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C.1 X-ray Experimental facility: (a) The wide gap Taylor-Couette cell (R i = 10mm, R o = 15mm, H = 120mm) (b) rheometer (c) the X-ray device [2]

LA DYNAMIQUE DE CONCEPTION ET DE FLUX DE LA SUSPENSION NON BRUNNIENNE:

Résumé :

La rhéologie de suspensions non browniennes de particules solides dans des fluides newtoniens et non newtoniens est un vaste sujet d'étude car il existe de nombreuses applications dans l'industrie et dans la vie quotidienne, telles que l'extraction pétrolière, les procédés alimentaires, la cosmétique, les boues, la peinture, etc. Une application particulière de ces suspensions dans l'industrie pétrolière concerne la fracturation hydraulique pour extraire le pétrole et le gaz [START_REF] Robert Gillard | A new approach to generating fracture conductivity[END_REF][START_REF] Malhotra | Proppant placement using alternate-slug fracturing[END_REF][START_REF] Barasia | Tail-in proppant and its importance in channel fracturing technique[END_REF]. En fracturation hydraulique, les suspensions de particules solides et les phases fluides sont pompées dans le réservoir avec un débit élevé et une pression élevée pour propager la fracture. Une fois le pompage terminé, les particules solides maintiennent la fracture ouverte. Ensuite, ces fractures ouvertes permettent au pétrole de s'écouler et d'être extraite. C'est ce qu'on appelle la fracturation hydraulique conventionnelle.

Il existe une nouvelle technique dans laquelle un flux cyclique de particules solides en suspension est pompé avec un flux continu de fluide de fracturation dans le réservoir [START_REF] Robert Gillard | A new approach to generating fracture conductivity[END_REF][START_REF] Malhotra | Proppant placement using alternate-slug fracturing[END_REF]. Le but est que ces particules solides en suspension dans le fluide porteur forment des piliers pour maintenir ouvertes les fractures propagées. Cette méthode augmente l'efficacité de la procédure d'extraction du pétrole [START_REF] Hormozi | Dispersion of solids in fracturing flows of yield stress fluids[END_REF]. Selon les rapports de Schlumberger, cette technique récente a permis d'augmenter la production de pétrole de 38% tout en économisant 32% d'eau et 37% de particules [START_REF] Thompson | Flow channel fracturing raises production in the eagle ford[END_REF]. L'un des problèmes est de veiller à ce que le flux cyclique de particules solides reste inchangé lorsqu'il se déplace le long de la fracture. En d'autres termes, il est nécessaire de minimiser la dispersion dans les paquets de particules séparés afin de maintenir une productivité élevée sur toutes les fractures.

Une façon d'éviter la dispersion consiste à contrôler la rhéologie du fluide de fracturation.

Récemment, Hormozi et Frigaard ont proposé de mettre en oeuvre des fluides à contrainte seuil comme fluides de fracturation pour contrôler la dispersion [START_REF] Hormozi | Dispersion of solids in fracturing flows of yield stress fluids[END_REF]. Les fluides à seuil sont des fluides non newtoniens avec un comportement rhéofluidifiant. Cela signifie qu'ils n'ont pas de comportement linéaire en fonction du taux de cisaillement. De plus, si la contrainte de cisaillement appliquée n'est pas suffisante, ces matériaux se comportent comme des solides. Cependant, lorsque la contrainte de cisaillement est supérieure à la limite d'élasticité, ils s'écoulent [START_REF] Neil | Yielding to stress: recent developments in viscoplastic fluid mechanics[END_REF].

La caractérisation des écoulements de particules en suspension dans les fluides newtoniens et les fluides à seuil est compliquée en raison de phénomènes complexes tels que la migration induite par cisaillement. Ce phénomène provoque une hétérogénéité de concentration en particules et une ségrégation par taille dans le cas des suspension polydisperses. La migration induite par cisaillement se produit lorsque l'écoulement comporte des gradients de taux de cisaillement non nuls, comme c'est le cas en canal et en géométrie de Taylor-Couette à grand entrefer. Plusieurs études ont été menées pour comprendre la physique de la migration induite par cisaillement. Certains modèles ont été proposés pour expliquer ce phénomène dans les suspensions newtoniennes [4,[START_REF] Leighton | The shear-induced migration of particles in concentrated suspensions[END_REF].

Récemment, Hormozi et Frigaard ont développé un modèle pour expliquer la migration induite par cisaillement dans les suspensions particules dans des fluides à seuil d'écoulement [START_REF] Hormozi | Dispersion of solids in fracturing flows of yield stress fluids[END_REF]. Dans ce travail de thèse, nous proposons de concevoir des expériences pour étudier la migration induite par cisaillement dans les écoulements de particules en suspension dans des fluides newtoniens et des fluides à seuil afin de tester les modèles existants.

L'écoulement de suspensions newtoniennes sera étudié de manière expérimentale dans un canal avec un grand rapport longueur / gap afin de voir l'impact de la fraction volumique moyenne et des grandes déformations sur la migration des particules vers le centre du canal.

Nous analyserons les résultats expérimentaux pour tester les modèles. La configuration expérimentale est représentée dans la figure I.

La figure II illustre les résultats obtenus dans les expériences. Les résultats expérimentaux sont comparés au modèle (2D) de Miller & Morris (2006) [START_REF] Ryan | Normal stress-driven migration and axial development in pressure-driven flow of concentrated suspensions[END_REF]. De plus, les données expérimentales sont comparées aux prédictions du SBM (Suspension Balance Model) en utilisant les lois rhéologiques proposées par Morris & Boulay [3] et Boyer et al. [START_REF] Franc ¸ois Boyer | Dense suspensions in rotating-rod flows: normal stresses and particle migration[END_REF]. Par ailleurs, le présent travail est comparé aux simulations de particules discrètes de Yeo et Maxey (2011). Yeo et Maxey ont effectué leurs simulations pour des fractions volumiques moyennes en particules 𝜙𝜙 = 0,2, 𝜙𝜙 = 0,3 et 𝜙𝜙 = 0,4. En plus de ces modèles, il existe d'autres résultats expérimentaux dans la littérature sur les écoulements de suspensions en canal, par Koh et. Al. (1991) [START_REF] Christopher J Koh | An experimental investigation of concentrated suspension flows in a rectangular channel[END_REF], et Lyon et Leal (1998) [START_REF] Mk Lyon | An experimental study of the motion of concentrated suspensions in two-dimensional channel flow. part 1. monodisperse systems[END_REF]. Les expériences de Koh et. Un canal de haute précision a été conçu et mis en oeuvre pour étudier la migration de particules induite par cisaillement dans un fluide newtonien. Les expériences ont été effectuées à 5 fractions volumiques différentes de particules (𝜙𝜙 = 0,1; 0,2; 0,3; 0,4; et 0,5).

Un dispositif optique original a été conçu pour suivre les particules à différentes couches.

Les images obtenues ont été analysées pour détecter l'emplacement des particules dans chaque portion du canal. Sur la base des particules obervées dans les images, la distribution de la fraction volumique solide a été calculée. Les résultats expérimentaux sont comparés avec le SBM et avec d'autres travaux de recherche. Les résultats expérimentaux sont en bon accord avec le SBM en utilisant les lois rhéologiques de Morris & Boulay, excepté au centre du canal. Le SBM prédit que la fraction volumique atteindra la fraction maximale 𝜙𝜙 𝑚𝑚 au centre pour toutes les fractions volumiques étudiée à l'extrémité du canal; Cependant, les résultats du présent travail montrent que la fraction volumique maximale à l'extrémité du canal diminue en diminuant la fraction volumique moyenne. 
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THE DESIGN AND FLOW DYNAMICS OF NON-BROWNIAN SUSPENSION:

Abstract:

The rheology of non-Brownian suspension of solid particles in both Newtonian and non-Newtonian fluids have drawn much attention since there are so many industrial and daily life applications such as the oil industry, food processing, cosmetics, muds, painting, etc.

