way of the exponent of the shear-thinning.

Thus, it is interesting to plot both the evolution of the exponents 𝑛 for the local viscosity power law, and 𝑏 for the local normal force power law, against the shear rate. In Figure 2.47, a strong correlation is highlighted between these two exponents. For the low shearthinning fluid (FLOPAAM 3130s + glycerol), the exponent 𝑏 has a constant value equal or close two 2, as predicted for Oldroyd-B model, for constant viscosity fluid. Then, during the intermediate shear rate, when the viscosity shear-thinning appears, the exponent 𝑏 also decreases.

For a high shear-thinning fluid (FLOPAAM 3630s), with a viscosity well modeled by a power law, with a constant local exponent 𝑛, the local exponent 𝑏 for the normal stress difference is also rather constant. This two regimes between constant rheological properties and a power law, separated by a transition zone, is typical to the transition from the linear regime, to a non linear one, characterized at the micro-scale by the disentanglement of the polymer chain and their alignment in the solution under the action of the shear stress. Another result on viscoelastic properties is that the increase of the shear rate, does increase the normal stress, but does not create an increase of the 𝑊 𝑖. Indeed, in the framework of our model, the 𝑊 𝑖 evolves as 𝑊 𝑖 = 𝑁 1 /𝜎 ∼ γ𝑏-𝑛 (see Equation 2.28). So when 𝑏 < 𝑛, an increase in the shear rate causes a decrease in the 𝑊 𝑖 number. As a consequence, the migration efficiency decreases when γ increases (see Equation 2.35).

For FLOPAAM 3130s + glycerol, at low shear rate, 𝑏 -𝑛 is constant, and equal to 1. When the shear rate increases, 𝑏 decreases faster than 𝑛 and their values are closer for γ ∼ 30𝑠 -1 . That means constant 𝑊 𝑖 and less migration efficiency are expected in the solution, whatever the shear rate.

For the FLOPAAM 3630s, the value of 𝑏 is a little bit bigger than 𝑛 for the 0.05% and 0.1% concentrations and bit smaller than 𝑛 for the 0.2% concentration. Thus, we expect a rather constant 𝑊 𝑖 number, with a small increase or a small decrease respectively with the increase of the shear rate. That means the efficiency of the migration is not affected by the shear rate, and it can be even reduced while increasing the shear rate.

In terms of 𝑊 𝑖, the measurements are in good agreement with this discussion (Figure 2.48), but an emerging question is how to characterize the migration efficiency?. A method to address this question, is to plot the evolution of standard deviation of the PDF 𝜎 * along the channel, for different pressure drops, as done in Figures 2.36,2.42,2.43 and 2.49. This was the approach used in [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF]. Nevertheless, in their study, the shape of the PDF was self-similar, because of the constant 𝑛 and 𝑏 values, and because of the resolution of the measurement. With complex fluids, the PDF shape depends a lot on the evolution of 𝑛 and 𝑏. As a result, the value of 𝜎 * is not sufficient alone to characterize the migration efficiency and this approach is not really relevant. The only way to characterize the migration is to fit the evolution of the PDF, in order to capture both the evolution of the peak and the shape of the PDF.

Nevertheless, at first order, if we check the global evolution of 𝜎 * , we retrieve the main trend described above (see Figure 2.49). For the FLOPAAM 3130s, there is an increase of the migration efficiency at lower shear rates, and then a decrease for γ ⪯ 30𝑠 -1 , even if our model with the measured rheological parameters coming from the PDF fitting does not predict this increase. For the FLOPAAM 3630s, the migration is rather constant, and a clear decrease (increase of 𝜎 * ) is observed for the highest concentration, as predicted by the model. 

Measurement

A second result that can be discussed is the resolution of the measurements, and in particular the evolution of the Weissemberg number in the flow. Indeed, as it was mentioned before, measurements were performed for normal stress difference as small as 10 -2 Pa, around 3 orders of magnitude lower than what is available with direct measurements in rotational rheometer. Moreover, this method seems adaptive because different parameters can be changed to enlarge the explored range of normal force. In particular, changing the particle size to channel height ratio can help to fasten or slow down the migration efficiency. Nevertheless, some limitations exist in particle size. To avoid Brownian motion, particle has to be larger than ∼ 1𝜇𝑚, and smaller than a value which has to be determined to ensure that the dependence of the migration efficiency remains with the power 2 of 𝛼.

We showed above that a full determination of the PDFs, in combination with a fitting procedure was necessary to be able to determine the first normal stress difference. PDF are experimentally determine with a limited precision of around 2 𝜇𝑚. Though rather small, this limited precision induced a smoothing of the PDFs. With a better resolution, the PDF shapes would have been even more sensitive to the value of 𝑁 1 and 𝑏. Improvements of the present technique are not straightforward, but other techniques like confocal microscopy, and direct particle trajectory determination might be more efficient.

Model limitation

The proposed model is based on the simple argument that viscoelastic force is proportional to the gradient of shear rate around the particle. This assumption seems to work well in our case, but may be false for more complex rheology. For example, the assumption do not allow to capture migration towards the wall, as it has been reported in the literature (Section 1.3).

Another assumption in the model is that the normal viscoelastic force is balanced by the drag force, taking into account the local transverse velocity, in 𝑧 direction, and the local viscosity corresponding to the local shear rate in the 𝑥𝑧 plan. This assumption is equivalent to say that the viscosity is isotropic. But nothing tell us that it is the case. One can even expect that it is not true because the polymer chains are aligned under the effect of the shear stress, so the apparent viscosity may not be the same when a particle is moving along or across this main polymer chain orientation.

Other limitations

Some discrepancies in the 𝑁 1,0 scaling for FLOPAAM 3130s in Figure 2.45, and so for the 𝑊 𝑖 scaling in Figure 2.48 can be found when implementing different confinement ratios 𝛼. A gap is observed in both plots relating the scaling for the same polymer solution, and having no insights that the values should depend on the particle size, as they are intrinsic properties of the fluid, several reasons are suggested to account for this difference:

• Polymer solution: Two lots of 40 ml of polymer solutions were prepared for FLOPAAM 3130s 0.6% + glycerol. The first lot was employed to test the geometries 2𝜇𝑚 -50𝜇𝑚 and 5𝜇𝑚 -50𝜇𝑚, and the second to test the 5𝜇𝑚 -100𝜇𝑚 and 10𝜇𝑚 -100𝜇𝑚.

The first lot was not enough to test the 100𝜇𝑚 channel as in the early experiments for the 50𝜇𝑚 channel, the solution was widely tested at different pressure drops for a long period. The need of preferably test a fresh solution, without contaminants like dust or fibers, or having the presence of polymer flocculation that can modify the homogeneity of the solution, arrives to the preparation of a second lot for the bigger channel.

Despite of following the same procedure and chemical weighting for the sample preparation, both liquids are not exactly the same (Figure 2.50). Those small differences in rheology for the two lots may influence on the particle migration and so the 𝑁 1,0 scaling. Related to the polymer solution, they can undergo changes in their molecular weight, viscosity, and other physical properties due to various factors such as aging, degradation, or exposure to external stimuli such as temperature or pH changes. These changes can alter the interactions between the particles and the surrounding fluid, which can in turn affect the balance of forces acting on the particles and the resulting normal force. Lastly, as a solution to the flocculation or contamination of the sample, filtration with a pore size of 0.2𝜇𝑚 took place, which also can lead to remove some polymer solids and consequently changing the rheological properties.

• Experimental set-up: At least twenty microfluidic devices were built to test the FLOPAAM 3130s 0.6% + glycerol sample, for all the geometries. The most common problem to deal is sample's leaking, especially at the joints, where the UV glue is pasted with the glass frame and the nanoports. Moreover, the cleaning of the device implied imposing high flowrates, increasing the probability of leaking, and the fragile manipulation of the device resulted in broken capillaries.

The manufacturer specifies that capillary channels can have a height tolerance of 10%, this was confirmed by measuring the dimension H by microscopy and, in effect, the variation was about ±5 -7𝜇𝑚 in both channels heights. Even at the same channel, the measure of H may vary along the channel, so this may modify the confined flow and thus the 𝑁 1,0 scaling. As a result, the confinement ratio may vary slightly across experiments, and the tolerance has a more significant effect on the small channel as compared to the larger one.

• Fluorescence microparticles: It is also possible that experimental factors, such as measurement error or variability in particle size, shape, or composition, may contribute to the observed differences in scaling. Moreover, changes in the initial placement of the particles, can alter the flow pattern and affect their behavior.

• Surface properties: The surface properties of the channel walls and the particles themselves can also affect the normal force scaling. Changes in the surface properties, such as roughness or chemical composition, can affect the interactions between the particles and the channel walls, and alter the balance of forces acting on the particles.

• Temperature: Changes in temperature can affect the viscosity and other physical properties of the polymer solution used in the experiments, which can in turn affect the normal force scaling.

Strategies to improve upcoming projects

Experimental particle migration is a very sensitive phenomena that implies several factors as it was reviewed along the thesis. Globally, the main outcomes showed an acceptable agreement by cross-validation tests, but some strategies can be implemented to enhance future projects in this research area.

• Increase the resolution and sensitivity of the particle detection by incorporating more advanced sensors, such as dual high-speed cameras or fluorescent confocal microscopy. These sensors can provide more detailed information about particle migration.

• By a better control of the applied pressure drop, and geometry of the microfluidic channels, it is possible to create more precise and uniform flow conditions. This can reduce the variability in particle migration and improve the accuracy of the measurements.

• The FPTV technique implies long acquisition times, especially longer at testing fluids at low pressure drops, due to the required statistical independence. New detection strategies such as following single particle along the channel can let us to access to direct trajectories of the particles, reducing the acquisition time.

• Accurate calibration of measurement instruments and techniques can ensure that measurements are accurate and reliable. This is particularly important in the low accessible range, where small errors can have a significant impact on the results.

• Despite the fact that the experimental manufacturing of the microfluidic device produced favorable results, future outcomes can be enhanced by implementing an optimized set-up with new fabrication techniques. This may lead to more precise dimensions and easy-to-plug with pressure connectors to avoid leaks, pronounced tilts and operative problems.

• The working conditions should be take into account as the sample's properties or observations may change significantly if they are not properly controlled: maintaining a consistent temperature, either through temperature-controlled chambers or other methods. Vibrations, whether from equipment or the environment, can introduce noise and variability into measurements. Proper handling of samples, such as avoiding contamination or minimizing exposure to air or light.

• Numerical simulations can help to understand experimental particle migration by providing a theoretical framework for analyzing and interpreting experimental results, as well as identifying sources of error and optimizing experimental conditions.

2.4 A still puzzling phenomena...

More intriguing was the finding when testing a polymer sample whose solvent viscosity contribution is higher, i.e the contribution of the polymer to the total viscosity is dramatically decreased. Coming back to Boger fluids, the Hydrolized Polyacrylamide (PAM, CAS 9003-05-8, 𝑀 𝑛,𝑃 𝐴𝑀 =150 kDa) 0.5% + Glycerol 70% (to increase the solvent viscosity), was tested in the microfluidic device. Rheological data is shown in Figure 2.51. This was done with the aim to explore if at such low polymer concentration, the particle migration could be able to be estimated from the microfluidic rheometer. We then introduce a new rheological parameter: the ratio of the solvent viscosity contribution to the total viscosity, mostly referred as 𝛽. For the FLOPAAM polymer solutions studied in this thesis, the contribution of the solvent to the total viscosity was very low compared to the polymer's, so 𝛽 ≈ 𝑂(-3). In this very diluted polymer solution, HPAM 0.5% + glycerol has a 𝛽 = 0.4, as the solvent viscosity contribution is higher for this last.

As this solution, still being weak elastic and steady viscosity, as it can be seen in the Figure 2.51, belongs to the group of polymer families studied by Naillon et al., 2019, a weak peak at the center or an almost vanished particle focusing at the centerline of the channel was expected. Surprisingly, the experimental PDF denoted a total unexpected shape, with big tails in the proximity of the channel walls, as it is shown in Figure 2.52. The model developed in this thesis is not able to capture this phenomena. In order to investigate more complex migration dynamics, an interesting option is to switch to a numerical simulation work. It could be able to give more insights about this intricate particle migration behavior in complex liquids.

This last was considered in the current thesis project. In the following chapter, a twodimensional numerical simulation approach is described for calculating the lift coefficient on a particle flowing in a viscoelastic liquid.

Conclusions

In conclusion, the microfluidic rheometer was able to estimate the first normal stress difference 𝑁 1 of shear-thinning polymer solutions by an indirect method, that implies the fitting of the experimental probability density functions (PDF) of the z positions of the particles in the channel with theoretical predictions based in a rational model of proportionality between the elastic force and the gradient of 𝑁 1 .

In order to benefit from an analytical expression for the particle trajectory, both the viscosity and 𝑁 1 were assumed to be power law functions of the shear rate around the mean shear rate in the channel. Parameters of these power law were not constant but depend on the mean shear rate. Then, from the particle trajectories of the particles, PDFs were predicted, using a finite experimental resolution. This model successfully fit the experimental PDFs. Moreover, the best fit parameters for both 𝑁 1 and the local exponent 𝑏 were in good agreement with data acquired using other three rheometry techniques and direct measurements for 𝑁 1 . It set a strong foundation on the validation for using microfluidic devices to characterize the rheological properties of complex viscoelastic solutions.

From the results, one could relate that the normalized standard deviation of the particles 𝜎* can be associated with the 𝑊 𝑖 scaling in function of the shear rate, as a less efficient migration was observed in the same range of shear rate when the screening of Wi takes place, but due to the changes in the shape of the PDF, this is not straightforward to link. What can be stated, is the strong correlation of 𝑛 and 𝑏 with the dynamics of particle migration, as it was shown that their interplay causes the PDFs to modify their shape but also to power negative values for 𝑁 1 when 𝑏 is lower than 𝑛.

However, special attention may be required when rheological properties are changed dramatically, as it was presented the case of the HPAM 0.5% + glycerol solution, with a solvent viscosity ratio 𝛽 = 0.4, which PDF depicts a totally unexpected shape, with peaks close to the channel walls. As particle migration is very sensitive to details, it would be interesting to look in depth the imprint of this finding, as this HPAM solution at such low concentration is still elastic but also steady viscous. A kind of limitation is found then when dealing with this characteristic polymer solution.

Overall, the present study has shown the potential of microfluidic rheometers to study rheological properties of complex viscoelastic solutions, perspectives of this apart should focus on masterize the microfluidic device building and to retrieve direct trajectories from single particles along the channel, in order to optimize the time of data acquisition.

Synthèse en français

Conclusions sur la caractérisation expérimentale de la vitesse de migration par le suivi des trajectoires des particules dans un dispositif microfluidique

En conclusion, le rhéomètre microfluidique a permis d'estimer la première différence de contrainte normale 𝑁 1 de solutions de polymères cisaillantes par une méthode indirecte, qui implique l'ajustement des fonctions de densité de probabilité (PDF) expérimentales des positions z des particules dans le canal avec les prédictions théoriques basées sur un modèle rationnel de proportionnalité entre la force élastique et le gradient de 𝑁 1 .

Afin de bénéficier d'une expression analytique pour la trajectoire des particules, la viscosité et 𝑁 1 ont été supposés être des fonctions de loi de puissance du taux de cisaillement autour du taux de cisaillement moyen dans le canal. Les paramètres de ces lois de puissance ne sont pas constants mais dépendent du taux de cisaillement moyen. Ensuite, à partir des trajectoires des particules, les PDF ont été prédites, en utilisant une résolution expérimentale finie. Ce modèle a permis d'ajuster avec succès les PDF expérimentales. En outre, les meilleurs paramètres d'ajustement pour 𝑁 1 et l'exposant local 𝑏 étaient en bon accord avec les données acquises à l'aide des trois autres techniques de rhéométrie et des mesures directes pour 𝑁 1 . Cela a permis d'établir une base solide pour la validation de l'utilisation de dispositifs microfluidiques pour caractériser les propriétés rhéologiques de solutions viscoélastiques complexes.

D'après les résultats, on pourrait établir que l'écart-type normalisé des particules 𝜎* peut être associé à la mise à l'échelle de 𝑊 𝑖 en fonction du taux de cisaillement, car une migration moins efficace a été observée dans la même gamme de taux de cisaillement lorsque le filtrage de Wi a lieu, mais en raison des changements dans la forme de la PDF, il n'est pas facile d'établir un lien entre ces deux éléments. Ce que l'on peut affirmer, c'est la forte corrélation entre 𝑛 et 𝑏 et la dynamique de la migration des particules, car il a été montré que leur interaction entraîne une modification de la forme des PDF, mais aussi des valeurs négatives pour 𝑁 1 lorsque 𝑏 est inférieur à 𝑛.

Cependant, une attention particulière peut être requise lorsque les propriétés rhéologiques sont modifiées de façon spectaculaire, comme cela a été présenté dans le cas de la solution HPAM 0,5 % + glycérol, avec un rapport de viscosité du solvant 𝛽 = 0, 4, dont la PDF présente une forme totalement inattendue, avec des pics proches des parois du canal. Comme la migration des particules est très sensible aux détails, il serait intéressant d'examiner en profondeur l'empreinte de cette découverte, car cette solution de HPAM à une concentration aussi faible est encore élastique, mais aussi très visqueuse. Une sorte de limitation est donc constatée lorsqu'on traite cette solution polymère caractéristique.

Dans l'ensemble, la présente étude a montré le potentiel des rhéomètres microfluidiques pour étudier les propriétés rhéologiques de solutions viscoélastiques complexes. Les perspectives de cette étude devraient se concentrer sur la maîtrise de la construction du dispositif microfluidique et sur la récupération des trajectoires directes des particules individuelles le long du canal, afin d'optimiser le temps d'acquisition des données.