One specific application of these suspensions in the oil industry is in hydraulic fracturing to extract oil and gas [START_REF] Robert Gillard | A new approach to generating fracture conductivity[END_REF][START_REF] Malhotra | Proppant placement using alternate-slug fracturing[END_REF][START_REF] Barasia | Tail-in proppant and its importance in channel fracturing technique[END_REF]. In hydraulic fracturing, the suspensions of solid particles and fluid phases are pumped into the reservoir with a high flow rate and high pressure to propagate the fracture. Once the pumping procedure is over, the pack grains of solid particles keep open the fracture. Then these open fractures let the oil flows and being extracted. This is known as the conventional hydraulic fracturing.

There is a new technique that is called hydraulic channel fracturing. In this technique, a cyclic stream of suspended solid proppants is pumped with a continuous flow of fracturing fluid into the reservoir [START_REF] Robert Gillard | A new approach to generating fracture conductivity[END_REF][START_REF] Malhotra | Proppant placement using alternate-slug fracturing[END_REF]. The purpose is to have these solid particles that are suspended in the carrier fluid, make pillars to keep open the propagated fractures. This method increases the efficiency of the oil extraction procedure [START_REF] Hormozi | Dispersion of solids in fracturing flows of yield stress fluids[END_REF]. According to Schlumberger reports, this recent technique has increased oil production by 38% while saving 32% water and 37% particles [START_REF] Thompson | Flow channel fracturing raises production in the eagle ford[END_REF]. One concern is to ensure that the cyclic stream of solid particles remains unchanged while moving along the fracture. In other words, it is necessary to minimize the dispersion in separated packs of particles in order to maintain high productivity all over the fractures.

One way to avoid the dispersion is to control the rheology of frac fluid. Recently, Hormozi and Frigaard proposed to implement yield stress fluids as the frac fluid to control the dispersion [START_REF] Hormozi | Dispersion of solids in fracturing flows of yield stress fluids[END_REF]. Yield stress fluids are known as non-Newtonian fluids with shear thinning behavior. It means that they do not have linear behavior when exposed to shear rate gradient. In addition, if the applied shear stress is not sufficient, it acts like a solid; However, when the shear stress is larger than the yield stress, it flows [START_REF] Neil | Yielding to stress: recent developments in viscoplastic fluid mechanics[END_REF].

Characterizing the flow of particles suspended in Newtonian fluids and yield stress fluids is complicated due to complex phenomenon such as shear-induced migration. This phenomenon causes heterogeneity of particles in the fluid phase and size segregation in poly-dispersed suspension. Shear-induced migration occurs when the configuration of suspension flow is exposed to a shear rate gradients such as channel and large gap Taylor -Couette flow. Several studies have been carried out to understand the physics of shearinduced migration. There are models that are proposed to explain this phenomenon in Newtonian suspensions [4,[START_REF] Leighton | The shear-induced migration of particles in concentrated suspensions[END_REF]. 

Recently Hormozi and

Introduction

The rheology of non-Brownian suspension of solid particles in both Newtonian and non-Newtonian fluids have drawn much attention since there are so many industrial and daily life applications such as the oil industry, food processing, cosmetics, muds, painting, etc. One specific application of these suspensions in the oil industry is in hydraulic fracturing to extract oil and gas [START_REF] Robert Gillard | A new approach to generating fracture conductivity[END_REF][START_REF] Malhotra | Proppant placement using alternate-slug fracturing[END_REF][START_REF] Barasia | Tail-in proppant and its importance in channel fracturing technique[END_REF]. In hydraulic fracturing, the suspensions of solid particles and fluid phases are pumped into the reservoir with a high flow rate and high pressure to propagate the fracture. Once the pumping procedure is over, the pack grains of solid particles keep open the fracture. Then these open fractures let the oil flows and being extracted. This is known as the conventional hydraulic fracturing.

There is a new technique that is called hydraulic channel fracturing. In this technique, a cyclic stream of suspended solid proppants is pumped with a continuous flow of fracturing fluid into the reservoir [START_REF] Robert Gillard | A new approach to generating fracture conductivity[END_REF][START_REF] Malhotra | Proppant placement using alternate-slug fracturing[END_REF]. The purpose is to have these solid particles that are suspended in the carrier fluid, make pillars to keep open the propagated fractures. This method increases the efficiency of the oil extraction procedure [START_REF] Hormozi | Dispersion of solids in fracturing flows of yield stress fluids[END_REF]. According to Schlumberger reports, this recent technique has increased oil production by 38% while saving 32% water and 37% particles [START_REF] Thompson | Flow channel fracturing raises production in the eagle ford[END_REF]. One concern is to ensure that the cyclic stream of solid particles remains unchanged while moving along the fracture. In other words, it is necessary to minimize the dispersion in separated packs of particles in order to maintain high productivity all over the fractures.

One way to avoid the dispersion is to control the rheology of frac fluid. Recently, Hormozi and Frigaard proposed to implement yield stress fluids as the frac fluid to control the dispersion [START_REF] Hormozi | Dispersion of solids in fracturing flows of yield stress fluids[END_REF]. Yield stress fluids are known as non-Newtonian fluids with shear thinning behavior. It means that they do not have linear behavior when exposed to shear rate gradient. In addition, if the applied shear stress is not sufficient, it acts like a solid; However, when the shear stress is larger than the yield stress, it flows [START_REF] Neil | Yielding to stress: recent developments in viscoplastic fluid mechanics[END_REF].

Characterizing the flow of particles suspended in Newtonian fluids and yield stress fluids is complicated due to complex phenomenons such as shear-induced migration. This phenomenon causes heterogeneity of particles in the fluid phase and size segregation in polydispersed suspension. Shear-induced migration occurs when the configuration of suspension flow is exposed to a shear rate gradients such as channel and large gap Taylor-Couette flow. Several studies have been carried out to understand the physics of shearinduced migration. There are models that are proposed to explain this phenomenon in Newtonian suspensions [4,[START_REF] Leighton | The shear-induced migration of particles in concentrated suspensions[END_REF]. Recently Hormozi and Frigaard developed a model to explain the shear-induced migration in yield stress fluid suspensions [START_REF] Hormozi | Dispersion of solids in fracturing flows of yield stress fluids[END_REF]. In this research, we propose to design experiments to study the shear-induced migration in the flow of particles suspended in Newtonian fluids and yield stress fluids in order to validate the existing models.

In spite of the fact that the suspension of particles in yield stress fluids has more applications in industry, they have been less studied. But, before studying the flow of particles suspended in yield stress fluids, there are still debates on the flow of particles suspended in Newtonian fluids [START_REF] Guazzelli | Rheology of dense granular suspensions[END_REF]. Studying the migration in the flow of Newtonian suspension needs a deep understanding of the rheological behavior of suspensions. The significance in the rheological behavior of these materials has led to a wide range of experimental and numerical researches along with theoretical studies. There exist two main approaches to characterize the migration in the flow of Newtonian suspensions.

The first approach is called "diffusive flux model" which considers diffusive terms in the mass balance of particle phase [START_REF] Leighton | The shear-induced migration of particles in concentrated suspensions[END_REF][START_REF] Ronald | A constitutive equation for concentrated suspensions that accounts for shear-induced particle migration[END_REF]. It incorporates particle collision and relative viscosity gradient of the suspension to explain the migration. This approach is a more phenomenological model than a quantitative model that consider the net displacement of the particles as a result of the collision and predicts the migration. The coefficients of the diffusion terms in this model cannot be easily obtained neither experimentally nor theoretically [START_REF] Dbouk | Shear-induced particle migration: Predictions from experimental evaluation of the particle stress tensor[END_REF]. In addition, this model correctly predicts the presence of the migration in Poiseuille flows such as channel or pipe flow and wide gap Taylor-Couette flow; however, it does not predict the nonexistence of migration in curvilinear torsional flows [START_REF] Chapman | Shear-induced migration phenomena in concentrated suspensions[END_REF][START_REF] Chow | Shear-induced particle migration in couette and parallel-plate viscometers: Nmr imaging and stress measurements[END_REF][START_REF] Gokul P Krishnan | Shear-induced radial segregation in bidisperse suspensions[END_REF][START_REF] Bricker | Oscillatory shear of suspensions of noncolloidal particles[END_REF].

Equation 1.1 describes the diffusive flux model.

Dφ Dt = ∂φ ∂t + ∇ • (φ u p ) = ∇(F c + F µ + F b ) (1.1)
Where φ is the particle volume fraction, u is the particle velocity, F c describes the collision of particle fluxes, F µ describes the effect of the suspension relative viscosity gradient on particle fluxes and F b is the Brownian motion effect. The Brownian effect is negligible in this study due to the large particle size.

The second approach is called the "suspension balance model" (SBM) which considers the suspension as a continuum media and takes in to account the relative motion between solid and fluid phases [4]. In this approach, particle normal stress gradients are responsible for particle flux [START_REF] Sarabian | Fully developed and transient concentration profiles of particulate suspensions sheared in a cylindrical couette cell[END_REF]. Particle normal stresses are linearly scaled with the local shear rate in viscous suspensions [START_REF] Sarabian | Fully developed and transient concentration profiles of particulate suspensions sheared in a cylindrical couette cell[END_REF]. Therefore, in heterogeneous flows that there is a spatial variation of shear rate, the particle normal stress gradients cause the migration. This model provides easier prediction of shear-induced migration since its parameters can be measured via experiment. After the first proposition of SBM by Nott & Brady [4], this model was then used by Morris & Boulay considering the suspension in simple shear flow.

Later on, this model was extended to study the shear-induced migration of particle while considering the axial development in the pressure-driven flow [START_REF] Ryan | Normal stress-driven migration and axial development in pressure-driven flow of concentrated suspensions[END_REF]. Equation 1.2 describes the suspension balance model.

Dφ Dt = ∂φ ∂t + ∇ • (φ u p ) = -∇[φ(1 -φ)M∇ • Σ P ] (1.2)
Where M is the particle mobility and is measured experimentally [START_REF] Ishii | Thermo-fluid dynamics of two-phase flow[END_REF] and Σ P is the particle stress tensor. The rheological laws developed by Morris and Boulay [START_REF] Ryan | Normal stress-driven migration and axial development in pressure-driven flow of concentrated suspensions[END_REF] and Boyer et al. [START_REF] Franc ¸ois Boyer | Unifying suspension and granular rheology[END_REF] have been implemented for the stress closures of SBM. These rheological laws contain constitutive laws and several constant values that were derived through experimental and numerical studies.

Several studies have observed and reported the migration of particles in viscous suspension flows in different geometries [START_REF] Leighton | The shear-induced migration of particles in concentrated suspensions[END_REF][START_REF] Ronald | A constitutive equation for concentrated suspensions that accounts for shear-induced particle migration[END_REF][START_REF] Chow | Shear-induced particle migration in couette and parallel-plate viscometers: Nmr imaging and stress measurements[END_REF][START_REF] Sarabian | Fully developed and transient concentration profiles of particulate suspensions sheared in a cylindrical couette cell[END_REF][START_REF] Karnis | The kinetics of flowing dispersions: I. concentrated suspensions of rigid particles[END_REF][START_REF] Arp | The kinetics of flowing dispersions: Viii. doublets of rigid spheres (theoretical)[END_REF][START_REF] Gadala | Shear-induced structure in a concentrated suspension of solid spheres[END_REF][START_REF] Abbott | Experimental observations of particle migration in concentrated suspensions: Couette flow[END_REF][START_REF] Christopher J Koh | An experimental investigation of concentrated suspension flows in a rectangular channel[END_REF][START_REF] Hampton | Migration of particles undergoing pressure-driven flow in a circular conduit[END_REF][START_REF] Breedveld | The measurement of the shear-induced particle and fluid tracer diffusivities in concentrated suspensions by a novel method[END_REF][START_REF] Mk Lyon | An experimental study of the motion of concentrated suspensions in two-dimensional channel flow. part 1. monodisperse systems[END_REF][START_REF] Shapley | Laser doppler velocimetry measurements of particle velocity fluctuations in a concentrated suspension[END_REF][START_REF] Shapley | Evaluation of particle migration models based on laser doppler velocimetry measurements in concentrated suspensions[END_REF][START_REF] Merhi | Particle migration in a concentrated suspension flowing between rotating parallel plates: Investigation of diffusion flux coefficients[END_REF][START_REF] Ovarlez | Local determination of the constitutive law of a dense suspension of noncolloidal particles through magnetic resonance imaging[END_REF][START_REF] Ju | Numerical simulations of particle migration in suspension flows: Frame-invariant formulation of curvature-induced migration[END_REF][START_REF] Franc ¸ois Boyer | Dense suspensions in rotating-rod flows: normal stresses and particle migration[END_REF][START_REF] Kapil | Particle migration in oscillatory torsional flows of concentrated suspensions[END_REF][START_REF] Oh | Pressure-driven suspension flow near jamming[END_REF][START_REF] Snook | Dynamics of shear-induced migration of spherical particles in oscillatory pipe flow[END_REF]. All these studies considered homogeneous suspension of neutrally buoyant, solid, and monodispersed particles at initial conditions. In above-mentioned researches, different geometries such as wide gap Taylor-Couette cell, rotating parallel plate, pipe, and channel are used to study the flow of Newtonian suspension. Also, Several different techniques have been implemented

to perform experiments that will be discussed later. [START_REF] Christopher J Koh | An experimental investigation of concentrated suspension flows in a rectangular channel[END_REF].

Koh et al. Performed suspension flow experiments in a rectangular channel

They performed experiments via an index matching technique, Laser Doppler Velocimetry (LDV), to detect the particles and accordingly measure the velocity and the volume fraction.

They did the experiments for dilute regime ( φ = 0.1, 0.2, 0.3). They mentioned the particle concentration in the channel centerline for φ = 0.3 reaches the maximum packing as 0.65.

In addition, they reported there is a large slip velocity between the fluid and particle.

Lyon and Leal used laser Doppler velocimetry method to capture migration in channel flow of concentrated suspension with a limited length to gap ratio (∼300) [START_REF] Mk Lyon | An experimental study of the motion of concentrated suspensions in two-dimensional channel flow. part 1. monodisperse systems[END_REF]. They studied the effect of flow rate, particle concentration, and the confinement effect. They observed the migration of particles toward the center of channel at different volume fraction. They reported that their measured volume fraction and velocity profiles at steady-state conditions are consistent with model predictions. They mentioned that the particle concentration in the channel entrance was not uniform.

Snook et al. studied the migration in oscillatory pipe flow using particle tracking velocimetry [START_REF] Snook | Dynamics of shear-induced migration of spherical particles in oscillatory pipe flow[END_REF]. They Oscillated the suspension with an amplitude of 15 strain units in the pipe to be able to apply large shear strain. They reported the migration of particles toward the center of the pipe where the shear rate gradient is zero. They provided the information both for the transient and steady-state conditions of the migration process.