3

Numerical study of viscoelastic migration in Poiseuille flow: the unexpected role of the solvent viscosity

In the present chapter, we propose a numerical approach to relate the migration velocity to the rheological properties of the solutions. We used the Oldroyd-B model in 2D, and solved the equation using RheoTool, an open-source toolkit based on Open-FOAM®. In the Oldroyd-B model, the stress is decomposed into a viscous part (the contribution of the solvent) and a viscoelastic part (the contribution of the polymer chains) that follows a Maxwell's upper-convected model as a constitutive law. When the solvent contribution to the total stress is negligible, we were able to numerically recover the analytical theoretical results at low Wi. However, our numerical results show that the lift force is also very sensitive to the ratio of viscous stress to total stress. By increasing this ratio beyond 0.1, we even observe a change in the sign of the lift force, leading to the migration of particles towards the wall. The main results are discussed by the end of this chapter. 

Introduction

The experimental results of particle migration in viscoelastic fluids yielded coherent results when compared to other conventional rheometry techniques and direct measurements for normal stress. However, the dynamics of particle migration were surprisingly affected by reducing the contribution of polymer to the total viscosity of the solution, as it was the case of HPAM 0.5% presented by the end of the previous chapter, resulting in a very different PDF shape with peaks near the channel walls.

While it is true that the proposed model, where the elastic force is proportional to the cube of the particle size and the normal stress gradient, was accurate for moderate 𝑊 𝑖 ranges, the model may not take into account other parameters that could affect the normal stress, as the polymer contribution mentioned in the previous paragraph, being this panorama a bit more complex than just the initial proposition to estimate 𝑁 1 .

Following the above, the next stage of the thesis development entails exploring numerical simulations to enhance comprehension of the observations attained from the particle migration experiments. For this purpose, it was decided to work with two dimensional simulations in order to save computation time and to build a dynamic mesh with a finite element mesh generator, modeling a cylinder disk (2D shape of the particle) confined in a channel.

Hence, the numerical simulations will focus on the computation of the lift surrounding the disk by imposing boundary conditions and iteratively adjusting the longitudinal and rotational velocities of the disk to accomplish a free force and torque condition. This strategy involves using the Oldroyd-B model, which, although it does not consider the shear-thinning behavior for the solutions, is a good starting point given its wide use in literature, which entails the possibility of benchmarking, as well as the study of the two variables involved: Weissemberg number 𝑊 𝑖 and the solvent viscosity ratio, hereafter referred to as 𝛽.

The subsequent subchapters will provide an elaborate description of the methodology adopted, following a discussion of the principal considerations for the numerical model and the equations governing the process. Notably, intriguing outcomes emerged from analyzing the imprint of 𝛽 on lift calculation, which will be presented and discussed upon towards the conclusion of the chapter.

Numerical model

As stated above, we aim at assessing quantitatively the viscoelastic migration of a particle in a microfluidic channel which depends on many geometric and fluid parameters. To alleviate the computational burden of a numerical parameter study, the numerical domain is considered two-dimensional and the particle is represented by a disk, as it is shown in Figure 3.1, choosing OpenFOAM® in a Docker container and referencing as a starting point the RheoFoam case of Flow around a confined cylinder, where some constitutive properties are already implemented (Subchapter 3.2.2).

As discussed in the previous chapter, in experimental conditions particles are flowing freely in the microchannel, experiencing neither drag nor torque. In the present numerical model, for each 𝑧-position of the particle, we use a stationary frame centered on the disk that represents the particle. The mesh is then fixed and adapted velocity boundary conditions are applied on the surface of the particle. This was done by following an algorithm detailed in Subchapter 3.2.3, in order to cancel both torque and drag exerted on the particle.

The main objective is to compute the lift coefficient around a free particle in a confined Poiseuille flow, varying the properties of the viscoelastic solution, the confinement ratio of the particle, its z-position in the channel and the Wi. The Oldroyd-B model is implemented for this objective as we can find a lot of data available in the literature for comparison purposes (Subchapter 3.2.4).

Geometry and boundary conditions

As depicted in Figure 3.1, the geometry considered is a rectangular domain of height 𝐻 and length 𝐿 = 20𝐻, in which a solid disk of diameter 𝑑 = 2𝑟 = 𝛼𝐻 was placed at a horizontal position of 5H from the inlet and a position 𝑧 𝑝 𝐻 from the mid-plane. In this study, the confinement ratio 𝛼 was set to 0.1 and was not varied. In the following, all the distances are made dimensionless by diving by the channel height 𝐻. The position 𝑧 𝑝 was systematically varied between 0 and 0.35 as the problem is symmetric and reaching the wall (𝑧 𝑝 =0.5-r) is not possible due to the block design proposed. The flow is assumed steady and the Reynolds number very low, i.e. 𝑅𝑒 ≈ 0. In that case, it is worth noting that the development length ℒ of the flow to reach the parabolic velocity profile of the Hagen-Pouseuille flow is of the order of 𝐻, much smaller than the length 5H considered. The flow upstream the particle is thus fully developed.

The boundary conditions are depicted in Figure 3.1. At the inlet, a plug flow velocity is applied, i.e. the velocity field writes 𝑢 = (𝑢 𝑥 , 0), and an outflow condition is applied at the outlet. A no-slip condition is applied at both top and bottom walls.

Governing equations

The flow is simulated using OpenFOAM®, along with the RheoTool package [START_REF] Pimenta | rheoTool[END_REF], dedicated to solve non-Newtonian fluids, among others. In the present case, the steady incompressible Navier-Stokes equations are solved for an Oldroyd-B fluid:

𝜕 𝑡 u + ∇ • (u ⊗ u) = 1 𝜌 (-∇𝑝 + ∇ • 𝜎) (3.1)
with u the velocity field, 𝜌 the density of the considered phase, 𝑝 the pressure and 𝜎 the total stress tensor.

Under the Stokes flow assumption the convective part of the Navier-Stokes equation can be neglected, and the previous equation writes:

𝜕 𝑡 u = 1 𝜌 (-∇𝑝 + ∇ • 𝜎) (3.2)
The stress 𝜎 can be split into the solvent and polymeric stress 𝜏

𝜎 = 2𝜂 𝑠 𝐷 + 𝜏 (3.3)
with 𝜂 𝑠 the solvent viscosity, and 𝐷 the deformation tensor such as 𝐷 = [∇u + (∇u) 𝑇 ]/2.

Considering an Oldroyd-B fluid, the polymeric stress writes:

𝜏 + 𝜆 ∇ 𝜏 = 2𝜂 𝑝 D (3.4)
with 𝜆 the relaxation time of the fluid, 𝜂 𝑝 the polymeric viscosity, and ∇ 𝜏 the upperconvected derivative of the extra-stress tensor 𝜏 :

∇ 𝜏 = 𝜕𝜏 𝜕𝑡 + u • ∇𝜏 -∇u 𝑇 • 𝜏 -𝜏 • ∇u (3.5)
At steady state, and in the limit of small Reynolds numbers, the above set of equations only involve two parameters, the solvent viscosity ratio 𝛽, given by:

𝛽 = 𝜂 𝑠 𝜂 𝑝 + 𝜂 𝑠 (3.6)
being 𝛽 = 1 for a Newtonian fluid.

The Weissenberg number 𝑊 𝑖, is defined as:

𝑊 𝑖 = 2𝜆𝑈 𝑥 3𝐻 . (3.7)
The factor 2/3 was used in order to match existing definitions in the literature [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], that also match with the implemented notation presented in the previous chapter, so that 𝑊 𝑖 = 𝜆𝑢 𝑚𝑎𝑥 /𝐻, where 𝑢 𝑚𝑎𝑥 is the maximum velocity in the midplane of the unperturbed Poiseuille flow.

In order to minimize the numerical instabilities that can be observed in viscoelastic fluids simulations, the above equations are solved using a log-conformation tensor [START_REF] Fattal | Constitutive laws for the matrix-logarithm of the conformation tensor[END_REF]). In the present work the problem is solved with a semi-coupled solver (𝑝 -𝑢 coupled and 𝜏 segregated) and, although the present problem has a steady state solution, we follow the advice given by RheoTool authors (RheoTool User Guide, p.134) to increase stability and convergence speed by keeping the time-derivatives terms through transient approach.

Free flowing particle algorithm

When a neutrally buoyant spherical particle, i.e. of the same density as the surrounding fluid, is freely advected in a Poiseuille flow in channel or a tube, the particle lags behind the fluid velocity at a scale proportional to (2𝑟/𝐻) 2 and exhibits a rotational velocity 𝜔 = 4𝑧𝑢 𝑚𝑎𝑥 /𝐻 2 (S. [START_REF] Kim | Microhydrodynamics: principles and selected applications[END_REF]. In a static reference frame centered on the particle velocity, boundary conditions must then be applied on it to meet the free flowing condition, i.e. to cancel both torque and drag force.

An iterative approach is then adopted using the Scipy optimize toolbox [START_REF] Virtanen | SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python[END_REF], and finding the velocity field 𝑢 𝑝 at the particle boundary that satisfies the free flowing condition. To that purpose, a vector function is created to solve the numerical simulation with a specific 𝑢 𝑝 and returns the torque and drag force on the particle surface. This function is then passed to the Scipy.optimize.root function to find the roots, i.e. the velocity field 𝑢 𝑝 that satisfies the free flow condition.

Generally, between 6 to 13 iterations are needed to find the roots using the hybrd routine and a relative tolerance of 10 -3 , which was carefully chosen to give higher precision than the output from OpenFOAM solver.

In order to save a few iterations, we impose that 𝑢 𝑝 • 𝑒 𝑧 = 0 and retrieve the transverse force 𝐹 𝑒 as the main output parameter of the problem. Since the transverse component of the particle velocity was always very small compared to that of the main flow direction, the flow properties should be the same as that of the case of a force free particle, where the transverse particle velocity 𝑢 𝑝𝑧 is the output parameter. Both should be related in a good approximation by 𝐹 𝑒 = 𝐶 𝐿 𝜂𝑢 𝑝𝑧 𝑟.

Validation of the model

In order to validate the numerical model, we assess the influence of both the mesh and the numerical parameters on the results. A special attention is paid to the meshing strategy, with a rectangular domain with a hole in it, has to be meshed using quadrangle elements.

To do so, the domain is divided into boxes as pictured in Figure 3.2 with a significantly refined mesh generated in the so-called Region Of Interest (ROI), near the particle boundaries, using the finite-element mesh generator software GMSH [START_REF] Geuzaine | Gmsh: A 3-D finite element mesh generator with built-in pre-and post-processing facilities[END_REF].

This meshing strategy has 2 major assets: the refinement is progressive which preserves the shape of the elements while the symmetry with respect to the x-axis is also preserved. This last condition is very important when dealing with the across streamline migration, as the force 𝐹 exerted on the particle:

𝐹 = ∫︁ 𝑆 (𝑝𝐼 + 𝜎) 𝑑𝑆 (3.8)
is derived from the integral of the stress on the surface of the particle 𝑆 which can be many orders of magnitude lower than the drag force and thus, close to the numerical error caused by the mesh asymmetry.

It is also worth noting that the box strategy limits the vertical position of the particle. In the present case, the height of the ROI box is arbitrarily fixed to two particle diameters and hence the maximum z-value of the particle center is 𝑧 𝑝 = 0.35.

We first task was to test the accuracy of the model in a Newtonian flow since, as stated previously, a neutrally buoyant particle freely advected in creeping flow should not experience any migration across the streamline, i.e. the lift force is null.

As one can expect, when the particle is located at the center of channel the lift coefficient is 10 -14 , which is close to the computer accuracy limit, independently from the mesh size. However, when moving the ROI box we can observe, as it is shown in Figure 3.3, that the lift coefficient:

𝐶 𝐿 = 𝐹 𝑒 𝜂𝑈 𝑥 𝑟 (3.9)
and drag coefficient:

𝐶 𝐷 = 𝐹 𝑣 𝜂𝑈 𝑥 𝑟 (3.10)
are influenced by the mesh refinement around the particle.

Mesh convergence

Computing limitation 39 𝑁𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛 𝑡𝑒𝑠𝑡 𝑎𝑡 𝑍 𝑝 = 0.25

Fixed cylinder Free cylinder

Numerical error (zero of computations) ≈ 𝟏𝟎 -𝟑

The non asymmetry issue 𝑊𝑖 = 0.01 β = 0.001 α = 0.1 The relative variation of the drag coefficient remains very limited with a decrease of 0.1% between meshes with 1.5 × 10 5 and 7 × 10 5 cells, which indicates that the numerical model can be assumed converged for all meshes. However we observe that the lift coefficient does not remain null and its amplitude increases with the number of cells.

Unsuccessful efforts were made to get rid of this error by tuning the parameters of the numerical model, and in particular the number of non-orthogonal corrector loops. This order of magnitude 𝑂(-3) for the lift coefficient 𝐶 𝐿 is then considered as the numerical error of our computations, this last means that we are not able to determine lift coefficients with a lower order of magnitude and so restricting our calculations at low 𝑊 𝑖.

Furthermore, the mesh convergence of 𝐶 𝐿 for the viscoelastic case at 𝑧 𝑝 = 0.25 is depicted in Figure 3.4.

Mesh convergence

Optimization In this case, the lift coefficient 𝐶 𝐿 is considered converged at moderate number of cells.

As this is a parametric study, the balance between numerical precision and computational time was chosen at 1.5×10 5 number of cells, which for standard calculations the computing time was around seven hours.

To validate the calculations, the planar flow past a confined cylinder is widely used as a benchmark in computational rheology, and for Oldroyd-B fluids, several results are available in the literature for comparison purpose. To establish comparable conditions with [START_REF] Liu | Viscoelastic flow of polymer solutions around a periodic, linear array of cylinders: comparisons of predictions for microstructure and flow fields[END_REF][START_REF] Sun | Finite element method for viscoelastic flows based on the discrete adaptive viscoelastic stress splitting and the discontinuous Galerkin method: DAVSS-G/DG[END_REF][START_REF] Fan | Galerkin/least-square finite-element methods for steady viscoelastic flows[END_REF][START_REF] Owens | A locally-upwinded spectral technique (LUST) for viscoelastic flows[END_REF], the confinement ratio was fixed at 𝛼 = 0.5, the disk was centered 𝑧 𝑝 = 0 and the solvent viscosity ratio was taken as 𝛽 = 0.59. The drag coefficient obtained for a range of Weissemberg number from 0.1 to 1.2 was compared to literature results in Figure 3.5 and showed an excellent agreement. For a z-position close to the channel center, both longitudinal and rotational velocities are close to the ones observed in Newtonian Poiseuille flow, but deviated from them when moving away from the channel center. This deviation, also analytically observed by Jeong and Jang, 2014, was well caught by the present numerical model. As it can be observed in the figure above, the computations for 𝑉 𝑥 and Ω are restricted to the maximum z-position of the particle center at 𝑧 𝑝 = 0.35. Further values for 𝑧 𝑝 result in the code crashing due to the mesh refinement and the proximity to the wall.

Results and discussion

We first focus on the results obtained at low 𝛽 = 𝜂 𝑠 /(𝜂 𝑝 + 𝜂 𝑠 ), i.e. for polymer solutions which polymer viscosity is much greater than of the solvent. Figure 3.7 displays the lift coefficient as function of the main parameters investigated: the Weissenberg number and the position of the cylinder. Results obtained below 𝑊 𝑖 ∼ 10 -3 were discarded as they felt below a reasonable precision (see previous sections). For high 𝑊 𝑖, the lift force was found to be negative and proportional to 𝑊 𝑖. It was also proportional to the 𝑧 position, for 𝑧 𝑝 < 0.2. Above this value, its absolute lift value increased more than linearly, probably due to the vicinity of the wall (the cylinder radius is 0.05). These results were therefore in good qualitative agreement with previous works: theoretical by [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF], numerical by D'Avino et al., 2017, and experimental by Naillon et al., 2019, on particle migration in three-dimensions.

The lift coefficient was indeed predicted and verified experimentally to be given by 𝐶 𝐿 = -𝐾𝛼 2 Wi𝑧, with some discrepancies on the value of 𝐾, ranging between 11 and 15. We found here a prefactor of 𝐾 ≃ 430 which is very different, but this was expected since it is not possible to compare quantitatively the 2D to the 3D cases. It is however worth to verify that the lift velocity, which results from the transverse force, remains on the same order of magnitude. To do so, the force should be divided by the drag coefficient, 6𝜋 in 3D. For the 2D case considered here, the drag coefficient depends on Wi, but is greater than 120 below Wi ∼ 0.1. The transverse velocity is therefore given by 𝑘𝛼 2 Wi𝑧 with 𝑘 = 𝐾/6𝜋 = 0.8 in 3D, and we estimated 𝑘 ∼ 𝐾/120 = 3.6 for the 2D case considered here. The order of magnitude was indeed similar. In summary, at low 𝛽, we found a lift force in good agreement with previous works, proportional to Wi and 𝑧 𝑝 , and directed towards the midplane of the channel.

We then checked the influence of the solvent viscosity ratio 𝛽. Surprisingly, we found, as shown in Figure 3.8 that the latter has a dramatic influence since the lift become positive when 𝛽 > 0.08, meaning that the disk would migrate towards the wall instead of towards the midplane as it was the case for lower values of 𝛽. For 𝛽 < 10 -2 , 𝛽 has a little influence.

This asymptotic behavior is straightforward from the Oldroyd-B model, since in this region the contribution of the solvent to the stress is negligible as compared to the polymeric stress.