Also, they reported the volume fraction in the pipe centerline reduces by reducing bulk volume fraction. However, SBM predicts maximum packing at the centerline does not reduce by reducing bulk volume fraction. There is a difficulty in SBM model prediction when the shear rate approaches to zero (as like in pipe centerline) and particle-phase approach maximum packing.

The flow in wide gap Taylor-Couette geometry does not have any region with zero shear rate. Sarabian et al [START_REF] Sarabian | Fully developed and transient concentration profiles of particulate suspensions sheared in a cylindrical couette cell[END_REF], experimentally investigated the migration of Newtonian suspension in a large gap Taylor-Couette geometry and they showed the SBM is in good agreement with their results. In addition, they reported maximum migration occurs at φ ≈ 0.35. In the current research, we experimentally study the flow of Newtonian suspension in a channel with large length to gap ratio (∼2000) to understand the effect of large strains on the migration of particles.

There are some studies that computationally analyzed the shear-induced migration such as "Stocksian dynamics" by Nott and Brady [4], "Force coupling method" by Maxey and Patel [START_REF] Maxey | Localized force representations for particles sedimenting in stokes flow[END_REF], and "Immersed boundary method" by Peskin [START_REF] Charles S Peskin | The immersed boundary method[END_REF]. For more information please see the review by Maxey [START_REF] Maxey | Simulation methods for particulate flows and concentrated suspensions[END_REF].

Miller & Morris implemented a solve evolve a scheme to solve two-dimensionally the bulk mass and momentum conservation equations [START_REF] Ryan | Normal stress-driven migration and axial development in pressure-driven flow of concentrated suspensions[END_REF]. They considered the axially varying conditions in their finite volume method solution. Miller compared their solutions with the experimental data of Lyon and Leal for the different volume fractions of φ = 0.3, 0.4, 0.5.

There is not a good agreement between the experimental data and the model prediction In order to study the flow of suspension, it's necessary to design an experimentation method to track the particle displacement. Different visualization methods and the materials for the experiment are discussed in the following. Ultrasonic velocimetry is a powerful measurement technique to study multiphase flows, which is more efficient for gas and liquid [START_REF] Eng | A study of flow patterns and surface wetting in gas-oil-water flow[END_REF]. There are some limitations to this technique. It is more applicable when studying the dilute regime and does not properly work for the dense regime. In addition, fluid with a high viscosity attenuates the ultrasonic wave [START_REF] Robert | Experimental techniques for multiphase flows[END_REF][START_REF] Manneville | High-frequency ultrasonic speckle velocimetry in sheared complex fluids[END_REF][START_REF] Gallot | Ultrafast ultrasonic imaging coupled to rheometry: Principle and illustration[END_REF].

NMR and MRI techniques have been widely used to investigate the flow in nontransparent suspensions from dilute to dense regimes [START_REF] Ovarlez | Local determination of the constitutive law of a dense suspension of noncolloidal particles through magnetic resonance imaging[END_REF][START_REF] Ovarlez | Flows and heterogeneities with a vane tool: Magnetic resonance imaging measurements[END_REF]. Chemical structures of solid phases and liquid phases are different. In this technique, applied magnetic field affect the hydrogen nuclei inside the material by targeting quantum mechanical properties [START_REF] Rodts | Solid-liquid transition and rejuvenation similarities in complex flows of thixotropic materials studied by nmr and mri[END_REF]. The spatial resolution can be set from a micrometer to a millimeter [START_REF] Js Raynaud | Direct determination by nuclear magnetic resonance of the thixotropic and yielding behavior of suspensions[END_REF][START_REF] Hollingsworth | Fast emulsion droplet sizing using nmr self-diffusion measurements[END_REF]. NMR has a low temporal resolution. In other words, the material should be in a static position for the radiography sequence to have a good image resolution. This technique has been used to study particle migration and sedimentation in suspension [START_REF] Hampton | Migration of particles undergoing pressure-driven flow in a circular conduit[END_REF][START_REF] Ovarlez | Shearinduced sedimentation in yield stress fluids[END_REF][START_REF] Ovarlez | Flows of suspensions of particles in yield stress fluids[END_REF][START_REF] Corbett | Magnetic resonance imaging of concentration and velocity profiles of pure fluids and solid suspensions in rotating geometries[END_REF].

x-ray radiography has been widely used to build detailed images of internal structures of materials. X-ray radiography can be performed from different angles and used to build up a tomographic image [START_REF] Kalender | X-ray computed tomography[END_REF]. This method is called computed tomographic scanning (CTscan). CT-scan has never been used before to investigate particle dynamics in the flow [START_REF] Theodore | A review of x-ray flow visualization with applications to multiphase flows[END_REF] since the device needs to take x-ray radiography images from different angles while the sample is in a static position. Although, Gholami et al. recently utilized the Abel transform technique for x-ray radiography images to measure the volume fraction in one layer of the suspension [2]. This method makes it possible to study particle dynamics in the flows using

x-ray radiography.

LDV and PIV/PTV are categorized as optical techniques which require a visible laser sheet. The material needs to be optically clear to be able to use these techniques. These methods have good temporal and spatial resolution [START_REF] Wiederseiner | Refractive-index and density matching in concentrated particle suspensions: a review[END_REF] and have been broadly used to study particle migration in Newtonian suspensions [START_REF] Mk Lyon | An experimental study of the motion of concentrated suspensions in two-dimensional channel flow. part 1. monodisperse systems[END_REF][START_REF] Mk Lyon | An experimental study of the motion of concentrated suspensions in two-dimensional channel flow. part 2. bidisperse systems[END_REF][START_REF] Blanc | Rhéologie et microstructure des suspensions concentrées non browniennes[END_REF][START_REF] Souzy | Stretching and mixing in sheared particulate suspensions[END_REF]. The refractive index (RI) of the solid phase and liquid phase should be accurately matched to avoid light diffraction.

Therefore, the suspension needs to be transparent. The RI for Poly-methyl-methacrylate (PMMA) particle is 1.49 at a wavelength of 532 nm. Rashedi et al. recently made an optically clear yield stress emulsion that matches the RI of PMMA [START_REF] Rashedi | Optically engineered emulsions: structure to sheology[END_REF]. Therefore, it will be possible to study a yield stress suspension with optical techniques.

Objectives

This research will be conducted to design experiments in order to have a better understanding of the shear-induced migration phenomenon which helps us to understand the rheological behavior of suspensions. The flow of Newtonian suspensions will be experimentally studied in a channel with a large length/gap ratio to see the effect of bulk volume fraction and large strains in the migration of particles toward the center of the channel. We will analyze the experimental results to validate the models in channel flow at different bulk volume fraction.

As was mentioned in the previous section, there is a lack of experimental data for the flow of yield stress fluid suspensions. In this research, we will experimentally study the flow of yield stress fluid suspensions in a wide gap Taylor-Couette cell and investigate the distribution of solid volume fraction. We discuss the steady-state condition of migration when the flow of yield stress fluid suspension is not yielded, half yielded and fully yielded.

The specific objectives for this research proposal are as following:

1-Study the shear-induced migration in the flow of Newtonian suspension in a channel and compare the experimental data with models.

2-Design an engineered transparent yield stress fluid in order to optically study the flow of yield stress fluid suspensions.

2 Shear-induced migration and axial development of particles in channel flows of non-Brownian suspensions:

Experimental study

This chapter includes the experimental study on shear-induced migration of particles in channel flows of Newtonian fluids. The Experimental setup, method, and results are discussed in the following sections.