Around 𝛽 = 0.5, the lift coefficient exhibited a maximum and then seemed to fall down towards zero when approaching unity. This limit was also expected when 𝛽 → 1, since the physical origin of the lift force is the polymeric stress, which becomes negligible in this limit. In the regime of positive lift (for 𝛽 > 0.8), the lift force exhibited similarly than in the negative lift regime, a linear dependency with respect to both 𝑊 𝑖 and 𝑧, at least for small 𝑊 𝑖 < 3 × 10 -2 , and for 𝑧 < 0.2 (Figure 3.9). Therefore, in this limit, the lift coefficient could be expressed as 𝐶 𝐿 = 𝐾(𝛽)𝑊 𝑖𝛼 2 𝑧, i.e. the same expression has what was previously reported in the literature, but now with a prefactor which depends (and even changes sign) on 𝛽. This behavior was surprising, since the solvent viscosity ratio does not generally plays a strong role regarding viscoelastic phenomena. Let us however mention the recent work of [START_REF] Mokhtari | Birefringent strands drive the flow of viscoelastic fluids past obstacles[END_REF], who emphasized the role of the solvent viscosity ratio using the Oldroyd-B model, on the drag by a cylinder. At low 𝛽, stagnation zones were observed past the obstacles, due to the coupling between polymer conformation (viscoelastic stress) and the global stress field. These arrested zones were significantly smallest at high 𝛽.

It is also important to mention that viscoelastic lift towards the walls was already reported in the case of a shear thinning liquid (accounted by a Giesekus model) by D'Avino et al., 2010. However, in this case, it occurred only near the wall and the parameters of the model were not systematically varied. In the original analytical prediction of [START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF], the model used for the fluid was a second-order fluid, which also has two parameters. Depending on the respective values of these parameters, the direction of the lift could also be changed. However, they generalized their results as 𝐶 𝐿 ∼ 𝑁 1 -2𝑁 2 and since in most cases 𝑁 1 ≫ 𝑁 2 (𝑁 2 is even zero for the Oldroyd-B model used here), the sign of 𝐶 𝐿 remain negative. Both results therefore cannot be reconciled, and it should be concluded that the value of the lift coefficient, and even its sign strongly depends on details of the rheological model used.

In order to shed some light on the physical reasons for the change of sign of the lift coefficient, we investigated in details the perturbation of the velocity field induced by the rigid cylinder. By subtracting the mean Poiseuille flow profile, the perturbed flow is an asymmetric quadripole as depicted in Figure 3.10b. As a result, the local contribution to the total lift force changes of sign several times when the azimuthal coordinates are varied. The amplitude of these oscillations are huge as compared to the integrated value.

For the example shown in Figure 3.10, while the extremes are of the order of 0.3, the lift coefficient is about 10 -3 . Thus, it is not possible to get some physical insights from the local contributions. The decomposition of the lift force into contributions from the pressure, the shear stress and the normal stress does not bring further insights as they also approximately compensate. The pressure and shear stress contributions are positive while the one of the normal stress is negative, all of these being one or two order of magnitude greater than their sum. It should be concluded that it seems very difficult to interpret the sign of the lift because it originates for an imperfect compensation of large stress exerted on the cylinder. We then also compared two extreme values of 𝛽, 10 -3 and 0.5, which lead to negative and positive lift, respectively. Local contributions to the lift remain very similar, as depicted in Figure 3.10d at the bottom. The small differences between the two cases however results in large relative differences when focusing on the integration along the cylinder. In particular, the normal stress contributions is divided by about ten when 𝛽 is switch from a low to a high value. In this last case, contributions from the pressure and from the shear stress dominate and almost compensate each other. Again, the final sign of the lift force comes from a small unbalance between all the different contributions and thus it does not seem to be explained by a simple argument.

By computing the velocity field difference between the two cases, we however noticed a vortex in the wake of the cylinder, as shown in Figure 3.11. This vortex is the signature of an angular velocity difference. When plotting the angular velocity Ω as a function of 𝛽, there is a slight increase of the Ω value. Despite being less than 1%, this variation is well correlated to the sign of the lift force. Indeed, for 𝛽 ≃ 0.1 at which the change of sign occurs, the angular velocity is that of the Newtonian case, for which there is no lift force. Higher angular velocities lead to positive lift and lower ones causes a negative lift. This correlation between angular velocity difference and lift force recalls inertial lift force [START_REF] Joseph | Slip velocity and lift[END_REF][START_REF] Yang | Migration of a sphere in tube flow[END_REF], for which it is rather well established that

𝐶 𝐿 = 𝑓 (Re)𝑉 𝑠 (Ω -Ω 𝑒 ) (3.11)
where Ω 𝑒 is the angular velocity of the particle (or cylinder) at the equilibrium transverse position, 𝑉 𝑠 is the slip velocity and 𝑓 (𝑅𝑒) a prefactor which depends on the Reynolds number.

This concept cannot be directly transposed in the case of viscoelastic lift since the equilibrium position is in the center (where Ω vanishes), or at the wall for positive lifts. However, since for the Newtonian situation all 𝑧-position are the equilibrium ones, the idea of a correlation between angular velocity difference is rather similar to what has been evidenced for inertial lift.

By plotting the lift coefficient with respect to the normalized angular velocity difference (Ω -Ω 0 ) 𝑟/𝑈 , for a given Wi but various values of 𝛽, we found systematically a linear relation. The linear coefficient 𝐶 = 𝐶 𝐿 𝑈/ (Ω -Ω 0 ) 𝑟 is however not unique, it decreased when Wi is increased. As it is shown in Figure 3.12, 𝐶 was well accounted by a power-law given by 𝐶 ∼ Wi -0.37 . This is again rather similar to the inertial case, for which the prefactor depends on the Reynolds number. In contrast, 𝐶 did not depend on the particle position 𝑧 𝑝 and on the viscosity ratio 𝛽.

In summary, all the data reported in this article could be described using the following relation:

𝐶 𝐿 = 9 (Ω -Ω 0 ) 𝑟 𝑈 Wi -0.37 (3.12) 
.

Conclusions

In conclusion, the data reported in this chapter, obtained by a 2D numerical resolution of the Oldroyd-B model, demonstrated that the lift force, responsible for viscoelastic migration had a complex dependency on model parameters. In the limit of low solvent viscosity ratio -which represents the case of very long polymer chains -the results were in good agreement with the literature: the lift coefficient is proportional to the Weissenberg number and to the particle position. It is therefore proportional to the local shear rate of the unperturbed flow and lead to migration towards the center of the channel.

However, we evidenced that the lift coefficient also depended significantly on the solvent viscosity ratio 𝛽, decreased when 𝛽 is increased and strikingly changed sign for 𝛽 > 0.1. For these high 𝛽 values, which correspond to very dilute polymer solution in viscous solvents, the positive lift coefficient indicated a migration towards the wall. This dependency with 𝛽 clearly showed that the viscoelastic lift force was not simply given by the gradient of the first normal stress difference over the particle, but was sensitive to all the model parameters.

Despite the physical reasons for this change of sign of the lift coefficient remained to be addressed, we noticed a robust linear correlation between the lift coefficient and the angular velocity difference with the Newtonian case, for a given Weissenberg number. The linear coefficient exhibited a decreasing power law variation with respect to Wi. This correlation resemble the one found for inertial migration in pressure-driven flow (𝑊 𝑖 = 0, 𝑅𝑒 = 𝑂(1)), where similarly, the lift coefficient is proportional to the angular velocity difference with the one at equilibrium positions.

Importantly, the present results qualitatively agreed with the experimental results obtained when testing HPAM 0.5% + glycerol, which it was found a 𝛽 = 0.4, and reported in the previous chapter (see Section 2.4,Figure 2.52). Using intermediate polymer chains and a viscous solvent, a migration towards the wall was evidenced. We did not check for a quantitative comparison, since first, the present numerical data was obtained in 2D and, in the other hand, the fact that particles migrated towards the wall do not allow to fully predict the measured PDF. In the vicinity of the wall, the lift force exhibited a more complex behavior which we did not investigate in details using the present numerical approach. Despite the numerical results are in 2D, the fact that we were able to observe experimentally a migration towards the wall for 𝛽 > 0.1 indicated that they should be qualitatively valid for a spherical particle in 3D.

Perspectives of this work concern 3D simulations to obtain quantitative results for a sphere and extension to other viscoelastic models.

Synthèse en français

Conclusions sur le rôle inattendu de la viscosité du solvant viscosité

En conclusion, les données rapportées dans ce chapitre, obtenues par une résolution 2D numérique du modèle d'Oldroyd-B, ont démontré que la force de portance, responsable de la migration viscoélastique, dépendait de manière complexe des paramètres du modèle. Dans la limite d'un faible rapport de viscosité du solvant -ce qui représente le cas de très longues chaînes de polymères -les résultats sont en bon accord avec la littérature: le coefficient de portance est proportionnel au nombre de Weissenberg et à la position de la particule. Il est donc proportionnel au taux de cisaillement local de l'écoulement non perturbé et conduit à une migration vers le centre du canal.

Cependant, nous avons mis en évidence que le coefficient de portance dépendait également de manière significative du rapport de viscosité du solvant 𝛽, qu'il diminuait lorsque 𝛽 augmentait et qu'il changeait de signe de manière frappante pour 𝛽 > 0.1. Pour ces valeurs élevées de 𝛽, qui correspondent à une solution de polymère très diluée dans des solvants visqueux, le coefficient de portance positif indique une migration vers la paroi. Cette dépendance avec 𝛽 a clairement montré que la force de portance viscoélastique n'était pas simplement donnée par le gradient de la première différence de contrainte normale sur la particule, mais qu'elle était sensible à tous les paramètres du modèle. Bien que les raisons physiques de ce changement de signe du coefficient de portance restent à étudier, nous avons remarqué une corrélation linéaire robuste entre le coefficient de portance et la différence de vitesse angulaire avec le cas newtonien, pour un nombre de Weissenberg donné. Le coefficient linéaire présente une variation en loi de puissance décroissante par rapport à Wi. Cette corrélation ressemble à celle trouvée pour la migration inertielle dans un écoulement sous pression (𝑊 𝑖 = 0, 𝑅𝑒 = 𝑂(1)), où de façon similaire, le coefficient de portance est proportionnel à la différence de vitesse angulaire avec celle aux positions d'équilibre.

Il est important de noter que les présents résultats concordent qualitativement avec les résultats expérimentaux obtenus lors de l'essai du HPAM 0,5 % + glycérol, pour lequel on a trouvé un 𝛽 = 0, 4, et rapportés dans le chapitre précédent (voir section 2.4, figure 2.52).

En utilisant des chaînes polymères intermédiaires et un solvant visqueux, une migration vers la paroi a été mise en évidence. Nous n'avons pas procédé à une comparaison quantitative car, d'une part, les données numériques actuelles ont été obtenues en 2D et, d'autre part, le fait que les particules aient migré vers la paroi ne permet pas de prédire entièrement la PDF mesurée. À proximité de la paroi, la force de portance présente un comportement plus complexe que nous n'avons pas étudié en détail dans le cadre de la présente approche numérique. Bien que les résultats numériques soient en 2D, le fait que nous ayons pu observer expérimentalement une migration vers la paroi pour 𝛽 > 0.1 indique qu'ils devraient être qualitativement valables pour une particule sphérique en 3D.

Les perspectives de ce travail concernent les simulations 3D pour obtenir des résultats quantitatifs pour une sphère et l'extension à d'autres modèles viscoélastiques.

4

Development to improve the characterization method of the viscoelastic properties by adding electrophoretic forces

This chapter discusses the first development made to improve the experimental characterization method by adding electrophoretic forces. The idea is to use an electric field, in order to add a force on the particle in the opposite way to the pressuredriven flow direction. In that way, only one particle would be enough to measure the transverse migration velocity. The chapter covers the principles of electrophoresis and electroosmosis, the electric double layer, and factors that can modify the zeta potential. The objective is to investigate the combined effect of electroosmotic and electrophoretic velocities on particle migration in viscoelastic fluids, by first testing electrolyte solutions. This section also describes modifications made to the set-up to address operational problems and improve the accuracy of measurements. Results show a direct correlation between the electroosmotic flow velocity and the applied electric field, but discrepancy between the electrophoretic mobility of particles measured with our microfluidic device and the Zetasizer. An influence of tubing on the electroosmotic flow velocity was also observed. Various configurations have been suggested to address issues encountered, such as surface properties, electrolysis, electrode interference, particle attachment, heating induction, particle charge, contaminants, and solution degradation. Suggestions and ways of improvements for future research are shown by the end of the chapter.

Introduction

Once having demonstrated the interest of using particle trajectories in viscoelastic flows to measure the viscoelastic properties of a polymer solution, as well as developing numerical simulations for Oldroyd-B fluids, an emerging topic is how to optimize the measurements. Indeed, the tracking of the evolution of the PDF along the channel is long, and it has to be repeated several times to obtain the evolution of the viscoelastic migration with the shear rate. Thus, the idea is to use an electric field, in order to add a force on the particle in the opposite way to the flow direction, with the aim to trap a particle in the 𝑥 axis direction.

In that way, only one particle would be enough to measure the transverse velocity. The physical phenomena we want to use behind this idea is to create a relative velocity between the particle and the fluid, controlling the gradient of shear rate around the particle.

The application of an electric field parallel to the flow, induces that fluids will be also electric field-driven in the microfluidic device. This last generates key transport processes such as electroosmosis and electrophoresis. These two phenomena are used in diverse applications, with the biomedical field being one of the most extensively explored [START_REF] Landers | Handbook of capillary electrophoresis[END_REF].

The use of an electric field to hold a particle, in particular to separate particles by their size, is not a new topic (see Subsection 4.3), and some previous studies have shown that sorting and manipulation of particles by applying electric field is possible as well as in pressure driven flows. The purpose of this apart is to find the proper way to implement this electric force, regarding to modify the dynamics of particle migration in viscoelastic liquids. The strategy is to modify the initial set-up already described in Chapter 2 for the application of an electric field in the capillary channel. The electroosmotic flow velocity will be directly measured by a flowmeter connected to the microfluidic device while the apparent velocity of the particle is computed by the Fluorescence PTV technique. The electrophoretic velocity, and so its mobility, is accessible as both retrieved velocities are related. Some improvements for the experimental set-up are proposed along the study to overcome the difficulties found in the path. The proposition for the validation of results using the Zetasizer device is also shown and the results are discussed. Only experimental development have been done, facing some experimental issues.

Thus, in the following sections, the lecturer will be introduced to basic concepts about electric field application, the experimental set-ups and the analysis of the firsts retrieved characterization results. A set of recommendations for future research about electric field application in microfluidic devices are given by the end of this chapter.

Theoretical background

In this section, we provide a brief overview of the main theoretical concepts related to the electric field phenomena in microfluidic devices. We begin by introducing the concept of the electric double layer (EDL), which plays a crucial role in determining the behavior of charged particles (or surfaces) in a fluid. Next, we discuss the principles of electrophoresis, which refers to the movement of charged particles in a fluid under the influence of an electric field. We also cover the phenomenon of electroosmosis, which occurs when an electric field is applied to a fluid that contains ions, confined between two surfaces on which an electrical double layer appears, resulting in the movement of the fluid itself. Finally, we discuss the importance of understanding these concepts when designing and conducting experiments in microfluidic devices.

An electric field is a physical phenomenon that arises from the presence of electric charges.

According to Coulomb's law, any two electric charges exert a force on each other that is proportional to the product of their charges and inversely proportional to the distance between them. This last points out that the electric field is the force per unit charge that a charge would experience if it were placed at a particular point in space [START_REF] Serway | Physics for Scientists and Engineers[END_REF].

In a simple way, electric fields can be thought of as invisible lines of force that extend outwards from a charged object, conventionally from a positive charge "anode" to the negative pole "cathode" (Figure 4.1). Objects with opposite charges are attracted to each other by the electric field, while objects with like charges repel each other. When an electric field is applied, several key processes can result influenced by the unique characteristics of the system and its conditions. Examples of such processes include electrical current flow, electromagnetic radiation, electroporation, electrolysis, electrophoresis, electroosmosis, and other phenomena depending on the scale of observation. The behavior of fluids at the microscale is dominated by phenomena that are not observed at larger scales. In particular, the presence of surfaces and interfaces has a significant impact on fluid flow and transport properties. One important concept in this context is the electric double layer.

+ -

Electric Double Layer (EDL):

The interface between a charged surface and a solution is called the electric double layer (EDL). This is a complex and dynamic region that includes several layers of ions and an electrical potential (zeta potential) that extends into the bulk fluid. The EDL was first described by Helmholtz in 1879 and it mainly consists of two thin layers: an inner layer of ions (Stern layer) that are attracted to the charged surface and an outer layer of counterions (Diffuse layer) that balances the charge in the inner layer [START_REF] Lyklema | Solid-liquid Interfaces[END_REF]. A scheme of the EDL is showed in In the Figure 4.2, the corresponding layers are depicted, and a plot of electric potential Ψ versus length 𝑥 is also shown. Further the distance from the charged surface lower the electric potential is. Different values for Ψ can be retrieved at each layer limit, being the zeta potential a key parameter and a measure of the electric potential difference between a charged surface and the surrounding fluid [START_REF] Hunter | Zeta Potential in Colloid Science: Principles and Applications[END_REF].

The thickness of the EDL, well know as the Debye length 1/𝜅, is typically a few nanometers, but can vary depending on the size and charge of the ions in the solution, the surface charge density, among other factors. The Debye length can be calculated as follows:

1/𝜅 = √︃ 𝜖 𝑟 𝜖 𝑜 𝑅; 𝑇 𝐹 2 ∑︀ 𝑍 𝑖 2 (𝐶 𝑖 ) 𝜑=0 (4.1)
where 𝜖 𝑟 is the dimensionless dielectric constant, 𝜖 𝑜 is the permittivity of vacuum (8.854 × 10 -12 𝐹/𝑚), R is the gas constant (8.314 𝐽 𝑚𝑜𝑙 𝐾 ), T is the absolute temperature in K, F is the Faraday constant (9.65 × 10 4 𝐶 𝑚𝑜𝑙 ) and the ionic strength

∑︀ 𝑍 𝑖 2 (𝐶 𝑖 ) 𝜑=0
, where 𝑍 𝑖 is the charge on an ith ion and (𝐶 𝑖 ) 𝜑=0 is the concentration of ions in the bulk.

As example, for a 10 mM/L of Na Cl solution, the positive monovalency of Na and negative monovalency of Cl give an ionic strength of 20 𝑚𝑜𝑙/𝑚 3 . At T=298 K, using Equation 4.1 the Debye length is equal to 2.911 𝑛𝑚, a tiny layer as it was expected.

The electric double layer is intimately related to the zeta potential as this potential is generated by the electrical charges present on the surface of the solid or particle, which in turn induce the formation of the electric double layer. The magnitude and direction of the zeta potential can be determined experimentally using techniques such as electrophoresis and Laser Doppler Velocimetry [START_REF] Smith | Apparatus and methods for laser Doppler electrophoresis[END_REF].

There are several factors that can modify the zeta potential, including:

• The pH of the solution.

• The concentration of ions in the solution. Increasing the ionic strength of the solution can decrease the zeta potential.

• Changes in temperature can affect the zeta potential of a solution.

• The adsorption of molecules onto the surface of the particles or walls.

• The presence of surfactants or other additives in the solution.

• The size and shape of the particles or surfaces.

• Changes in the thickness or structure of the electrical double layer surrounding the particles or surfaces can also affect the zeta potential.

Understanding the properties of the electric double layer is crucial for a range of microfluidic applications, including electroosmosis and electrophoresis.

Electroosmosis is the bulk motion of liquid over a stationary, charged surface in response to an applied electric field (Hunter, 2013). In microfluidic devices, electroosmosis is commonly used as a mean of driving fluid flow, as it can generate flow with high precision and low flow rates. When an electric field is applied across a charged surface, such as a charged porous material or a charged membrane, the electric charges on the surface can attract ions in the surrounding fluid, leading to a electroosmotic flow (EOF) along the surface, product of the interaction between the electric field and its diffuse double layer (Figure 4.3).

------- The velocity of the electroosmotic flow is proportional to the zeta potential of the charged surface, and its direction can vary depending on the pH of the liquid and the charge sign of the surfaces. Usually on microchannel devices made of PDMS or boro-silicate glass, the walls are negatively charged, if not, the zeta potential can be controlled by modifying the surface chemistry of the microfluidic device. In the work of [START_REF] Zhou | Recent developments in PDMS surface modification for microfluidic devices[END_REF], the authors present a recent research on surface modifications of PDMS using techniques ranging from metal layer coatings and layer-by-layer depositions to dynamic surfactant treatments and the adsorption of amphipathic proteins. Same as in the cited reference, some other chemicals treatments such as plasma treatment, chemical vapor deposition, and self-assembled monolayers are available and widely used in the industry (S. [START_REF] Kim | Microhydrodynamics: principles and selected applications[END_REF].

Electroosmotic flow Anode + Cathode - - - - - - - - + + + + + + + + + + + +
The steady state electroosmotic flow velocity, 𝑈 𝐸𝑂𝐹 , defined as the fluid velocity at the interface between the bulk neutral liquid and an electrical double layer on the wall of a liquid channel, can be expressed in terms of an electroosmotic mobility, 𝜇 𝐸𝑂𝐹 [START_REF] Overbeek | Thermodynamics of electrokinetic phenomena[END_REF], as:

𝑈 𝐸𝑂𝐹 = 𝜇 𝐸𝑂𝐹 𝐸 (4.2) 
Same as electroosmosis, there is another involved phenomena when applying an electric field in microfluidic devices:

Electrophoresis refers to the movement of charged particles or molecules in an electric field. In microfluidic devices, the electrophoretic mobility of a particle is determined by the particle charge and size, as well as the properties of the solution.

The electrophoretic mobility of a particle, which describes its velocity under an electric field, is directly proportional to the zeta potential of the particle's surface. This relationship is known as the Henry law for electrophoresis, based on Helmholtz-Smoluchowski equations:

𝜇 𝐸𝑂𝐹 = 2 3 𝜖 𝜁 𝜂 𝑓 (𝑘𝑎) (4.3)
where 𝜖 is the permittivity of the solvent in 𝐹/𝑚, 𝜁 is the zeta potential of the charged particle in 𝑉 , 𝑎 its radius, 𝜂 is the dynamic viscosity of the solvent in 𝑃 𝑎.𝑠 and 𝑓 (𝑘𝑎) is the called Henry function, which depends on the particle size and the Debye length (Table 4.1). The argument 𝑘𝑎 represents the ratio of the particle size 𝑎 to the Debye length, where 𝑘 is the reciprocal of the Debye length. Essentially, the zeta potential determines the strength of the electrical charge on the particle's surface and thus its ability to move through a fluid under an applied electric field. Particles with higher zeta potentials will have higher electrophoretic mobilities, while particles with lower zeta potentials will move slower or not at all. This dependence of electrophoresis on zeta potential is particularly important in microfluidic devices where the movement of particles can be precisely controlled using electric fields.

The electrophoretic mobility of a particle or molecule, 𝜇 𝑒𝑝ℎ , is defined as the proportionality factor between the electrophoretic particle velocity, 𝑈 𝑒𝑝ℎ , and the local electric field, E: (4.4) The relationship between electroosmosis and electrophoresis is important because when an electric field is applied to a microchannel, both electroosmotic flow and electrophoresis occur simultaneously, and their effects are superimposed (Figure 4.4). This leads to a complex flow behavior, which needs to be taken into account in the design and optimization of microfluidic devices. By controlling the applied electric field and the surface charge of the microchannel walls, it is possible to control the direction and velocity of both electroosmotic flow and electrophoretic motion, giving as result a powerful tool which already have many applications in several fields.

𝑈 𝑒𝑝ℎ = 𝜇 𝑒𝑝ℎ 𝐸

Previous work

The study of electrokinetic forces in microfluidic devices has become increasingly relevant in recent years due to its potential for numerous applications in fields such as biotechnology, chemical analysis, and medical diagnostics.

Citing as example, [START_REF] Fu | Electrokinetic focusing injection methods on microfluidic devices[END_REF], presented an experimental and numerical investigation into electrokinetic focusing injection on microfluidic chips (Figure 4.5a). This study discusses how the electric potential strengths can be manipulated to control the valving characteristics on microfluidic devices during sample loading and dispensing. The researchers designed and tested various injection systems to deliver a sample plug, including a doublecross injection microfluidic chip that uses electrokinetic focusing to deliver variable volume sample plugs. [START_REF] Ng | DC-biased ACelectroosmotic and AC-electrothermal flow mixing in microchannels[END_REF], reviewed other application: the electric-field pumping and mixing of liquids (Figure 4.5b). According the article, electroosmotic pumping holds multiple advantages over other micropumps, such as eliminating the need for moving parts and the creation of constant flows. By applying AC voltage with a DC offset to the coplanar electrodes in a microchannel, the authors were able to simulate a stirring device that was able to produce a 92% mixing efficiency over a mixing length of 600 𝜇𝑚 in less than 80 𝑚𝑠.

Moreover, the combination of electric fields and pressure-driven flow has numerous applications in microfluidic devices. One of the most important applications is in the manipulation and separation of particles in biological and chemical analysis. By applying an electric field to a particle in a microfluidic device, the particle will move in the direction of the electric field, which can be used to separate particles based on their charge or size. Similarly, by applying pressure-driven flow, particles can be separated based on their size or shape.

The combination of both forces can enhance or suppress the sorting, specially as cells are separated based on their properties such as size, shape, and surface charge. [START_REF] Gharib | Biomedical Applications of Microfluidic Devices: A Review[END_REF], describe the use of electric field-driven fluids in microfluidic devices for mixing and separation applications. Specifically, AC electroosmosis micromixers have been developed as an innovative approach for biological applications, using tooth-shaped planar electrodes to induce electroosmotic flow and achieve high mixing efficiency. Electrophoretic micromixers use an electric field to induce the movement of charged particles, while dielectrophoretic micromixers use an electric field to induce the movement of particles with different dielectric properties.

Related to the study of particle migration, Lochab and Prakash, 2021, systematically quantify colloidal particle migration in microfluidic channels under combined electrokinetic and shear flows and to investigate the effect of changing fluid density and viscosity on particle migration. Moreover, the authors were able to control particle distributions across the entire microchannel cross-section by manipulating the respective electrokinetic and shear flow conditions.

The coupling of electric field with pressure-driven flow in viscoelastic fluids emerges also recently. A study of [START_REF] Serhatlioglu | Electroviscoelastic migration under simultaneously applied microfluidic pressure-driven flow and electric field[END_REF], investigates the migration of particles in microfluidic channels under the simultaneous use of pressure-driven flow and DC electric field. They conducted experimental studies on particle migration in Newtonian, neutral viscoelastic, and polyelectrolyte viscoelastic media and propose an unifying hypothesis to explain the underlying mechanism of cross-sectional particle migration in microchannels.

The authors introduce the Electro-Viscoelastic Migration (EVM) theory, that proposes the interplay between the electric field, viscoelasticity of the fluid, and the external force acting on the particles generates dominant lift forces that causes the particles to migrate towards the center or walls of the microchannel (Figure 4.6). V/cm. The best focusing performances were highlighted for each case. In the concurrent experiment, suspended particles migrated to the channel walls for DI water and HA, and the channel center for the PEO solution [START_REF] Serhatlioglu | Electroviscoelastic migration under simultaneously applied microfluidic pressure-driven flow and electric field[END_REF].

Few years before, [START_REF] Ranchon | DNA separation and enrichment using electro-hydrodynamic bidirectional flows in viscoelastic liquids[END_REF], developed a new technology for DNA separation and enrichment using electro-hydrodynamic bidirectional flows in polyvinyl-pyrrolidone polymer (PVP). The researchers developed a microfluidic device that uses electro-hydrodynamic actuation to separate and enrich DNA molecules based on their size. The article presents experimental results and theoretical models to demonstrate the effectiveness of this technique. The process is also modeled using 3D finite element modeling and results in DNA band formation. As main outcome, the intensity of the bands decreases when the electric field is stopped. Overall, this technology offers unique opportunities for sample preparation and analysis of minute genomic samples.

Another reference work, [START_REF] Choudhary | Electrokinetically enhanced cross-stream particle migration in viscoelastic flows[END_REF], presents a theoretical analysis of the migration of particles in viscoelastic flows under the influence of an electric field, and demonstrate that the addition of electrokinetic slip on the particle surface can significantly alter the normal stresses, which enhances the particle migration. The study has practical relevance to lab-on-a-chip devices used to separate cells in biological fluids and suggests further investigation into the pressure and stress fields around electrophoretic particles. The article also discusses the equations governing the electrokinetically enhanced migration of a particle in a viscoelastic fluid, and the force-free and torque-free conditions for the particle are determined. Those conditions can be easily adapted in the numerical simulations developed in this thesis project, as the electric body force and be included in the convergence of the drag an torque to a given value different from zero. This is another motivation to study the electrokinetics in electric field-driven flows as the implementation of the new conditions is straightforward.

Those previous studies have shown that sorting and manipulation of particles by applying electric field is possible even in combination with pressure-driven flows in a viscoelastic solution. Thus, the idea is to implement an experimental device, able to manipulate particles to fasten the measurement of the viscoelastic properties of diluted polymer solutions, using the tracking of the particle migration trajectories. The understanding of the phenomena involved in this process allows for the design and optimization of microfluidic devices with enhanced performance, such as increased sensitivity and efficiency.

Materials and method

In this subchapter, we provide a detailed description of the materials and methods used in our study of the electric field application in microfluidic devices with microparticles. This includes information about the adaptation of the microfluidic device presented in Chapter 2, the working fluids, and the electrical power supply and electrodes used to apply the electric field. We also discuss the experimental protocol and data analysis techniques used in the present study.

Experimental set-up

A schematic experimental set-up of the adaptation of the microfluidic device initially conceived to study particle migration is illustrated in Figure 4.7. This set-up consists in two stainless steel wires placed through the inlet and outlet syringes. Each syringe is connected to the nanoports of the microfluidic device (H= 50 𝜇𝑚, w= 1.1 mm, L= 5.23 cm), assembled on the inverted microscope with the 20x objective, equipped with the high speed camera and the illumination system for Fluorescence PTV detection. The experimental set-up also includes a DC high voltage amplifier that is connected to the stainless steel wires, with one pole connected to the negative terminal and the other pole connected to the positive terminal (the pole in the inlet syringe is considered as positive).

The amplifier is able to output voltages in the range of 0-2 KV, and also supply a constant output current with precision and stability. This device can also inverse the polarity of the applied voltage by reversing the direction of the current flow. The microfluidic flow sensors are designed to precisely and accurately monitor flow rates in any microfluidic system, particularly at very low liquid flow rates as it was detailed above. The device features a microheater that applies a small amount of heat to the medium being monitored, while two temperature sensors, located on either side of the heat source, detect changes in temperature. The sensor technology offers complete media isolation, minimal internal volume, and no moving parts. The flow rate is calculated by determining the thermal desorption, which is directly proportional to the flow rate.

Working fluids

Due to the exploratory nature of this study, the solution under investigation exhibits nonviscoelastic behavior, thereby precluding particle migration. The primary objective is to gain a comprehensive understanding of the physical electrokinetic mechanisms involved, and to accurately characterize them, in order to pave the way for future testing of viscoelastic solutions.

For so, Sodium Bicarbonate (𝑁 𝑎𝐻𝐶𝑂 3 ) solutions at concentrations of 5 mM/L and 10 mM/L were tested. The study of this solution can be justified by the need of ensuring that the chemical properties are not varying as much when increasing the molecular concentration (A. E. [START_REF] Lim | Electroosmotic flow in microchannel with black silicon nanostructures[END_REF]. The working solutions were seeded with fluorescent polystyrene particles with a diameter of 2 and 10 𝜇𝑚 (Fluoro-Max 1% of solids, Fisher Scientific, 𝜌 = 1.05𝑔/𝑐𝑚3, refractive index of 1.59 (25°C)), at a volume fraction resulting at having around 10 particles per field of view. Sodium Dodecyl Sulfate (𝑆𝐷𝑆) at 0.05% 𝑤/𝑤 was added to the solutions to avoid attachment of particles to the glass surfaces of the microfluidic device [START_REF] Sadek | Measurement of electroosmotic and electrophoretic velocities using pulsed and sinusoidal electric fields[END_REF]. In addition, glycerol at a fraction of mass of 0.245% was also incorporated to match the density of the resultant fluid with the fluorescent particles density, so the resulting properties of the solution are: 𝜌 = 1049.8 𝑘𝑔/𝑚 3 and 𝜂 = 1.7283 𝑚𝑃 𝑎.𝑠, both at T= 20 C.

We aim then to investigate both electroosmosis and electrophoresis phenomena in function of the molar concentration of the (𝑁 𝑎𝐻𝐶𝑂 3 ) solutions and the influence of the particle sizes, road to measure the electrophoretic mobility of the particles.

Experimental procedure

To apply an electric field to the microfluidic device, a specific voltage 𝑉 will be set in the DC high voltage amplifier, which is connected to both the positive and negative stainless steel poles located at the syringes. The distance between the two poles is 𝑑 = 38 𝑐𝑚, and therefore, the resulting electric field in the microchannel will be determined by dividing the applied voltage 𝑉 by the distance 𝑑.

The approach for obtaining the electrophoretic mobility of particles (𝜇 𝑒𝑝ℎ ) subjected to an electric field in a flowing solution within a microfluidic device, involves the determination of their electrophoretic velocity (𝑈 𝑒𝑝ℎ ). This is accomplished by measuring both the electroosmotic flow velocity (𝑈 𝐸𝑂𝐹 ) and the apparent velocity of the particles (𝑈 𝑎𝑝𝑝 ). These velocities are related, and therefore the electrophoretic mobility can be retrieved as:

𝑈 𝑎𝑝𝑝 = 𝑈 𝑒𝑝ℎ + 𝑈 𝐸𝑂𝐹 (4.5)
Replacing Equations 4.2 and 4.4 in Equation 4.5, we retrieve:

𝜇 𝑒𝑝ℎ = (𝑈 𝑎𝑝𝑝 -𝑈 𝐸𝑂𝐹 ) 𝐸 (4.6)
Direct measurements for 𝑈 𝐸𝑂𝐹 : The strategy implemented in this research project involves the direct measurement of the electroosmotic flow with the Fluigent Flow Unit while applying an electric field. The resulting flow measurement divided by the crosssection of the channel gives the value of 𝑈 𝐸𝑂𝐹 . This is a common method in microfluidic experiments, where comparing the electroosmotic flow rate under different experimental conditions, the effects of the electric field on the flow can be quantified and studied. Due to the ability of the D.C. high voltage amplifier to reverse the polarity of the applied voltage, and the bidirectional nature of the flowmeter, both positive and negative values of 𝑈 𝐸𝑂𝐹 can be obtained. This ensures that correct flow measurements can be obtained regardless of the direction of the current flow.

Fluorescence PTV for 𝑈 𝑎𝑝𝑝 : The already implemented fluorescence PTV 3D technique will be used to track the movement of fluorescent microparticles within the testing solutions. This will allow for the determination of the trajectories of the particles as they move through the microchannel device, taking into account the combined effects of electrophoresis and electroosmosis. Through the analysis of these trajectories, it will be possible to gain insights into the behavior of the particles under given force conditions when immersed in a specific solution.

Cross-validation for 𝜇 𝑒𝑝ℎ : The measurements of the electrophoretic mobility of the particles will be validated by comparing with direct values retrieved in the Zetasizer device (Figure 4.8). This instrument calculates the zeta potential by determining the electrophoretic mobility and then applying the Henry Equation 4.3. The electrophoretic mobility is obtained by performing an electrophoresis experiment on the sample and measuring the velocity of the particles using Laser Doppler Velocimetry (LDV). 