Experimental setup

The proposed technique to study suspension flow in the channel is PIV/PTV which is illustrated in The fluid for Newtonian suspension is similar to what Pham used [START_REF] Phong | Origin of shear-induced diffusion in particulate suspensions: crucial role of solid contacts between particles[END_REF]. It is a combination of Triton x-100(76wt%), Zinc Chloride(14.9wt%), water(9wt%), and hydrochloric acid(0.1wt%). The viscosity is 4.64 Pa. s. The large viscosity helps to keep the Reynolds number close to zero (Re < 10 -5 ). The weight fractions are defined in a way to match the density and refractive index (RI) of PMMA particles.

To recognize PMMA particles from the fluid during the imaging, fluorescent dye (rhodamine 6G) is mixed with the fluid phase with a concentration of 3 mg/l. The dye concentration is set to optimize the contrast between the solid and liquid phases. The temperature of the set-up is set to 30 o C ± 0.1 o C in order to maximize RI matching between the solid and fluid phases (within 10 -4 ).

Experimental method

This section explains how the captured images from the experimental setup are turned into experimental data for the purpose of measuring the velocity and measuring the distribution of solid volume fraction.

Experiment procedure

Each step of performing the experiment is explained in the following.

Test the water jacket to make sure it is working properly

The Water heater/cooler circulates water through the water jacket and controls the temperature of that water. The temperature of the water is used to adjust the temperature of the fluid in the central slot of the channel. This adjusts the refractive index of the particle suspension to increase optical clarity.

Leaks in the water jacket tend to form while handling the channel during draining or when there is a pressure change in the channel due to starting and stopping the pumps and raising the channel for cleaning. Small leaks that form during loading and draining the channel can be contained using Kimtech wipes until a repair can be made. The leaks are repaired removing the metal connection at the leak and applying a layer of 70% Acrylic adhesive 4SC and 30% acrylic adhesive 16 via a syringe. Once the adhesive mixture has dried, the metal connection can be replaced and the water jacket should be tested again to ensure the leak was repaired.

Prepare the suspension

An excel spreadsheet is used to determine the correct amount of each ingredient that needs to be added to make the solution. To a 2 liter beaker, add the zinc chloride, followed by the tap water, followed by the Rhodamine. Mix the solution and allow it to cool. Add hydrochloric acid and Mix the solution. Add the Triton, and mix the solution. Adjust the refractive index via additions of Rhodamine, and then add the PMMA particles and mix.

Allow the solution to rest at 60 o C until there are no air bubbles in the suspension.

Load the suspension into the channel

Close all valves leading from the fluid tank. Add the suspension to the fluid tank.

Ensure that the recirculation tube is disconnected below the valve leading from the fluid tank. This ensures that the air that is displaced when the fluid is added to the channel will 

Position the camera and the laser

The camera should be positioned above the channel. The camera should be raised or lowered into position above the channel so that its focus will be at the proper height for data collection in the desired layer. The small dark room should be positioned over the camera, laser, and channel where data is to be collected.

Setup the laser

The laser should be set to the proper height for the current layer being investigated.

The laser power should only be set as high as necessary for image capture. The higher the laser power, the more the laser will bleach the Rhodamine dye in the fluid. This will degrade image quality over time.

Setup the camera

Minor adjustments to the camera focus should be made to produce the clearest image on the screen. The frame that holds the camera and laser should be adjusted until the image on the screen is centered and has edges parallel to the screen. The exposure time should be set as low as possible for data collection. This will prevent motion blur from degrading image quality.

Record images

The sides of the darkroom should be lowered. This prevents ambient light from degrading image quality. The timing between image recordings should be set appropriately, E.g. the time between images should be set so that at least one strain unit based on average velocity has taken place. 12. Recover the PMMA particles from the collected fluid Due to the expense of the PMMA particles. It is advantageous to collect them from the used fluid since they are not damaged in the process of the experiment. This also prevents unnecessary waste of particles. The particles should be cleaned by an ordinary soaking and mixing in tap water. After this, the particles should be rinsed with deionized water in a sieve smaller than the particle size to help remove any contaminants. The fluid is difficult to remove from the particles. Due to this fact, the particles should also be washed using and ultrasonic water bath followed by rinsing through a sieve smaller than the particle size to remove any contaminants. The particles can then be dried at 40 o C. Next, they dry sieved through a sieve large than the particle size to segregate them before storage.

Particle image velocimetry

Before performing the experiments of suspension flow in the channel, the flow of the Newtonian fluid was studied to clarify the velocity variation in the height of the channel is negligible except for the boundaries. 3 µm melamine tracers are added to the Newtonian fluids. The concentration is set to be 6.72 gr/l to ensure there is enough tracer in the flow to be able to capture the velocity profile. The interrogation window is set to be 32×32 with 50% overlap which at least 5 tracers are located in each window in order to capture the velocity. For more detail please see the work of Firouznia et al. [START_REF] Firouznia | The interaction of two spherical particles in simple-shear flows of yield stress fluids[END_REF][START_REF] Firouznia | The hydrodynamic interaction of two small freelymoving particles in a Couette flow of a yield stress fluid[END_REF]. Figure 2.2 shows a typical image of the PIV experiment. The velocity profile is derived based on at least two images that are captured in a designated time intervals. The experiments were repeated 3 times and in each course of experiment, 100 images were captured. From each course of experiment, 10 sample pair images were selected to measure the velocity. The results are discussed in section 2.5.

Distribution of solid volume fraction

Experiments are performed at five different volume fractions of φ = 0.1, 0.2, 0.3, 0.4, and 0.5. The suspension is pumped at the flow rate of 0.01 ml/s into the channel. The exposure time of the camera is set to be 20000 µs. The images are taken every 7 seconds.

The laser power is set to be 80% of the capacity of a 200 mW laser generator. The laser 

Image analysis

Dimensionless model

We use the SBM approach explained in [START_REF] Ryan | Normal stress-driven migration and axial development in pressure-driven flow of concentrated suspensions[END_REF] to derive the system of equations that need to be solved for modeling channel flows of non-Brownian suspensions. Here, we present the equations in dimensionless forms to show the order of magnitude of different terms.

We refer the reader to the work of [START_REF] Hormozi | Dispersion of solids in fracturing flows of yield stress fluids[END_REF] for more details. We adopt a Cartesian coordinate system shown in Figure 2.1, with x in the direction of flow, ŷ measured across the channel and ẑ measured downwards, in the direction of height. The dimensionless coordinates and velocity components are as follows:

(x, y, z) = x L , ŷ D, ẑ Ĥ , (u, v, w) = û Û0 , 1 δ l v Û0 , δ l δ h ŵ Û0 , (2.1) 
There exists different length ratios in our system of study that we show as: δ p = dp / D, δ l = D/ L and δ h = D/ Ĥ. We scale time with Lt / Û0 which is the axial advection timescale.