Preliminary results and "on the way" improvements

The first outcomes when applying an electric field in the microfluidic device for the 𝑁 𝑎𝐻𝐶𝑂 3 solutions, reflect some operative problems when determining both (𝑈 𝐸𝑂𝐹 ) and (𝑈 𝑎𝑝𝑝 ) (Figure 4.9). Regarding the direct measurement of the electroosmotic flow, the values obtained for (𝑈 𝐸𝑂𝐹 ) showed inconsistency and lack of proportionality, particularly when high electric fields were applied. The origin for this erroneous data was attributed to the considerable bubble generation in the positive pole due to water electrolysis. When an electric field is applied with an electrode immersed in water, the electric current dissociates the water molecule into hydroxide ions HO -and hydrogen H + , and dihydrogen gas H 2 is formed at the cathode and dioxygene at the anode, which can be visually observed in Figure 4.9. These bubbles were also present into the microfluidic device, alternating the electroosmotic flow measurements. Concerning the fluorescence PTV of the particles road to determine their apparent velocity (𝑈 𝑎𝑝𝑝 ), it was observed that particles were displacing parallel to the electric field direction with different velocities, some of them were flowing in the opposite way and many others with a fluctuating direction. In order to address the problems described above, early modifications were made to the initial set-up. The first one relates the change of the stainless steel electrodes to platinum electrodes wires (Pt 105 𝜑0.5, Landt Instruments) , with the aim of reducing the electrolysis, product of the applied electric field. The second modification concerns the surface treatment of the channel walls to improve the electroosmotic flow generation. The borosilicate glass surfaces of the capillary channel were treated with Piranha solution (a mixture of sulfuric acid (𝐻 2 𝑆𝑂 4 ) and hydrogen peroxide (𝐻 2 𝑂 2 )), which was prepared in situ.

Piranha cleaning is a commonly employed method to clean microfluidic devices, eliminating organic contaminants, and enhancing at the same time the hydrophilicity of glass by adding hydroxyl (-OH) groups, thereby increasing the concentration of silanol groups to its surface (Figure 4.11). As result, the applied electric field (at positive polarity) generates an electroosmotic flow at the same direction of the EF. On the other hand the electrophoretic velocity will be flow-like or counter the EF depending on the particle charge.

Silicon

The piranha cleaning treatment implemented in the microfluidic device, consists in flushing the microchannel with deionized water for 10 min, to prepare the solution in a volume of 50-50% as the concentration of the hydrogen peroxide is 12% (lower than the usual concentration for piranha cleaning) and to flush the channel with this solution as soon as possible as its effectiveness is decaying on time. The residence time of piranha was around 4 minutes per cleaning. UV glue was replaced by epoxy glue as the first one was very sensitive to this oxidizing agent. After the treatment, deionized water was again used to flush the channel for 10 min, avoiding to fill the channel with air and pushing the last batch of water with the (𝑁 𝑎𝐻𝐶𝑂 3 ) testing solution.

As it can be seen in Figure 4.12, both modifications led to a significant improvement in the electroosmotic flow and the profile of the particles apparent velocity. As it was expected, a direct correlation was obtained between the electroosmotic flow velocity and the applied electric field. Additionally, we observed velocity profiles with a flatter at each applied electric field. The following subsection will discuss the outcomes of the Sodium Bicarbonate solution experiments, which aims to determine their electrophoretic mobility.

Results

The Figure 4.13 resumes the measurements for the electroosmotic flow velocity 𝑈 𝐸𝑂𝐹 retrieved by the flowmeter, and the apparent velocity of the particles 𝑈 𝑎𝑝𝑝 tracked by the fluorescence PTV, both in function of the applied electric field. The electrophoretic mobility of the particles is then calculated by Equation 4.6

The first row shows the results relative to two particle sizes, 2 𝜇𝑚 and 10 𝜇𝑚 into the 𝑁 𝑎𝐻𝐶𝑂 3 10 mM/L solution. As expected, it is seen that the 𝑈 𝐸𝑂𝐹 does not depend on the particle size. On the contrary, the 𝑈 𝑎𝑝𝑝 is higher for smaller particles than bigger, since the electrophoretic velocity is in the opposite direction than the electroosmotic ones. This means that the magnitude of the electrophoretic velocity is higher for bigger particles than for smaller ones. This is expected since the electrophoretic force experienced by a particle is proportional to its charge, while the drag force due to the electroosmotic flow is proportional to the particle's size.

The second row presents the results testing one single particle size of 2 𝜇𝑚 in two 𝑁 𝑎𝐻𝐶𝑂 3 concentrations of 5 mM/L and 10 mM/L. The 𝑈 𝐸𝑂𝐹 for the 10 mM/L solution is found to be higher than 5 mM/L solution. Usually, increasing the concentration of the solution typically increases the ionic strength as well, which can decrease the zeta potential due to increased screening of the electric charges on the wall surfaces. However, the effect of ionic strength on the electroosmotic flow depends on the specific system and conditions, and it is not always straightforward. To explain this, the pH of both solutions were measured: 7.89 for 5 mM/L and 8.6 for 10 mM/L. At different pH values, the surface charge and zeta potential of the channel walls (and also the particles) can change, which can in turn affect the magnitude and direction of the electroosmotic flow. Generally, increasing the pH can lead to a higher electroosmotic flow velocity, which can may explain the obtained result. About the 𝑈 𝑎𝑝𝑝 measurement, the particles under the combined effect moved faster into the 10 mM/L solution.

We can observe that, for both set of results, the electroosmotic velocity is much higher than the electrophoretic velocity in particles. This is because the magnitude of the electroosmotic flow is determined by the zeta potential of the surface, while the magnitude of the electrophoretic force on particles is determined both by the charge on the particles and their size. This has important implications for the design and optimization of microfluidic devices, particularly for applications involving the separation and manipulation of particles in complex samples.

These results were then compared to the Zetasizer measurements in Figure 4.14. The values of the electrophoretic mobility of the particles were found in a range of four and six times bigger than the measurements of the Zetasizer.

To understand this difference, we developed experimental tests that arrive us to think that the microfluidic device is under the influence of an electroosmotic flow but also pressure driven by the column of liquid in the tubing syringes. As the electrodes are placed in the syringes, the length of tubing connected to both sides the entrance and exit of the microfluidic device is affecting the flow in the capillary due to bigger cross section of the hose compared to the channel's, imposing a pressure. Although fully Poiseuille flow profiles were not found while tracking the apparent velocities of the particles, the retrieved velocity profile, being noisy with the configuration of the electrodes at the syringes, was improved significantly when the platinum electrodes were located directly at the inlet and outlet nanoports, applying an electric field in the channel length with a Function Generator 20 MHz (Schlumberger SI 4426), that works with A.C. (Figure 4.15). Moreover, the influence of the tubing on the electroosmotic flow velocity was investigated. When the electroosmotic flow velocity was measured in just the tubing, without the microfluidic device, and was found to be of the same magnitude as the previous results (Figure 4.16). These findings suggest that the presence of tubing can significantly impact the electrophoretic mobility measurements and should be taken into account when analyzing experimental results or for design optimization. The next subchapter will review some improvements related to the experimental set-up and the addressing of issues.

Addressing issues encountered and possible avenues for future research

The application of electric fields in microfluidic devices has proven to be a promising tool for various scientific and engineering applications. However, there are still several challenges and limitations that need to be addressed

• Electrode location: Several configurations were suggested to locate the electrodes at the inlet and outlet nanoports of the microfluidic device. These configurations are visually depicted in Figure 4.17 The distance 𝑑 in which the electric field is applied, is reduced to the channel length 𝐿, when electrodes are at the nanoports. It is then possible to increase the applied electric field, but also electrolysis. The most common problem encountered was the oxygen bubbles that also were found inside the channel, affecting the accuracy of the measurements. Moreover, the proximity of the electrodes to the inlet and outlet can imply the electric field may interfere with the flow of the sample, leading to disturbances and inaccurate results specially at high electric fields. However, the last scheme presented in Figure 4.17 was the simplest but also effective in bubble removing, and the maximal potential difference considered has to be adapted to maintain the same electric field as before, due to the short length of the device.

A list of potential issues encountered in the proposed set-ups as well as possible solutions based on laboratory experience are presented next.

• Surface properties: It is possible that the resulting charged surface properties may be different along the microfluidic channel when treating the walls with piranha solution. This is because the charge density of the microfluidic channel walls depends on various factors, such as the material used, the fabrication process, and the conditions under which the treatment is performed. Additionally, the effectiveness of the piranha solution treatment can also vary depending on the surface characteris-tics and the duration and concentration of the treatment. Therefore, it is important to carefully optimize the treatment conditions and to evaluate the resulting surface properties along the channel to ensure consistent performance.

• Electrolysis: As it was already discussed, gas bubbles can also disrupt the flow and interfere with the measurements. Moreover, when bubbles entered into the channel, it is a hard task to remove them. To solve this problem, several strategies can be employed such as:

-Samples should be filtered to remove any external body before injection into the microfluidic device.

-Vacuum degassing to remove gas bubbles from the sample before injection into the microfluidic device.

-Pulse pressure techniques, such as electroosmotic flow or acoustic streaming, can be used to generate a flow that pushes the bubbles out of the microfluidic device.

• Electrodes interference: The presence of the electrodes can interfere with the flow of the solution, affecting the accuracy of the measurements. Possible solutions can be:

-The careful design and optimization of the microfluidic device is demanded, minimizing the contact of the electrodes with the testing solution.

-Coating techniques can also be used to decrease the friction on electrode wires and reduce the generation of air bubbles in the positive pole. One such technique is to coat the wires with a hydrophobic material such as Teflon, which can reduce the adhesion of particles to the electrode surface and decrease the likelihood of bubble formation.

-Adjusting the flow rate and positioning of the electrodes can also help reduce the generation of air bubbles.

• Electrodes corrosion: Noble metal electrodes such as gold or platinum are highly recommended, as other metal materials although their relative resistance to corrosion, it is still possible for them to corrode or degrade over time, especially if the electric field is applied for prolonged periods or at high voltages. This can result in the release of metal ions into the fluid and potentially affect the integrity of the experiment.

• Heating induction: The electric field at such small distances, can induce heating in the solution, that may lead to evaporation and changes in the solution's properties.

It is important then to lower the applied voltage or to increase the conductivity of the buffer solution, decreasing the electrical resistance and thus lower the amount of heat generated. A cooling system, such as a Peltier device, can be used to dissipate the heat generated during the experiment, especially if high voltages are required.

• Particle's charge: The use of modified surface particles, for example the carboxyltreated particles can potentially improve the experiments in electric field. Carboxyl groups (-COOH) on the surface of particles can create a negative charge on the particle surface, which can increase the interaction between the particle and the electric field. This can enhance the electrophoretic mobility of the particles and improve their response to the applied electric field.

• Contaminants: The presence of contaminants in the solution can affect the electric field and alter the behavior of the particles. This was more observed when the solution was in free contact with the shallow immersed electrode. The use of filters to prevent the entry of dust or microorganisms into the microfluidic device is suggested, as well as the proper cleaning and sterilization of the microfluidic devices, tubing, and electrodes before and after each experiment.

• Solution degradation: When the testing of a sample last long, a change in the color of the solution was observed (yellow tone). The electric field application can cause a chemical reaction or degradation of the solution, leading to the change in color. In some cases, the electrode material or the microfluidic device itself may also contribute to the observed color change. It is important to further investigate and analyze the cause of the color change to ensure accurate and reliable experimental results.

• External force: Another direction is to investigate the use of alternative electric field sources, such as light or magnetic fields, that could potentially offer better control and fewer limitations.

The knowledge gained from these kind of studies may contribute to the better design and optimization of microfluidic devices, as well as the development of new applications that can benefit from the unique capabilities of electric fields.

Conclusions

The approach reported in this chapter concerns only preliminary results. We tried to overcome multiple issues in order to achieve a reliable quantitative determination of the electroosmotic flow and the electrophoretic mobility. However, we did not have time to apply the methodology systematically on polymer solutions, neither to combine pressure driven and electrophoretic flows, which was the objective of this work.

The main contribution of this apart is to identify several limitations and ways of improvement for the application of electric fields in microfluidic devices, including electrode location, electrode interference, electrode corrosion, heating induction, particle charge, contaminants, solution degradation, and external forces. Perspectives about this work contemplates the careful design and optimization of the microfluidic device, coating techniques to decrease friction on electrode wires, adjusting the flow rate and positioning of the electrodes, using noble metal electrodes, lowering the applied voltage or increasing the conductivity of the buffer solution, using modified surface particles, using filters to prevent the entry of dust or microorganisms, and investigating the use of alternative electric field sources.

Synthèse en français

Conclusions sur l'ajout de forces électrophotétiques pour améliorer la méthode de caractérisation des propriétés viscoélastiques L'approche décrite dans ce chapitre ne concerne que des résultats préliminaires. Nous avons essayé de surmonter de nombreux problèmes afin de parvenir à une détermination quantitative fiable du flux électroosmotique et de la mobilité électrophorétique. Cependant, nous n'avons pas eu le temps d'appliquer systématiquement la méthodologie à des solutions de polymères, ni de combiner les flux pilotés par la pression et les flux électrophorétiques, ce qui était l'objectif de ce travail.

La principale contribution de cet article est d'identifier plusieurs limitations et voies de progrès pour l'application des champs électriques dans les dispositifs microfluidiques, y compris l'emplacement de l'électrode, l'interférence de l'électrode, la corrosion de l'électrode, la chauffe, la charge des particules, les contaminants, la dégradation de la solution, et les forces externes. Les perspectives de ce travail envisagent la conception minutieuse et l'optimisation du dispositif microfluidique, les techniques de revêtement pour réduire la friction sur les fils d'électrodes, l'ajustement du débit et du positionnement des électrodes, l'utilisation d'électrodes en métal noble, l'abaissement de la tension appliquée ou l'augmentation de la conductivité de la solution tampon, l'utilisation de particules de surface modifiées, l'utilisation de filtres pour empêcher l'entrée de poussière ou de microorganismes, et l'étude de l'utilisation d'autres sources de champ électrique.
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Conclusions and perspectives

This study aimed at evaluating the potential of microfluidic devices to measure the rheological properties of viscoelastic liquids, taking advantage of particle migration in the transverse direction to the flow. Viscoelastic stress distribution around the particle results in a lift force even without inertia, which is very sensitive to the rheological properties of the suspending liquid and to the confinement ratio, i.e. the ratio of particle to channel size. Previous studies had already shown that this phenomenon was well adapted to low Weissenberg numbers (typically 10 -3 -1), but were mainly restricted to viscoelastic fluid exhibiting a rate-independent viscosity. We extended these studies to the common case of shear-thinning polymer solutions.

PDFs of the particle position were systematically measured in various solutions, for various pressure drops, particle and channel sizes. For shear-thinning liquids, a less efficient migration was qualitatively evidenced, and as compared to rate-independent solutions, the PDFs exhibited various specific shapes. We also found experimentally that in some cases, when the solvent viscosity is dominant, the migration occurred towards the wall contrary to the most common case where it occurs towards the center of the channel. No accurate theory was available for shear-thinning liquids. We thus derived a model based on the assumption that the viscoelastic lift force is simply proportional to the gradient of the first normal stress difference (𝑁 1 ) across the particle,

𝐹 𝑒 = 𝐾𝑎 3 𝜕𝑁 1 𝜕𝑧 .
Assuming additionally that it is balanced by a drag force involving the local (rate-dependent) shear viscosity, one could derived the trajectory of the particles. When both 𝑁 1 and the shear viscosity are power law functions of the shear rate, we found analytical solutions of the model. These allowed us to predict the PDFs of the particle positions along the channel. The solution tested did not always follow power laws on a large range of shear rate, but could be for approximated by a power law around the mean shear rate of the flow. For low solvent viscosity ratios, the model allowed to predict the measured PDFs. By fitting these, we were able to determine the first normal stress difference as a function of shear rate. Importantly, it was in good agreement with measurement performed using standard rheometry techniques.

The influence of the solvent viscosity ratio 𝛽 was more precisely studied using numerical simulations of the flow field around the particle. We restricted ourselves to the Oldroyd-B model (which does not account for shear-thinning) and to 2D simulations, but evidenced a change of sign of the lift force, directed towards the center at low 𝛽 and to the wall for 𝛽 > 0.1. These results accounted qualitatively to the experimental observation. It also implied that the lift force was not always simply proportional to the gradient of normal stress across the particle since 𝑁 1 is independent on 𝛽 in the Oldroyd-B model. Our experimental results indicated that this assumption is only valid at low 𝛽 (typically below 10 -2 ).

As it was reviewed, the experimental particle migration is a highly sensitive phenomenon that is affected by various factors, but also intriguing when the rheology of the solution changes. What it was found, is that the shape of the PDF denoted a bigger relevance for this work than for the weak elastic steady viscosity samples studied by [START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF] this last due to the tails and peaks found in experimental particle tracking, which were well fit with the developed theoretical predictions. This also implies that the proposed strategy based on the computations of local viscosity 𝜂 0 and a local shear-thinning flow behavior index 𝑛, for a given local shear rate γ0 , approached in good manner the interplay of those variables in the estimation of the normal stress. The convolution of the PDF with the minimum resolution arrived to identify different shapes depending on the values for exponents 𝑛 and 𝑏. This main finding clarifies the imprint of the shear-thinning behavior, that makes the particle migration less efficient depending directly of the two exponents mentioned above, but also screening the stress when 𝑏 is lower than 𝑛. It is worth noting that as the rheology of the shear-thinning solutions changes in function of the applied shear rate, the normal stress scales with a dynamic value of 𝑏, so the normal stress behavior can not be well estimated with just few single points, as it is mostly the case for weak elastic steady viscosity fluids. The Weissemberg numbers experimentally studied in the current project ranged in an order of magnitude of 𝑊 𝑖 ≈ 10 -1 , but there are no expected limitations to explore lower order of magnitudes as long as the 𝛽 values keep low.

The unanticipated dependence of the solvent viscosity ratio on the lift coefficient was an unexpected finding, giving as main conclusion that the particle migration phenomena is much more complex and can depend on others factors, apart from the single gradient of the normal stress, and that were not considered before the numerical study. While it is true that wide literature can be found for Oldroyd-B fluid computations, according to our knowledge, to date, there are no numerical studies that analyze in depth the effect of 𝛽 on the determination of the elastic forces acting on particles. Interestingly, we found a linear correlation between the lift force and the particle rotation difference between the Newtonian case. It was shown that for lower values of the solvent viscosity ratio, the particle rotated slower than in a Newtonian fluid and lifted to the center of the channel. However, for higher values of the solvent viscosity ratio, where 𝛽 > 0.1, the particle rotated faster and migrated towards the walls. Note that similar correlations were studied in details for inertial lift force. The interplay between particle rotation in shear flow and lift force thus seem to be generic, and it would be interesting to test other viscoelastic models to confirm this feature.

As it will be discussed below, one of the limitations of the technique is that it is required to determine PDFs accurately. This is highly time-consuming. In order to provide a more efficient method, we had the idea to couple viscoelastic particle migration to an electric field. However, we were only able to perform very preliminary experiments, since many bottlenecks needed to be solved to obtain controlled and reproducible measurements.

What can be highlighted from this section, is that the methodology followed to retrieve the electrophoretic mobility of the particles by combining direct measurements for the electroosmotic flow, and particle tracking for the apparent velocity is well defined. Systematic measurements remains to be performed. The need to tackle the issues found in this work is part of the perspectives in future research about this topic.

The perspectives related to the operative part of micro-rheometers: the fluorescence microscopy with the tracking detection demands expertise from the operator but also criteria to tune the parameters in function of the working conditions. New users should train, maybe more than for conventional rheometers, before using micro-rheometers as the technique combines several essential components to achieve good detection. For future works, it should be considered automatising certain parameters such as the imaging detection settings based on the pressure drop applied, the equilibrium level of input and output syringes, as well as the displacement and focal plane position at each tracking location.

The sampling time in the microfluidic device was too long compared to measurements in conventional rheometers, longer at the beginning of the experiments but according experience was gained, it was improved. Moreover, statistics about tracking trajectories is required, and this is specially time demanding at low flowrates. Although the PDF fitting is a good technique to describe the migration phenomena, and so to estimate the normal stress, direct particle trajectories can be retrieved by following single particles along the channel, detecting their displacement on z axis and consequently its transverse velocity.

For so, it should be considered the fact that the capillary device is not perfectly straight, so real time correction for the focal plane is necessary, and this can be complex if the microfluidic device is handled or slightly moved during testing, so correction factors may change between experiments. Enhancing the microfluidic device fabrication will lead to produce more precise dimensions so reducing its tolerance values, less slopes and tilts, and easy-to-plug pressure connectors to avoid leaks and operative problems. The resolution and sensitivity of the particle detection can be enhanced by using dual high speed cameras or fluorescent confocal microscopy, and the calibration of instruments and devices ensures accuracy and reliability of the measurements. Same as conventional rheometry, it is important to consider the control of experimental environment factors such as temperature, air and light exposure, and vibrations, in order to minimize sources of noise and variability that could affect measurements.

Boarding the numerical simulations, the use of more complex models can enhance the understanding about viscoelastic liquids as Oldroyd-B can not describe the effect of shear thinning neither the variability of the elastic relaxation time in function of the shear rate. More complex models, like Giesekus for example, in which the effect of the shear-thinning of the solution is taken into account, can be considered as a next step to this numerical research. The complexity of this implementation arrives from the non-linear nature solving of the equation, but it is straightforward once having worked with Oldroyd-B. Moreover, the Giesekus model contains several parameters that need to be estimated based on experimental data, which can establish a direct link to the already tested samples. The interplay of those variables can add to the computational complexity of the model. Furthermore, the implementation of three dimensional computations may lead to better describe the particle migration as second normal stresses could also contribute to the particle lifting. Moreover, the presented numerical study can also board the implementation of an external force, such when applying an electric field, as the condition of free force free torque fluid can be easily modified. As result, the new convergence for drag and lift may change the lift coefficients around the particles.

In the electric field applications, the principal objective to reach is a strong experimental setup without the influence of parts or components that can affect the measurements while applying the electric field, but also combining the pressure drop controlling. Improvements can be done from overcoming the main issues while investigating the effects of different electrode materials and coatings, developing new methods for preventing sample contamination and bubble formation, optimizing the design of microfluidic devices, exploring the use of novel particle types and surface chemistries as well as investigating alternative electric field sources.

Overall, there is still much to be explored and improved upon in the field of particle migration in viscoelastic liquids, and future works should focus on addressing the limitations and challenges identified in the current study.

Synthèse en français

Conclusions générales

Cette étude visait à évaluer le potentiel des dispositifs microfluidiques pour mesurer les propriétés rhéologiques des liquides viscoélastiques, en tirant parti de la migration des particules dans la direction transversale à l'écoulement. La distribution des contraintes viscoélastiques autour de la particule entraîne une force de levage, même en l'absence d'inertie, qui est très sensible aux propriétés rhéologiques du liquide en suspension et au taux de confinement, c'est-à-dire au rapport entre la taille de la particule et celle du canal. Des études antérieures avaient déjà montré que ce phénomène était bien adapté à de faibles nombres de Weissenberg (typiquement 10 -3 -1), mais elles étaient principalement limitées à des fluides viscoélastiques présentant une viscosité indépendante de la vitesse. Nous avons étendu ces études au cas courant des solutions de polymères se dilatant sous l'effet du cisaillement.

Les PDF de la position des particules ont été systématiquement mesurés dans diverses solutions, pour différentes chutes de pression, tailles de particules et de canaux. Pour les liquides qui s'amincissent sous l'effet du cisaillement, une migration moins efficace a été qualitativement mise en évidence et, par rapport aux solutions indépendantes du taux, les PDF présentaient diverses formes spécifiques. Nous avons également constaté expérimentalement que dans certains cas, lorsque la viscosité du solvant est dominante, la migration se produit vers la paroi, contrairement au cas le plus courant où elle se produit vers le centre du canal. Aucune théorie précise n'était disponible pour les liquides à effet de cisaillement. Nous avons donc dérivé un modèle basé sur l'hypothèse que la force de portance viscoélastique est simplement proportionnelle au gradient de la première différence de contrainte normale (𝑁 1 ) à travers la particule, 𝐹 𝑒 = 𝐾𝑎 3 𝜕𝑁 1 𝜕𝑧 .

En supposant en outre qu'elle est équilibrée par une force de traînée impliquant la viscosité de cisaillement locale (dépendant du taux), on peut dériver la trajectoire des particules.

Lorsque 𝑁 1 et la viscosité de cisaillement sont des fonctions de loi de puissance du taux de cisaillement, nous avons trouvé des solutions analytiques du modèle. Celles-ci nous ont permis de prédire les PDF des positions des particules le long du canal. La solution testée n'a pas toujours suivi les lois de puissance sur une large gamme de taux de cisaillement, mais a pu être approximée par une loi de puissance autour du taux de cisaillement moyen de l'écoulement. Pour les faibles rapports de viscosité du solvant, le modèle a permis de prédire les PDF mesurées. En les ajustant, nous avons pu déterminer la première différence de contrainte normale en fonction du taux de cisaillement. Il est important de noter que cette différence est en bon accord avec les mesures effectuées à l'aide de techniques rhéométriques standard.

L'influence du rapport de viscosité du solvant 𝛽 a été étudiée plus précisément à l'aide de simulations numériques du champ d'écoulement autour de la particule. Nous nous sommes limités au modèle Oldroyd-B (qui ne prend pas en compte l'amincissement par cisaillement) et à des simulations 2D, mais nous avons mis en évidence un changement de signe de la force de portance, dirigée vers le centre à faible 𝛽 et vers la paroi pour 𝛽 > 0. La dépendance imprévue du rapport de viscosité du solvant sur le coefficient de portance a été un résultat inattendu, donnant comme principale conclusion que le phénomène de migration des particules est beaucoup plus complexe et peut dépendre d'autres facteurs, en dehors du gradient unique de la contrainte normale, et qui n'ont pas été pris en compte avant l'étude numérique. S'il est vrai que l'on trouve une abondante littérature sur les calculs des fluides Oldroyd-B, à notre connaissance, il n'existe à ce jour aucune étude numérique qui analyse en profondeur l'effet de 𝛽 sur la détermination des forces élastiques agissant sur les particules. Il est intéressant de noter que nous avons trouvé une corrélation linéaire entre la force de portance et la différence de rotation des particules par rapport au cas newtonien. Il a été démontré que pour des valeurs plus faibles du rapport de viscosité du solvant, la particule tournait plus lentement que dans un fluide newtonien et se soulevait vers le centre du canal. Cependant, pour des valeurs plus élevées du rapport de viscosité du solvant, où 𝛽 > 0.1, la particule tourne plus vite et migre vers les parois. Notons que des corrélations similaires ont été étudiées en détail pour la force de portance inertielle. L'interaction entre la rotation des particules dans un écoulement cisaillé et la force de portance semble donc être générique, et il serait intéressant de tester d'autres modèles viscoélastiques pour confirmer cette caractéristique.

Comme nous le verrons plus loin, l'une des limites de cette technique est qu'il est nécessaire de déterminer les PDF avec précision. Cela prend beaucoup de temps. Afin de proposer une méthode plus efficace, nous avons eu l'idée de coupler la migration viscoélastique des particules à un champ électrique. Cependant, nous n'avons pu réaliser que des expériences très préliminaires, car de nombreux goulets d'étranglement devaient être résolus pour obtenir des mesures contrôlées et reproductibles. Ce que l'on peut retenir de cette section, c'est que la méthodologie suivie pour retrouver la mobilité électrophorétique des particules en combinant des mesures directes pour le flux électroosmotique et le suivi des particules pour la vitesse apparente est bien définie. Il reste à effectuer des mesures systématiques. La nécessité de s'attaquer aux problèmes rencontrés dans ce travail fait partie des perspectives de recherche future sur ce sujet.

Les perspectives liées à la partie opérationnelle des micro-rhéomètres : la microscopie à fluorescence avec la détection de suivi exige une expertise de la part de l'opérateur mais aussi des critères pour régler les paramètres en fonction des conditions de travail. Les nouveaux utilisateurs doivent suivre une formation, peut-être plus poussée que pour les rhéomètres conventionnels, avant d'utiliser les microrhéomètres, car la technique combine plusieurs éléments essentiels pour obtenir une bonne détection. Pour les travaux futurs, il faudrait envisager d'automatiser certains paramètres tels que les réglages de détection de l'imagerie en fonction de la chute de pression appliquée, le niveau d'équilibre des seringues d'entrée et de sortie, ainsi que le déplacement et la position du plan focal à chaque emplacement de suivi.

peuvent également contribuer au soulèvement des particules. En outre, l'étude numérique présentée peut également prendre en compte la mise en oeuvre d'une force externe, telle que l'application d'un champ électrique, étant donné que la condition du fluide à couple libre peut être facilement modifiée. En conséquence, la nouvelle convergence pour la traînée et la portance peut modifier les coefficients de portance autour des particules.

Dans les applications de champ électrique, le principal objectif à atteindre est un dispositif expérimental solide sans l'influence de pièces ou de composants susceptibles d'affecter les mesures lors de l'application du champ électrique, mais aussi en combinant le contrôle de la chute de pression. Des améliorations peuvent être apportées en surmontant les principaux problèmes tout en étudiant les effets des différents matériaux et revêtements d'électrodes, en développant de nouvelles méthodes pour prévenir la contamination des échantillons et la formation de bulles, en optimisant la conception des dispositifs microfluidiques, en explorant l'utilisation de nouveaux types de particules et de chimies de surface ainsi qu'en étudiant d'autres sources de champ électrique.

Dans l'ensemble, il reste encore beaucoup à explorer et à améliorer dans le domaine de la migration des particules dans les liquides viscoélastiques, et les travaux futurs devraient se concentrer sur les limites et les défis identifiés dans la présente étude. [START_REF] Chung | On the Thermodynamics of Self-Organization in Dissipative Systems: Reflections on the Unification of Physics and Biology[END_REF]. b) Schematic diagram for particle focusing under DNA-laden flow [START_REF] Kang | DNA-based highly tunable particle focuser[END_REF]. c) Time lapse of a sphere showing cross-flow migration toward the nearest wall, suspended in a Boger fluid [START_REF] James | Boger fluids[END_REF] [Polyisobutylene (PIB) with a small amount (0.5 wt%) of a high-molecular weight grade of the same PIB] at confinement ratio 𝛼 = 0.3 and γ = 1𝑠 -1 . Published by [START_REF] D'avino | Particle migration due to viscoelasticity of the suspending liquid and its relevance in microfluidic devices[END_REF], adapted from [START_REF] Caserta | Migration of a sphere in a viscoelastic fluid under planar shear flow: Experiments and numerical predictions[END_REF]. 
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Résumé

La présente thèse a pour objectif de caractériser la force élastique dans les liquides viscoélastiques en étudiant la migration des particules dans les dispositifs microfluidiques. Les liquides viscoélastiques exercent une force transversale sur les particules sous pression en raison du gradient de taux de cisaillement autour de la particule. Cette force dépend du nombre de Weissenberg et du rapport entre la taille des particules et celle du canal. En tirant parti du grand rapport d'aspect des fentes microfluidiques, il est possible de détecter de petites vitesses transversales et de faibles propriétés viscoélastiques. Les travaux précédents se sont concentrés sur des fluides viscoélastiques modèles dont la viscosité est indépendante de la vitesse, mais cette thèse étend les résultats au cas plus complexe des liquides viscoélastiques qui s'amincissent sous l'effet du cisaillement.

La thèse utilise des microcanaux en verre de différentes tailles et différentes solutions de polymères pour étudier la migration des particules dans la direction transversale. Une technique de suivi 3D détermine la fonction de densité de probabilité de la position des particules, qui montre un pic au centre du canal et de grandes queues. Un modèle basé sur le gradient de la première différence de contrainte normale explique les formes de la PDF et s'accorde bien avec les valeurs N1 obtenues à partir de différentes techniques de rhéométrie standard.

Les simulations numériques utilisant le modèle Oldroyd-B montrent également que la force de portance viscoélastique est sensible au rapport entre la contrainte visqueuse et la contrainte totale, avec un changement de signe de la force de portance observé pour des rapports supérieurs à 0,1, conduisant à un effet d'anti-focalisation vers la paroi.

La thèse se conclut par une étude préliminaire des applications du champ électrique pour contrôler et manipuler le soulèvement des particules dans le dispositif microfluidique. Ces résultats mettent en évidence la complexité de la migration viscoélastique transversale, qui est très sensible aux détails des modèles de fluides viscoélastiques. Les directions possibles pour d'autres études et améliorations sont discutées.

Mots-clés : rhéologie, viscoélasticité, microfluidique, migration des particules, force de lift, OpenFOAM, électrophorèse

Abstract

This thesis aims to characterize the elastic force in viscoelastic liquids by studying the migration of particles in microfluidic devices. Viscoelastic liquids exhibit a transverse force on particles under pressure due to the shear rate gradient around the particle. This force depends on the Weissenberg number and the ratio between the particle size and the channel size. By taking advantage of the large aspect ratio in microfluidic slits, it is possible to detect small transverse velocities and weak viscoelastic properties.

Previous work focused on model viscoelastic fluids with rate-independent viscosity, but this thesis extends the results to the more complex case of shear-thinning viscoelastic liquids.

The thesis uses glass microchannels of various sizes and different polymer solutions to study particle migration in the transverse direction. A 3D tracking technique determines the probability density function of particle position, which shows a peak at the channel center and large tails. A model based on the gradient of the first normal stress difference accounts for the PDF shapes and fits well with N1 values obtained from different standard rheometry techniques.

Numerical simulations using the Oldroyd-B model also show that the viscoelastic lift force is sensitive to the ratio of viscous stress to total stress, with a change in the sign of the lift force observed for ratios beyond 0.1, leading to an anti-focusing effect towards the wall.

The thesis concludes with a preliminary study of electric field applications to control and manipulate particle lifting in the microfluidic device. These results highlight the complexity of transverse viscoelastic migration, which is highly sensitive to the details of viscoelastic fluid models. Possible directions for further study and improvements are discussed.
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 1 Figure 1.1: General classification of fluids. Adapted from Salas-Barzola et al., 2019.
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 12 Figure 1.2: Flow curves from Polyacrylamide (HPAM) 0.8% (shear-thinning) and Polyethylene glycol (PEG) 20% (steady viscosity) polymer solutions, retrieved by conventional rheometry.
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 14 Figure 1.4: Material response to a deformation 𝜎 1 applied from 𝑡 0 to 𝑡 1 for a) pure elastic, b) pure viscous and c) viscoelastic liquid.
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 15 Figure 1.5: Viscoelastic response of a HPAM 11% polymer sample under elongational deformation.
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 16 Figure 1.6: Comparative illustration of the Weissenberg effect in a Newtonian and non-Newtonian liquid.
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 17 Figure1.7: Normal stress measurements for FLOPAAM 3630s 0.05% by ARES G2 rheometer, rough cone plate geometry 2°-50mm. Zones in colors denote the measurement accessibility.
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 1 Figure 1.8: Schematic representation of the viscoelastic Maxwell model (Adapted from Osswald and Rudolph, 2015).
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 1 Figure 1.10: Flow profile in a rectangular microchannel. The flow is driven by the pressure gradient Δ𝑃/𝐿 = (𝑃 2 -𝑃 1 )/𝐿. A volume control is depicted by the red dotted rectangle.
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 1 Figure 1.11: Shear rate profile in a rectangular microchannel for n=1.