The scaled channel has walls that extended in axial (x ∈ [0 1]), lateral (y ∈ [-0.5 0.5])and downward (z ∈ [0 1])directions. The axial velocity is scaled with the mean velocity at the channel entrance U 0 . The other velocity components are adopted in a way to have the order of unity for all terms in the continuity equation of the suspension. With these scalings, it is evident that the leading order strain rates are shear components across the channel, of size Û0 / D, with extensional strain rates O(δ l ) and smaller. Therefore, scaling for the second invariant of the strain rate is

γ = Û0 D γ = Û0 D       ∂u ∂y 2 + δ 2 h + δ 2 l       1/2 (2.2)
The scaling for the stresses is η 0 Û0 / D, with η 0 denoting the viscosity of the suspending fluid. We scale the fluid pressure as follows: 

pf = ρ f ĝẑ + 1 δ l η0 Û0 D p f , (2.3 
Σ = - 1 δ l p f I +                        O(δ l ) ∂u ∂y O(δ h ) ∂u ∂y O(δ l ) δ l δh O(δ h ) δ l δ h O(δ l )                        τ f -γη n (φ)                     λ 1 0 0 0 λ 2 0 0 0 λ 3                     ΠZ +τ p (2.4) τ p = η p (φ)                        O(δ l ) ∂u ∂y O(δ h ) ∂u ∂y O(δ l ) δ l δh O(δ h ) δ l δ h O(δ l )                        (2.5) 
and it has a contribution from the fluid pressure, fluid-phase stresses and normal and shear stresses of the particle phase stresses.

Finally, by applying the above scalings, we can write down the dimensionless suspension mass and momentum equations:

0 = ∇ • u, (2.6) 
δ l Re D Dt (u) = - ∂p f ∂x + ∂ ∂y η p ∂u ∂y -δ l λ 1 ∂Π ∂x + δ h 2 ∂ ∂z η p ∂u ∂z + O(δ 2 l ), (2.7 
)

δ 3 l Re D Dt (v) = - ∂p f ∂y -δ l λ y ∂Π ∂y + O(δ 2 l ), (2.8 
)

δ l ( δ l δ h ) 2 Re D Dt (w) = - ∂p f ∂z -δ l λ 3 ∂Π ∂z + ( δ l δ h ) 2 ∂ ∂y η p ∂w ∂y + O(δ 2 l ). (2.9) 
, with Reynolds number defined as Re = ρ f U 0 D/η 0 . Following the SBM approach here, the dimensionless continuity equation for the particle phase is as follows:

∂φ ∂t + ∇ • [φu] = -∇ • [φ(u p -u)] = -∇ • [φ(1 -φ)u r ].
(2.10)

Here the scaled relative velocity between the fluid and particle phase is (u r = u pu f ).

It is noteworthy to mention that the relative velocity is related to the drag force via the mobility function. We now write the particle phase momentum balance to estimate the relative size of the drag force components and consequently the relative velocity to close the continuity equation of the particle phase, i.e. in (2.10). The particle phase momentum equations are:

δ l Reφ D Dt u p = f D x δ 2 p + ∂ ∂y η p ∂u ∂y -δ l λ 1 ∂Π ∂x + O(δ 2 h ), (2.11) 
δ 2 l Reφ D Dt v p = f D y δ 2 p -δ l λ 2 ∂Π ∂y + O(δ 2 l ), (2.12 
) We substitute the leading order relative velocities into the particle phase continuity equation (2.10):

δ l ( δ l δ h ) 2 Reφ D Dt w p = f D z δ 2 p -δ l λ 3 ∂Π ∂z + ( δ l δ h ) 2 ∂
δ l δ 2 p ∂φ ∂t + u ∂φ ∂x + v ∂φ ∂y + w ∂φ ∂z = ∂ ∂y φ(1 -φ)M(φ) λ 2 ∂Π ∂y + δ 2 l δ 2 h ∂ ∂z φ(1 -φ)M(φ) λ 3 ∂Π ∂z + O(δ 2 l ). (2.15)
Table 2.1 shows the order of magnitudes for the aspect ratios of our channel flows. We see that δ l /δ 2 p ∼ 0.3 and therefore we assume that its contribution is of O(1). Moreover, it can bee seen that O(δ l ) ∼ (δ 2 h ) ∼ (δ 2 l /δ 2 h ). Therefore, we define ε = δ l 1 and seek an approximation to φ and suspension velocity u using a regular asymptotic expansion in ε,

i.e. 

L [mm] Ĥ [mm] D [mm] dp [mm] δ l = D L δ h = D Ĥ δ p = dp D Re = ρ f U 0 D/η 0 Re p = ρ f d 2 p γ/
u = u 0 + u 1 + ... v = v 0 + v 1 + ... w = w 0 + w 1 + ... φ = φ 0 + φ 1 + ... etc. (2.16) 
We substitute these expansions into equations (2.7)-(2.9) as well as equation (2.15) and collect the same order terms. Here, we just present the equations for the leading order terms as the other terms are very small and their values are within the error limit of our experimental setup and therefore we can not measure them.

0 = ∂u 0 ∂x + ∂v 0 ∂y + ∂w 0 ∂z , (2.17) 0 = - ∂p 0 f ∂x + ∂ ∂y η p ∂u 0 ∂y (2.18) 0 = - ∂p 0 f ∂y (2.19) 0 = - ∂p 0 f ∂z (2.20) ∂φ 0 ∂t + u 0 ∂φ 0 ∂x + v 0 ∂φ 0 ∂y + w 0 ∂φ 0 ∂z = ∂ ∂y φ(1 -φ)M(φ) λ 2 ∂Π ∂y (2.21)
The purpose of this modeling is to compare the results of SBM with our experimental measurements of the solid volume fraction and velocity profiles. Therefore, we are able to simplify the above leading order equations due to several reasons. First, we have scanned the channel when the steady-state is achieved, hence ∂φ 0 ∂t = 0. Second, our PIV results (see section 2.5) show that the boundary effects are limited to small distances from the upper and lower walls (in z directions), therefore, as we approach the middle of the channel, we can assume that w 0 = 0. Consequently, the continuity equation (2.17) imply that v 0 = 0.

In this work, we focus on the axial and lateral evolution of the solid volume fraction and velocity in the middle of the channel. Therefore, the above system of equations can be further simplified to give

0 = ∂u 0 ∂x , (2.22) 0 = - ∂p 0 f ∂x + ∂ ∂y η p ∂u 0 ∂y (2.23) 0 = - ∂p 0 f ∂y (2.24) 0 = - ∂p 0 f ∂z (2.25) u 0 ∂φ 0 ∂x = ∂ ∂y φ(1 -φ)M(φ) λ 2 ∂Π ∂y (2.26)
It is noteworthy to mention that although equation (2.22) would imply that u 0 = u 0 (y), the leading order axial pressure gradient ∂p 0 f /∂x varies along x. This is due to the migration of particles mainly from the lateral walls toward the center of the channel that results in the reduction of φ and consequently η p at the wall as we axially march along the channel. The equations (2.22)-(2.26) should be solved considering the following constraints

U 0 = 1/2 -1/2 u(y) dy, (2.27) φ0 = 1/2 -1/2 1/2 -1/2
φ 0 (x, y) dx dy.

(2.28)

The boundary conditions at the inlet and outlet are φ(0, y) = φ0 and ∂φ(1, y)/∂x = 0 respectively. We adopt no-slip and no-flux boundary conditions for the velocity and solid volume fraction profiles respectively at y = ∓1/2. The images at level z = 0.175 are chosen for the analysis because it is far enough from the top side of the channel to avoid boundary effect. In addition, as the level increases, the signal to noise ratio decreases, because the illuminated light should pass through more layers of particles; Therefore it is not possible to scan the whole hight of the channel. 2.10, the SBM prediction for all the volume fractions reaches φ m ; therefore, it explains why the evolution of the bin 9-10 of the SBM is not consistent with experimental results in Figure 2.12 (a). The bins close to the channel side do not show a considerable change in evolution since the migration for the case of φ = 0.1. Figure 2.12 (b) illustrates the same information as Figure 2.12 (a) for φ = 0.2. The evolution in distribution of solid volume fraction for φ = 0.2 shows the higher amplitude of migration compared to φ = 0.1 since there is more particle interaction. The experimental results are is in good agreement with the SBM model for the bins closer to the channel wall.

Results and discussion

As previously mentioned in Figure 2.10, the SBM model does not predict the evolution of φ close to the centerline. Therefore, it is expected to see the difference between experiment and SBM prediction for the bin 9-10 in Figure 2.12 (b). the amplitude of the migration in the centerline is changing from 0.1 to 0.18; However, the SBM predicts the higher amplitude of migration (≈ 0.33) and it seems that t has not reached the steady-state condition. However, the SBM model predicts the migration occurs faster.

The same comparison is performed for φ = 0.5 and is shown in As it was mentioned in Chapter 1, the rheology of non-Brownian suspensions of solid particles in both Newtonian and non-Newtonian fluids has drawn much attention since there are so many industrial and daily life applications such as the oil industry, food processing, cosmetics, muds, painting, coating, etc. These suspensions show nonlinear behavior such as shear thinning, shear thickening, thixotropy, plasticity, etc. One category of these materials is the yield stress fluid suspensions. Yield stress fluids are known as non-Newtonian fluids with shear thinning behavior. In other words, they do not have linear behavior when exposed to a shear rate gradient. In addition, if the applied shear stress is not sufficient, it acts like a solid; However, when the shear stress is larger than the yield stress of the material, it flows [START_REF] Neil | Yielding to stress: recent developments in viscoplastic fluid mechanics[END_REF]. There exist, several models, to explain the rheology of yield stress fluids such as the Herschel-Bulkley model which is shown in Equation 3.1.

τ = τ y + k γn (3.1)
Where τ y is the yield stress of the material, k is the consistency, and n is the power law In this work, we introduce a transparent yield stress emulsion with the same refractive index and density as Poly-methyl-methacrylate (PMMA) particles. We have used this material to perform a typical test showing the dispersion of solids in a heterogeneous shear field. We have used optical techniques which are categorized as inexpensive methods. Note that the droplet size of the designed emulsions should be set to be much smaller than size of the solid particles to be able to study the effect of dispersion or migration of solids suspended in yield stress fluids.

The outline of this chapter is as follows. In section 3.1 we give a brief discussion on emulsions and their rheology. Then, we present the process of designing a transparent emulsion. We propose methods to adjust the density and rheology of a transparent emulsion at a fixed refractive index. Finally we introduce a transparent yield stress emulsion that is RI and density matched with Poly-methyl-methacrylate (PMMA) materials. In section 3.2 we implement the transparent yield stress fluid suspension to study the shear induced migration of particles in a wide gap Taylor-Couette flow.

Optically engineered transparent emulsion

Emulsions

Emulsions are dispersions of immiscible fluids such as oil and water. Direct emulsions are dispersions of the oil in water and inverse emulsions are the dispersions of water in oil. Dispersion of one phase into another phase increases the interfacial surface between the phases and it needs input energy against interfacial tension. Once the input energy is released, the dispersed droplets start to coalesce which drives the mixture back to equilibrium. The coalescence process can be diminished or stopped if amphiphilic materials (surfactants) exist on the interfacial surface between the phases [START_REF] Guerra | Elasticity of compressed emulsions[END_REF]. When the surfactant coats the interface of the dispersed and continuous phase, the colloidal interaction forces between droplets change drastically when droplets get close to each other [START_REF] Schuster | Encyclopedia of emulsion technology[END_REF]. If the surfactant is non-ionic, flexible molecular chains protrude into the continuous phase and steric repulsion may appear. If the surfactant is ionic, repulsion also occurs through electrostatic forces [START_REF] Schuster | Encyclopedia of emulsion technology[END_REF]. This is how surfactants make the emulsion stable against coalescence.

In spite the fact that the emulsions are composed of fluids, they can show solid-like behavior and elasticity in case of high concentration of dispersed phase. This behavior exists because an external osmotic pressure Π(φ) squeezes the repulsive droplets together.

The structure of droplets along with the state of their deformation and their interactions define the osmotic pressure at a given droplets volume fraction [START_REF] Tg Mason | Osmotic pressure and viscoelastic shear moduli of concentrated emulsions[END_REF]. When the volume fraction of dispersed phase reaches the random close packing (rcp) which is φ rcp = 64% (mono-dispersed droplets), the osmotic pressure advances toward Laplace pressure (2σ/r), then droplets can no longer pack together without deformation.(σ is interfacial tension and r is the radius of undeformed droplet) Therefore, the increase of osmotic pressure causes more droplet deformation which increase the droplet surface area. This mechanism increases the elastic modulus of the material [START_REF] Tg Mason | Osmotic pressure and viscoelastic shear moduli of concentrated emulsions[END_REF]. In this condition, when the emulsion is exposed to external shear stress, the time scale of droplet rearrangement is large enough that cannot relax the imposed stress quickly; therefore, the emulsions exhibit yield stress behavior [START_REF] Dinkgreve | Crossover between athermal jamming and the thermal glass transition of suspensions[END_REF][START_REF] Daniel Bonn | Yield stress materials in soft condensed matter[END_REF]. However, when the osmotic pressure decreases below the Laplace pressure, the droplets will be unpacked and the emulsion does not have solid-like behavior anymore and becomes a viscous fluid.

Surfactants are either ionic or nonionic. Ionic surfactants can be cationic, anionic, or amphoteric. Surfactants contain a hydrophilic head and a hydrophobic tail. The hydrophilic heads of cationic, anionic, and amphoteric surfactants respectively have positively charged ions, negatively charged ions, and both types of ions at the same time. Non-ionic surfactants are categorized based on their Hydrophilic lipophilic balance (HLB) number which is the ratio of the molecular mass of the hydrophilic portion (M h ) of the surfactant to the total molecular mass (M). The HLB value for non-ionic surfactants is defined on a scale of 0 to 20 (HLB = 20 × M h /M). Non-ionic surfactants with HLB>10 are used for direct emulsions and those with HLB<10 are used for inverse emulsions. When the surfactant is non-ionic, the addition of salts (ionic materials) to an aqueous solution increases the electrostatic repulsion and gives rise to emulsion stability.

Refractive index, Density, Rheology

In order to design a transparent yield stress emulsion as a model fluid to perform experiments at different conditions, there is a need to show what range of refractive index, density, and rheology is possible to reach. The materials alternatives (o&w) (e.g. choice of oil and water phase), volume fraction of the dispersed phase (φ), and the choice of surfactant (s) are important in the process of designing a transparent yield stress emulsion.

The refractive index of the emulsion is a function of material alternatives (o&w). The density of the emulsion is a function of material alternatives (o&w) and the volume fraction of the dispersed phase (φ). The yield stress of the fluid (τ y ) is a function of material alternatives (o&w), the volume fraction of the dispersed phase (φ), and the choice of surfactant (s). In other words equation 3.2 shows the properties of an emulsion as a function of the mentioned parameters.

RI = f (o&w) ρ = f (o&w, φ) τ y = f (o&w, φ, s) (3.2) 
It means that the first step is to adjust the refractive index for both phases of an emulsion to the desired value. Then it is possible to change the volume fraction of the dispersed phase to adjust the density. At this stage, the yield stress magnitude of the fluid can be varied by the choice of surfactant. Note that surfactants with different HLB numbers will affect the consistency as well which is explained in the following. In addition, in order to change the density without changing the refractive index, the materials for each phase and the volume fraction should change, however this might change the rheology of the fluid.

Mason et al. showed τ y /(σ/r) only depends on the volume fraction of yield stress emulsions [START_REF] Tg Mason | Yielding and flow of monodisperse emulsions[END_REF]. In other words, at a fixed volume fraction of droplets, the magnitude of τ y /(σ/r) is constant. The droplet size (r) of the dispersed phase is independent of the interfacial tension. Therefore, the interfacial tension is inversely related to the magnitude of the yield stress of the emulsion.