Figure 1

 1 Figure 1.12: Velocity profile of plain Poiseuille flow for non-Newtonian power-law fluid. The flattened profile for n=0.9 contrasts the steeper slope in the centerline for n=1.1. An intermediate profile results for n=1.
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  Particle Tracking Velocimetry (PTV) is an image velocimetry technique used to measure the trajectories of each particle. Tracer particles are added to the flow, assumed to move with the local flow velocity, and the flow with tracer particles is recorded with cameras. Local flow velocities are reconstructed by determining the displacements of the tracer particles between two subsequent images over the time delay between the recording of the frames. The determination of the displacement is feasible as a particle belongs to a characteristic group (neighbourhood) which has a specific local distribution pattern.
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 1 Figure 1.13: Experimental setup for a single-camera Particle Tracking Velocimetry (PTV) 3D (Aguirre-Pablo et al., 2019).
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 1 Figure 1.14: Working principle of tomographic Particle Image Velocimetry (PIV). Adapted from Westerweel et al., 2013.
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 115 Figure 1.15: Examples for particle migration phenomena in a channel flow. a) Sample diagram of particles settling near the Segré-Silberberg radius, the green region (Chung et al., 2022). b) Schematic diagram for particle focusing under DNA-laden flow (Kang et al., 2013). c) Time lapse of a sphere showing cross-flow migration toward the nearest wall, suspended in a Boger fluid (James, 2009) [Polyisobutylene (PIB) with a small amount (0.5 wt%) of a high-molecular weight grade of the same PIB] at confinement ratio 𝛼 = 0.3 and γ = 1𝑠 -1 . Published by (D'Avino et al., 2017), adapted from (Caserta et al., 2011). d) Numerical work: trajectories of the radial position of a sphere migrating in pipe flow, calculated for a Deborah number De=𝜆 γ = 2, and 𝛼 = 0.1, for different initial positions. The fluid is a shear-thinning Giesekus liquid. Lengths are made dimensionless with the channel radius R. The cyan line represents the separatrix surface splitting the channel into two regions (D'Avinoet al., 2017). e) Schematic of the dynamic self-assembling particle system in a two-inlet microfluidic channel. Randomly distributed particles are selfassembled through inertial lift forces (𝐹 𝐿 ) and hydrodynamic particle-particle interactions (𝐹 𝐼 )[START_REF] Lee | Dynamic self-assembly and control of microfluidic particle crystals[END_REF]. f ) Schematic of the motion of fluid around the rotating particle in Stokes and inertial flow at z=0. For Stokes flow the streamlines (blue line) behave symmetrically. However, for the inertial flow (red line), the path of the fluid is diverted towards the particle, resulting in a lag upstream and finally the return of the fluid elements closer to the particle than the Stokes-predicted (blue) path[START_REF] Amini | Intrinsic particle-induced lateral transport in microchannels[END_REF].

Figure 1

 1 Figure 1.17: Particle migration to both the centerline and corners of a rectangular channel. a) PDF from 3D direct numerical simulations at five cross sections at different distances from the inlet. Dimensions z and 𝑦 𝑝 are made dimensionless with channel height H. Published by D'Avino et al., 2017, adapted from Villone et al., 2011. b) The slit migration scenario representing the simulation results in subfigure a) (D'Avino et al., 2017).
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 1 Figure 1.18: Conventional rheometry for weak elastic steady viscosity fluids. a) Flow curves for HPAM and PVP polymer samples. Steady viscosity at γ < 100𝑠 -1 . b) Relaxation times 𝜆 for the tested polymer solutions[START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF].

Figure 1 .

 1 Figure 1.19: Migration is observed in a thin rectangular microchannel with an inverted microscope. Observation is made at the xy plane at different x locations (Naillon et al., 2019).

Figure 1 .

 1 Figure 1.21: a) Standard deviation of the z position of the particles 𝜎, normalized by the channel height H, function of the normalized distance 𝑥 * = 𝑥/𝐻. b) Master curve obtained by plotting 𝜎 * as function of 𝑊 𝑖𝛼 2 𝑥 * .Red and blue square data points correspond to PVP and HPAM solutions, respectively. Solid line is the fitting of experimental data and discontinuous curves describes the trajectories from other works[START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF].

  Figure1.22: Schematic illustration of a two-stage device for sheathless particle focusing and separation using a viscoelastic fluid. In the initial phase, emphasis is placed on achieving 3D focus within a circular channel. Once this phase is completed, the bifurcation point connecting to the second stage is reached. As a result, all particles can be situated at the inner wall. In the second phase, after passing through the symmetric bifurcation point, a sudden expansion area is employed to maximize the variance in lateral displacement of particles, which varies based on their size. Published by[START_REF] D'avino | Particle migration due to viscoelasticity of the suspending liquid and its relevance in microfluidic devices[END_REF], adapted from[START_REF] Nam | Microfluidic device for sheathless particle focusing and separation using a viscoelastic fluid[END_REF] 

  Figure 1.23: Simplified strategy followed in the current work.
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 21 Figure 2.1: Polymer basis powders provided by TOTAL Energies.

Figure 2 . 2 :

 22 Figure 2.2: Polymer solution's preparation. a) Polystyrene green fluorescence particles. b) Mixing few 𝜇𝑙 of fluorescence particles into the solution. c) Field of view 2048×2048𝑝𝑖𝑥𝑒𝑙𝑠 2 , using fluorescent light at 490 nm.
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 2 Figure 2.3: a) Discovery Hybrid Rheometer (DHR3). b) Cone and plate 50 mm -1°with anti-evaporation system and c) Couette geometry.

Figure 2 . 4 :

 24 Figure 2.4: Subplot for FLOPAAM 3630s at 0.2% rheometry measurement. Left: Varying shear rates from 0.1 to 1000 𝑠 -1 at two time steps depending on γ. Right: Apparent viscosity in response of different imposed shear rate steps.

Figure 2 . 5 :

 25 Figure 2.5: Comparative rotational rheometry results for PAM and PVP with FLOPAAM 3130s and 3630s solutions. Note that the y-axis is in linear space for the left subplot and in log space for the right subplot.

Figure 2

 2 Figure 2.6: Set-up for elongational rheometry. a) A high speed camera is set to record several pictures of the polymer stretching. b) Close view to CaBER extensional motor. c) Polymer sample to be tested with a 0.5 mm gap. d) Polymer cylindrical filament as result of stretching.

Figure 2 .

 2 Figure 2.7: FLOPAAM 3630s 0.5% being tested in the CaBER. Time of stretching is shown below each frame.
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 29 Figure 2.9: Characterization of the resolution of the measurement of the viscoelastic relaxation time. Left : apparent 𝜆 in 90% aqueous glycerol solution, right: minimal 𝜆 measured in 3% PVP solution.
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 2 Figure 2.11: Elastic instabilities in FLOPAAM 3630s 0.2% at 300 and 1000 𝑠 -1 as Wi=19.1 and 51.2 respectively, higher than critical Wi=18.93. The instabilities are notably visible at the plot for 1000 𝑠 -1 .
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 2 Figure 2.12: Stop flow experiments for FLOPAAM 3630s and FLOPAAM 3130s samples.The 𝜆( γ) is retrieved at fitting the curves when the imposed stress is released.

Figure 2 .

 2 Figure 2.13: 𝑁 1 scaling from CaBER and stop flow experiments for FLOPAAM 3630s and FLOPAAM 3130s samples.

Figure 2 .

 2 Figure 2.14: 3D modeling and 2D views of our proposed microfluidic device used in particle migration experiments. Migration is monitored at xy plane, tracking the z position of the particles at different x locations.

Figure 2 .Figure 2 . 15 :

 2215 Figure 2.15: Scheme to build a microfluidic device. a) Nanoports for inflow and outflow. b) Glass frame to mount the device in the microscope. c) The glass capillary is pasted with UV glue. d) Mount of the glass frame with the microchannel. e) Curing the microfluidic device with UV light.

Figure 2 .

 2 Figure 2.16: Set-up of devices to perform microparticle migration experiments in viscoelastic fluids: a) Inflow and outflow syringes, b) CMOS camera, c) pressure controller, d) microfluidic device lighted by broad spectrum LED illumination and e) light and motion controllers.

  Figure2.17: Misshape due to superimpose and agglomeration of particles. The criteria is defined by suppressing the trajectories with a ratio a/b>1.3.

Figure 2 .

 2 Figure 2.18: Coordinates acquisition for a group of particles. a) Raw image with six particles in the field of view. b) BW frame obtained at binarize the raw image. c) Track algorithm tags the particles with an ID number. The x and y coordinates are retrieved for each particle ID.

  Figure 2.19: Acquisition of longitudinal velocities from stack of images at 50 fps. a) Sequence of frames for particles. The coordinates for every particle ID are retrieved at each frame. b) Mean velocity calculation by dividing the Δ𝑥 at each frame by Δ𝑡 = 1/50 s from t to t+1.

Figure 2 .

 2 Figure 2.20: Flowchart of the PTV algorithm.

Figure 2 .

 2 Figure 2.21: 5 𝜇𝑚 particles in FLOPAAM 3630s at 0.2%. a) Field of view with 20x objective and LED illumination. b) Transition of a particle from the top wall to the bottom. c) Mean calibration map in real domain. d) Mean calibration map in frequency domain.

Figure 2 .

 2 Figure 2.22: Image calibration testing for three images and its mean calibration image.

Figure 2 .

 2 Figure 2.23: Focusing plane position for the z-determination of particles.

Figure 2 .

 2 Figure 2.24: Scheme for the 𝑋 𝑛 tracking locations along the microchannel.

Figure 2 .XFigure 2 .

 22 Figure 2.25: Correction of the z position of the particles by computing the channel slope Δ𝑧/Δ𝑦 with sedimented particles.
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 2 Figure 2.27: Validation of velocity profiles along the channel. Flow profile prediction agrees with the experimental data.

Figure 2 .

 2 Figure2.28: Checking of the shear-thinning exponent obtained by rheometry and estimated from the velocity profile. Left: experimental 𝑉 𝑥𝑚𝑎𝑥 obtained from velocity profiles for FLOPAAM 3630s 0.2% at 20 mbar. Right: Agreement of 𝑉 𝑥𝑚𝑎𝑥 between the rheological and particle migration experimental data.

3 Figure 2 .

 32 Figure 2.29: The particles counting of the tracking in Figure 2.26. Notice the migration of the particles through the increment of the counting values with a peak at the center at each x location.

Figure 2 .

 2 Figure 2.30: The probability density function of the 5 𝜇𝑚 particles with a pressure drop of 20 mbar into FLOPAAM 3630s 0.2%.

Figure 2 .

 2 Figure 2.31: Rotational rheometry and local slopes for FLOPAAM solutions.

Figure 2 .

 2 Figure 2.32: Theoretical PDF evolution for liquids with different flow behavior index 𝑛 and 𝑏. The value of 𝜎 denotes the standard deviation to be convoluted, giving the Gaussian shape.

Figure 2 .

 2 Figure 2.33: Minimum resolution of the PTV technique given by the 𝜎 value at the last position of the channel. The migration of particles at the center can not be further measured due to saturation.

Figure 2 .

 2 Figure 2.34: Conventional rheometry for the three FLOPAAM 3630s polymer samples. Left: Flow curves obtained by rotational rheometry. Right: Measurement of the viscoelastic relaxation time with CaBER.

Figure 2 .

 2 Figure 2.35: Comparison of migration dynamics affected by confinement ratio 𝛼 for FLOPAAM 3630s 0.2% at 10 mbar.

Figure 2 .

 2 Figure 2.36: Normalized standard deviation of the z-position of the particles 𝜎 * as a function of the pressure gradient Δ𝑃/𝐿 at the different 𝑋 𝑛 locations.

Figure 2 .

 2 Figure 2.38: Tracking the exit of the microchannel. 2 𝜇𝑚 particles into FLOPAAM 3630s 0.05% solution, Δ𝑃 =15 mbar.

Figure 2 .

 2 Figure 2.39: Fitting of the theoretical trajectories of the particles with the experimental data for a set of Δ𝑃 in FLOPAAM 3630s solutions.

Figure 2 .

 2 Figure 2.40: Value of 𝑁 1 (marker) for FLOPAAM 3630s solutions and its local slope evolution (colored solid line) by fitting the experimental data with the theoretical trajectories of the particles.

Figure 2 .

 2 Figure 2.41: Left: Flow curve obtained by rotational rheometry for FLOPAAM 3130s 0.6% + glycerol. Right: Measurement of the viscoelastic relaxation time with CaBER.

Figure 2 .

 2 Figure 2.42: Focusing of particles function of 𝑥 * at a wide range of pressure drops for different confinements.

Figure 2 .

 2 Figure 2.43: Effect of Δ𝑃/𝐿 on the particle focusing for FLOPAAM 3130s 0.6% + glycerol.

Figure 2 .

 2 Figure 2.46: Cross-validation for 𝑁 1,0 particle migration scaling versus CaBER, stop flow and ARES G2 measurements.

Figure 2 .

 2 Figure 2.47: Evolution of the viscous and elastic thinning exponent with the shear rate (exponent n and b respectively).

Figure 2 .

 2 Figure 2.48: 𝑁 1 and Wi scaling for all the tested FLOPAAM solutions.

Figure 2 .

 2 Figure 2.49: Evolution of the migration efficiency with the shear rate for the four FLOPAAM polymer solutions.

Figure 2 .

 2 Figure 2.51: Viscosity and relaxation time measurements for HPAM 0.5% + glycerol.

Figure 2 .

 2 Figure 2.52: Dynamics of particle migration of HPAM. Left: HPAM c9.5%, Wi=0.036.Peaks of PDF at the center of the mid channel. Right: HPAM c0.5% Glycerol-water (70-30)%, Wi=0.008. Tails at the proximity of the channel walls were found.
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 3 Figure 3.1: Problem definition of a rectangular domain of height H, length L=20H, with a rotating and translating disk, located at x=5H and z=𝑧 𝑝 .

Figure 3 . 2 :

 32 Figure 3.2: Illustration of the mesh obtained using a block strategy, with a significant refinement around the particle boundary.
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 33 Figure 3.3: Drag and lift coefficients experienced by a fixed and free cylinder respectively, located at 𝑧 𝑝 = 0.25, in a Newtonian fluid as a function of the number of cells.

Figure 3 . 4 :

 34 Figure 3.4: Mesh convergence for the lift coefficient 𝐶 𝐿 , experienced by a free cylinder located at 𝑧 𝑝 = 0.25, in a viscoelastic fluid as a function of the number of cells.
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 35 Figure 3.5: Drag coefficient experienced by a fixed cylinder in a planar flow of an Oldroyd-B fluid with 𝛼 = 0.5, 𝛽 = 0.59, and 𝑧 𝑝 = 0.

Figure 3 . 6 :

 36 Figure 3.6: Longitudinal and rotational velocity of the particle in an Oldroyd-B fluid at low Wi as a function of the 𝑧-position with 𝛼 = 0.1, 𝛽 = 0.001 and Wi = 0.00075.
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 37 Figure 3.7: Lift coefficient for 𝛽 = 10 -3 . Left: as a function of 𝑊 𝑖 at 𝑧 𝑝 = 0.15. Right: as a function of 𝑧 𝑝 for 𝑊 𝑖 = 10 -2 . Dashed lines are the best linear fit to the data.
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 38 Figure 3.8: Lift coefficient in function of 𝛽 for 𝑊 𝑖 = 0.01, 𝑧 𝑝 =0.25.

Figure 3

 3 Figure 3.9: Left: Lift coefficient as a function of 𝑊 𝑖 for 𝛽=0.1 and 0.5 at 𝑧 𝑝 = 0.25. Right: Lift coefficient as a function of 𝑧 𝑝 at 𝑊 𝑖 = 0.01 and 𝛽=0.5. Dashed lines are the best linear fits to the data.

Figure 3 .

 3 Figure 3.10: a) Velocity field (in the 𝑥 direction) and streamlines, in the frame of the cylinder. b) Streamfunction of the flow perturbation by the cylinder. c) Contributions to the lift force of the pressure, the normal stress and the shear stress, as function of the angular position along the cylinder. d) Top: pressure field, shear stress field and normal stress 𝜎 𝑧𝑧 field. Bottom: contribution of the pressure, the shear stress and the normal stress to the lift force, for 𝛽 = 0.001 (solid lines) and for 𝛽=0.5 (dashed lines). All the data on this figure are for 𝑊 𝑖 = 10 -2 .

Figure 3 .

 3 Figure 3.11: Left: Difference of the streamfunctions between 𝛽 = 10 -3 and 𝛽 = 0.5, for 𝑊 𝑖 = 10 -2 and 𝑧 𝑝 = 0.25. A few streamlines are shown in black. Right: Particle rotational velocity versus the solvent viscosity ratio 𝛽, for 𝑊 𝑖 = 0.01.
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 41 Figure 4.1: Graphic representation of electric dipole field lines.

Figure 4 Figure 4 . 2 :

 442 Figure 4.2: Electric double layer for a negative charged wall. The zeta potential 𝜁 and Debye length 1/𝜅 are important parameters to identify in the EDL.
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 43 Figure 4.3: Negative charged capillary surfaces lead in a bulk flow in the microfluidic device.

  Values of 𝑓 (𝑘𝑎) for different values of 𝑘𝑎

Figure 4 . 4 :

 44 Figure 4.4: Schema for electrophoresis mobility of a charged particle. The apparent velocity of the particle is the result of simultaneous electroosmotic and electrophoresis velocities.

Figure 4 . 5 :

 45 Figure 4.5: Some examples for electric field applications in microfluidic devices. a) Comparison of the shape of the sample plug in the separation channel of a cross injection system using electrokinetic focusing for (a) the numerical model (b) the experimental method (Fu et al., 2003). b) Typical fluorescence images before and after mixing, operating with a DCbiased (2.5 V) AC voltage with (a) 20 Vpp and -2.5 V (b) without voltage application (c) with application of 20 Vpp and +2.5 V. (d) Cross sectional mixing images across the depth of the microchannel by confocal microscope 3D images of (a)-(c)[START_REF] Ng | DC-biased ACelectroosmotic and AC-electrothermal flow mixing in microchannels[END_REF].

Figure 4 .

 4 Figure 4.6: Top-view image-stacked photos of high-speed camera recordings for particle migration under pressure-driven flow and simultaneously applied pressure-driven flow and DC electric field. Three particle suspensions were prepared in DI water, PEO, and HAbased viscoelastic solutions. Particle migration was observed at the outlet during concurrent and countercurrent tests. The electric field magnitude was varied between 100 and 500 V/cm. The best focusing performances were highlighted for each case. In the concurrent experiment, suspended particles migrated to the channel walls for DI water and HA, and the channel center for the PEO solution[START_REF] Serhatlioglu | Electroviscoelastic migration under simultaneously applied microfluidic pressure-driven flow and electric field[END_REF].

Figure 4 . 7 :

 47 Figure 4.7: Experimental set-up for electric field application in a microfluidic device. The implementation of stainless steel electrodes in the syringes, which are connected to a D.C. voltage amplifier and the flowmeter in the downstream of the channel are the main modifications to the initial set-up.

  Lastly, a bidirectional microfluidic flow sensor is located at the exit of the channel. The flow units implemented were: -Sensor model S Range: 0 ± 7 𝜇𝐿/𝑚𝑖𝑛 Accuracy (m.v. measured value): 5% m.v. above 0.42 𝜇𝐿/𝑚𝑖𝑛 -21 𝑛𝐿/𝑚𝑖𝑛 below 0.42 𝜇𝐿/𝑚𝑖𝑛 Lowest detectable flow increment: 10 𝑛𝐿/𝑚𝑖𝑛 -Sensor model M+ Range: 0 ± 2𝑚𝐿/𝑚𝑖𝑛 Accuracy (m.v. measured value): 5% m.v. above 10 𝜇𝐿/𝑚𝑖𝑛 -0.5 𝜇𝐿/𝑚𝑖𝑛 below 10 𝜇𝐿/𝑚𝑖𝑛 Lowest detectable flow increment: 0.25 𝜇𝐿/𝑚𝑖𝑛

Figure 4 . 8 :

 48 Figure 4.8: Direct measurements of 𝜇 𝑒𝑝ℎ . a) Zetasizer device (Malvern -Nano ZS), detectable particles [1nm -10𝜇𝑚]. b) Zeta cell electrophoresis scheme. LDV is used to measure the velocities of the particles. c) Zeta potential measurement from Zetasizer.
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 49 Figure4.9: Bubble generation due to electrolysis observed when applying electric field to the microfluidic device. The lectures for 𝑈 𝐸𝑂𝐹 at negative and positive polarity, which are not equivalent and distorted, may be affected by bubbles inside the channel.
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 44 Figure 4.10: Trace of 2𝜇𝑚 particles in the field of view: particles in blue follow the same direction of the electric field, in red are flowing at the opposite direction and in purple their displacement fluctuates. As result, the velocity profile for 𝑈 𝑎𝑝𝑝 is wide.

Figure 4 .

 4 Figure 4.11: Piranha cleaning to hydroxylate the capillary glass surfaces. As result, the applied electric field (at positive polarity) generates an electroosmotic flow at the same direction of the EF. On the other hand the electrophoretic velocity will be flow-like or counter the EF depending on the particle charge.

Figure 4 .

 4 Figure 4.12: 𝑈 𝐸𝑂𝐹 and 𝑈 𝑎𝑝𝑝 improvements after implementing platinum wire electrodes and piranha cleaning to the capillary channel. The solid lines in the 𝑈 𝑎𝑝𝑝 plot denotes the mean value of the velocity profile.

Figure 4 .

 4 Figure 4.13: Determination of 𝜇 𝑒𝑝ℎ of the particles by measuring the electroosmotic flow velocity 𝑈 𝐸𝑂𝐹 and the apparent velocity of the particles 𝑈 𝑎𝑝𝑝 .
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 4 Figure 4.14: Comparison of the electrophoretic mobility of the particles 𝜇 𝑒𝑝ℎ retrieved in the microfluidic device and the Zetasizer.

Figure 4 .

 4 Figure 4.15: A.C. applied directly to the microfluidic device. a) Scheme for Function generator application at the nanoports of the capillary channel. b) Velocity profile for a squared A.C. function (proportional to 100V). The signal of the voltage is inverted by the squared function, giving as result positives and negatives velocities with the same magnitude.

Figure 4 .

 4 Figure 4.16: 𝑈 𝐸𝑂𝐹 measured when an electric field is applied in only the tubing. The values are equivalent to the ones retrieved when the microfluidic device is also connected.

4. 7 .

 7 Addressing issues encountered and possible avenues for future research

  .

Figure 4 .

 4 Figure 4.17: Experimental set-up variations. a) Electrodes pasted in syringes connected directly to the nanoports. Bubbles entered easily to the capillary channel. b) Cap connectors positioned at the nanoports. Oxygen bubbles accumulated at the top, also modifying the flow in the channel. c) Electrodes wires directly in contact with the fluid at the nanoports. A shallow contact minimized the insertion of bubbles into the channel, and also facilitated their remove.
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  . Ces dispositifs ont été utilisés dans diverses applications, notamment l'analyse chimique, la découverte de médicaments et la recherche biomédicale. L'un des défis que la microfluidique mais également assez commun, explorant des plages inaccessibles à la rhéométrie standard. En effet, la migration des particules est influencée par divers facteurs contrôlés dans le dispositif microfluidique, notamment le rapport entre la taille des particules et la profondeur du canal et le taux de cisaillement. Ainsi, on peut s'attendre à ce qu'une large gamme de propriétés viscoélastiques puisse être mesurée dans un dispositif microfluidique donné.Dans cette thèse de doctorat, nous cherchons à étudier le comportement des fluides viscoélastiques dans les dispositifs microfluidiques à travers la caractérisation de la migration des particules. Notre objectif est de développer une meilleure compréhension des interactions complexes entre les fluides viscoélastiques et les particules en suspension. Pour ce faire, nous utilisons une combinaison de techniques expérimentales et informatiques pour étudier la migration des particules dans différentes géométries microfluidiques, dans différentes conditions d'écoulement, et pour un ensemble de deux systèmes polymères qui présentent un comportement d'amincissement par cisaillement modéré et élevé. Les mesures expérimentales de la première différence de contrainte normale grâce à la carac-

peut relever est la caractérisation du comportement des fluides complexes. Tester des liquides viscoélastiques dans des dispositifs microfluidiques, y compris ceux dont l'élasticité est faible, peut conduire à des observations intéressantes et précises. Par exemple, Lopez-Herrera and Lauga, 2015, a étudié une solution diluée d'oxyde de polyéthylène (PEO) dans l'eau et a pu montrer qu'à de faibles concentrations, soumises à un taux de cisaillement élevé, les chaînes de polymères PEO peuvent s'aligner dans le sens de l'écoulement, ce qui fait que la solution présente un comportement anisotrope conduisant à des schémas d'écoulement intéressants et même à la possibilité d'utiliser les solutions PEO comme un type de matériau "cristal liquide". Par conséquent, l'étude du comportement des liquides viscoélastiques faibles dans les dispositifs microfluidiques est d'un grand intérêt et a le potentiel de permettre de nouvelles applications et technologies. plexe térisation de la migration des particules sont comparées aux propriétés viscoélastiques mesurées par rhéométrie standard, afin de valider la méthode. En outre, des tentatives de couplage de l'écoulement avec l'électrophorèse seront effectuées afin d'optimiser et d'accélérer la caractérisation.

  ).

	log η		
	first Newtonian plateau	γ .	
	η 0	shear thinning	second Newtonian
	ZERO SHEAR		plateau
	VISCOSITY		
	Viscosity plateau as the shear		
	rate approaches to zero		
			INFINITE SHEAR VISCOSITY Viscosity plateau as	η ∞
			the shear rate is higher
			log γ .
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  the probability density function of the z positions of the particles for Newtonian and viscoelastic liquids, applying different flow rates at a given axial position in the microchannel.
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  L'écoulement est simulé à l'aide d'OpenFOAM®, avec le package RheoTool, dédié à la résolution des fluides non-newtoniens, entre autres. Le présent projet utilise la solution des équations de Navier-Stokes incompressibles et constantes pour un fluide Oldroyd-B, qui ne prend pas en compte le comportement d'amincissement par cisaillement des solutions, mais constitue une base appropriée pour le présent projet. Les simulations sont axées sur le calcul du coefficient de portance autour d'une particule libre dans un écoulement de Poiseuille confiné, en faisant varier la contribution du solvant à la viscosité totale et le nombre de Weissenberg. En outre, le modèle numérique est vérifié en analysant l'effet du maillage et des paramètres numériques sur les résultats.
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 2 1: Rheological data obtained from the tested polymer solutions.
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  1. Ces résultats correspondent qualitativement à l'observation expérimentale. Ils impliquent également que la force de portance n'est pas toujours simplement proportionnelle au gradient de contrainte normale à travers la particule puisque 𝑁 1 est indépendant de 𝛽 dans le modèle d'Oldroyd-B. Nos résultats expérimentaux indiquent que cette hypothèse n'est pas vérifiée.Nos résultats expérimentaux indiquent que cette hypothèse n'est valable que pour des 𝛽 faibles (généralement inférieurs à 10 -2 ).Comme on l'a vu, la migration expérimentale des particules est un phénomène très sensible qui est affecté par divers facteurs, mais qui est également intrigant lorsque la rhéologie de la solution change. Ce qui a été découvert, c'est que la forme du PDF est plus pertinente pour ce travail que pour les échantillons à viscosité stable faiblement élastiques étudiés par[START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF], cette dernière étant due aux queues et aux pics trouvés dans le suivi expérimental des particules, qui correspondaient bien aux prédictions théoriques développées. Cela implique également que la stratégie proposée, basée sur le calcul de la viscosité locale 𝜂 0 et d'un indice local de comportement de l'écoulement en cisaillement amincissant 𝑛, pour un taux de cisaillement local donné γ0 , se rapproche de manière satisfaisante de l'interaction de ces variables dans l'estimation de la contrainte normale. La convolution du PDF avec la résolution minimale a permis d'identifier différentes formes en fonction des valeurs des exposants 𝑛 et 𝑏. Ce résultat principal clarifie l'empreinte du comportement d'amincissement par cisaillement, qui rend la migration des particules moins efficace en fonction directement des deux exposants mentionnés ci-dessus, mais aussi en filtrant la contrainte lorsque 𝑏 est inférieur à 𝑛. Il convient de noter qu'à mesure que la rhéologie des solutions d'amincissement par cisaillement change en fonction du taux de cisaillement appliqué, la contrainte normale évolue avec une valeur dynamique de 𝑏, de sorte que le comportement de la contrainte normale ne peut pas être bien estimé avec seulement quelques points uniques, comme c'est généralement le cas pour les fluides à faible élasticité et à viscosité stable. Les nombres de Weissemberg étudiés expérimentalement dans le projet actuel varient dans un ordre de grandeur de 𝑊 𝑖 ≈ 10 -1 , mais il n'y a pas de limitations prévues pour explorer des ordres de grandeur inférieurs tant que les valeurs de 𝛽 restent faibles.

L'ajout de microparticules à une solution de polymère nous a incités à étudier la force normale dans les fluides viscoélastiques. Contrairement aux liquides newtoniens, où les particules à iso-densité suivent les lignes de courant dans l'hypothèse d'un nombre de Reynolds se rapprochant de zéro, les particules peuvent migrer transversalement aux lignes de courant s'il existe un gradient de taux de cisaillement dans un écoulement d'une solution viscoélastique. En effet, dans ce cas, l'équilibre des forces élastiques agissant autour de la particule est non nul, en raison de la dépendance de la première différence de contrainte normale (N1) au taux de cisaillement. En conséquence, les particules se déplacent vers la zone où le taux de cisaillement est le plus faible, c'est-à-dire, dans le cas d'un écoulement de Poiseuille dans un dispositif microfluidique, vers le centre du canal. Ce phénomène a d'abord été étudié théoriquement par[START_REF] Karnis | Particle motions in sheared suspensions. XIX. Viscoelastic media[END_REF] Mason, 1966, Ho and[START_REF] Ho | Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid[END_REF], et qualitativement dans des expériences par[START_REF] Highgate | End effects and particle migration effects in concentric cylinder rheometry[END_REF] Whorlow, 1969, Gauthier et al., 1971, au cours des années soixante et soixante-dix. Plus récemment, ce sujet a été réétudié grâce à l'émergence de la microfluidique et à la possibilité de concevoir de nouveaux dispositifs, en particulier pour le tri des particules[START_REF] Larson | The structure and rheology of complex fluids[END_REF][START_REF] Leshansky | Tunable nonlinear viscoelastic "focusing" in a microfluidic device[END_REF][START_REF] Masaeli | Continuous inertial focusing and separation of particles by shape[END_REF], mais aussi numériquement[START_REF] D'avino | Numerical simulations of particle migration in a viscoelastic fluid subjected to shear flow[END_REF][START_REF] D'avino | Particle migration due to viscoelasticity of the suspending liquid and its relevance in microfluidic devices[END_REF][START_REF] Villone | Simulations of viscoelasticity-induced focusing of particles in pressure-driven micro-slit flow[END_REF]. Récemment, les prédictions théoriquesde Ho and Leal, 1976 et Karnis and[START_REF] Karnis | Particle motions in sheared suspensions. XIX. Viscoelastic media[END_REF], développées pour un fluide du second ordre, ont été validées à l'aide d'expériences de migration de particules dans un dispositif microfluidique par[START_REF] Naillon | Dynamics of particle migration in confined viscoelastic Poiseuille flows[END_REF] Ce phénomène correspond au mouvement des particules perpendiculairement à la ligne de courant principale. Il a été démontré que des forces normales assez faibles pouvaient être détectées, jusqu'à un nombre de Weissenberg aussi bas que 10 -3 , dans une gamme où la rhéométrie standard n'est pas possible. On peut donc se demander si le suivi de la migration des particules peut être utilisé comme outil pour caractériser les propriétés viscoélastiques d'une solution de polymère diluée, avec un liquide viscoélastique plus com-

Le temps d'échantillonnage dans le dispositif microfluidique était trop long par rapport aux mesures effectuées dans des rhéomètres conventionnels, plus long au début des expériences, mais il a été amélioré au fur et à mesure de l'expérience acquise. En outre, des statistiques sur le suivi des trajectoires sont nécessaires, ce qui prend beaucoup de temps à faible débit. Bien que l'ajustement PDF soit une bonne technique pour décrire les phénomènes de migration, et donc pour estimer la contrainte normale, les trajectoires directes des particules peuvent être récupérées en suivant des particules individuelles le long du canal, en détectant leur déplacement sur l'axe z et, par conséquent, leur vitesse transversale. Ainsi, il faut tenir compte du fait que le dispositif capillaire n'est pas parfaitement droit, ce qui nécessite une correction en temps réel du plan focal, et cela peut s'avérer complexe si le dispositif microfluidique est manipulé ou légèrement déplacé pendant les essais, ce qui fait que les facteurs de correction peuvent changer d'une expérience à l'autre. L'amélioration de la fabrication du dispositif microfluidique permettra de produire des dimensions plus précises, ce qui réduira les valeurs de tolérance, diminuera les pentes et les inclinaisons, et facilitera le bouchage des connecteurs de pression afin d'éviter les fuites et les problèmes opérationnels. La résolution et la sensibilité de la détection des particules peuvent être améliorées en utilisant des caméras doubles à haute vitesse ou la microscopie confocale fluorescente, et l'étalonnage des instruments et des dispositifs garantit la précision et la fiabilité des mesures. Comme pour la rhéométrie conventionnelle, il est important de prendre en compte le contrôle des facteurs de l'environnement expérimental tels que la température, l'exposition à l'air et à la lumière, et les vibrations, afin de minimiser les sources de bruit et de variabilité qui pourraient affecter les mesures.En ce qui concerne les simulations numériques, l'utilisation de modèles plus complexes peut améliorer la compréhension des liquides viscoélastiques, car Oldroyd-B ne peut pas décrire l'effet de l'amincissement par cisaillement ni la variabilité du temps de relaxation élastique en fonction du taux de cisaillement. Des modèles plus complexes, comme celui de Giesekus par exemple, dans lesquels l'effet de l'amincissement par cisaillement de la solution est pris en compte, peuvent être considérés comme une étape suivante de cette recherche numérique. La complexité de cette mise en oeuvre provient de la nature non linéaire de la résolution de l'équation, mais elle est simple une fois que l'on a travaillé avec Oldroyd-B. En outre, le modèle de Giesekus contient plusieurs paramètres qui doivent être estimés sur la base de données expérimentales, ce qui peut établir un lien direct avec les échantillons déjà testés. L'interaction de ces variables peut accroître la complexité informatique du modèle. En outre, la mise en oeuvre de calculs tridimensionnels peut permettre de mieux décrire la migration des particules, étant donné que les contraintes normales secondaires
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 3.12). The dashed black line represents the best linear fit to the data, having a linear coefficient of 9. Prior to this scaling, each data serie (constant Wi and 𝑧 𝑝 ) was fitted by a linear function of the the normalized angular velocity difference. The linear coefficient obtained 𝐶 is plotted in insert as function of Wi. The data followed a power law with respect to Wi, of exponent -0.37 (dashed blue line).
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