Consistency depends on the volume fraction of the dispersed phase, viscosity of the phases and the inter-facial tension (the effect of surfactants) [START_REF] Tg Mason | Yielding and flow of monodisperse emulsions[END_REF]; However, changes in the volume fraction will change the yield stress and density of an emulsion as mentioned above.

In addition, changing the materials in order to vary the viscosity of the phases will change the RI, yield stress, and density of an emulsion. Also, changing the surfactant affects the yield stress of the emulsion.

Olsson and Teitel comprehensively discussed the power law index appearing in

Herschel-Bulkley model [START_REF] Olsson | Critical scaling of shearing rheology at the jamming transition of soft-core frictionless disks[END_REF]. A power law fit to ττ y as a function of the strain rate determines the magnitude of n. Numerical studies show two different power law patterns with two different magnitudes of n [START_REF] Olsson | Critical scaling of shearing rheology at the jamming transition of soft-core frictionless disks[END_REF][START_REF] Olsson | Herschel-bulkley shearing rheology near the athermal jamming transition[END_REF][START_REF] Lerner | A unified framework for nonbrownian suspension flows and soft amorphous solids[END_REF][START_REF] Kawasaki | Diverging viscosity and soft granular rheology in non-brownian suspensions[END_REF]. They reported a power law index at low shear rates and high shear rates. Experimental studies show the second exponent (high shear rate) has more influence on the fit of the flow curves. At low shear rates there is a possibility of the existence of other effects like friction between droplets [START_REF] Katgert | Rate dependence and role of disorder in linearly sheared two-dimensional foams[END_REF][START_REF] Katgert | Flow in linearly sheared two-dimensional foams: From bubble to bulk scale[END_REF][START_REF] Roger | Micromechanics of soft particle glasses[END_REF] or dissipated energy of interstitial liquid [START_REF] Schwartz | A theory of extensional viscosity for flowing foams and concentrated emulsions[END_REF] which could change the magnitude of the power law index.

Transparent yield stress emulsions

To design a stable transparent emulsion with given properties, it is necessary to go through several steps to achieve the target material [START_REF] Arif | Design of yield-stress fluids: a rheology-tostructure inverse problem[END_REF]. Figure 3.1 shows the step by step design of the yield stress fluid with examples for direct and inverse emulsions. Our goal is to design a transparent yield stress emulsion with the refractive index of PMMA materials (RI=1.49). Table 3.1 listed the possible materials to be used to make transparent emulsions.

According to Figure 3.1, the first step is to find proper materials (water phase, oil phase and surfactant) to make a stable emulsion, and it could be direct or inverse. We recommend silicon oil families for direct emulsions and mineral oils for inverse emulsions. The next step is to check if the refractive index of the water phase and the oil phase are matched together and close to the target value (e.g. RI=1.49). If the RI does not match with the target value, then we check if there is a possibility of adding other materials. For example salts or alcohols can be added to change the RI of the water phase; or the derivatives of the oil phase can be added to adjust the RI of the oil phase. After the adjustment of refractive index, the density can be tuned.

As mentioned in section 3.1.2, One method to adjust the density is to change the volume fraction of the dispersed phase. Another method is to choose different materials for the oil and the water phase which may also impact the refractive index. The other option to change the density is adding material to the chosen recipe (as mentioned before, salts or alcohols for water phase and oil phase derivatives for the oil phase).

The last step is to adjust the rheology of the fluid. One proposed method is to change the rheology via the surfactant. In the case of using non-ionic surfactants for direct emulsions, the higher the HLB number is, the higher yield stress and consistency is acquired. On the other hand, for the case of using non-ionic surfactants for inverse emulsions, the lower the HLB number is, the higher the yield stress and consistency will be. Other options to change the rheology of the fluid are to change or add material for each phase or change the volume fraction of the dispersed phase, keeping in mind that these changes might vary the refractive index and density of the final emulsion. In this section we propose a transparent direct emulsion with RI = 1.49 and ρ = 1.19gr/cm 3 with high yield stress (τ y ∼ 100Pa) for this emulsion which is not compatible with PMMA material in the long term experiment (e.g. more than one day). Then we introduce a transparent inverse emulsion that is RI and density matched with PMMA material and the yield stress is in order of (τ y ∼ 10Pa).

Design a direct emulsion with RI=1.49

The first step is to start with an available, stable direct emulsion that is used in literature to study the flow in a non-Newtonian suspension. A dispersion of silicon oil in water with the aid of an ionic surfactant such as tetradecyltrimethylammonium bromide (TTAB) (Sigma-Aldrich 8.40006) makes a stable emulsion. Addition of glycerol (Sigma-Aldrich G5516) to the water phase (50% vol.) makes it transparent with a refractive index of 1.40 for both phases [START_REF] Boujlel | Boundary layer in pastesdisplacement of a long object through a yield stress fluid[END_REF]; However, glycerol will change the density of emulsion.

Refractive index -It is essential to find correct immiscible phases with the same refractive index as PMMA materials. Some proposed oils with RI close to PMMA are oils (laser liquid (5610) ρ= 1:034 gr/ml; µ = 80 cS t; RI = 1:4900) and (immersion oil (5032) ρ = 0:888 gr/ml; µ= 10000 cS t; RI = 1:4917 ) from Cargile Labs company and silicone 550 from Dow corning company(ρ = 1:064 gr/ml; µ= 100 cS t; RI = 1:4985).

The composition of these oils is Siloxane and is suitable for direct emulsions. All types of silicone oils (e.g. Gelest company) can be added to adjust the refractive index.

comprehensive research on salts shows ZnCl2 is increasing the water phase's refractive index with the lowest impact on density.

Other liquids such as ethyl silicate (Sigma-Aldrich 86578), methyl silicate (Sigma-Aldrich 218472), ethyl cinnamate (Sigma-Aldrich 112372), and quinoline (Sigma-Aldrich 241571) have a high refractive index but these liquids are not easy to handle. In addition they react with the water and oil phases. Therefore it is not possible to use them for making stable emulsions.

Table 3.2 illustrates stable transparent direct emulsions with the refractive index of PMMA materials (RI=1.49).

Density -With the given materials listed in table 3.2, at the volume fraction of the dispersed phase (φ ∼ 87%) the emulsion has the density of PMMA material. This high volume fraction of the dispersed phase causes high yield stress of the material. The other option is to add materials with different densities (e.g. adding glycerol to the water phase).

Note this option might change the refractive index of the material as well.

Rheology -As mentioned before, changing the surfactant (10 < HLB < 20) can vary the rheology of the material. The recipe of a direct emulsion that is RI and density matched with PMMA material is the following: oil phase: [Cargille oil-code5610(67.98%wt.)],

surfactant: [Tween80(1.28%wt.)], water phase: [water(12.13%wt.), ZnCl2(24.31%wt.)].

The rheology of the emulsion is τ = 104Pa, k = 39.63Pa.s n , n = 0.47. The Tween80 was purchased from Sigma-Aldrich (PX1289F).

Table 3.3 shows some of the examples of direct emulsion with different surfactants and different volume fractions.

Design an inverse emulsion with RI=1.49

Dispersion of dodecane oil (Sigma-Aldrich 297879) in a water solution of CaCl2 (72%) (Sigma-Aldrich 746495) with the aid of a non-ionic surfactant (span80) (Sigma-Aldrich 85548) produces a stable inverse emulsion [START_REF] Ovarlez | Flows of suspensions of particles in yield stress fluids[END_REF]. This emulsion is designed to be density matched with polystyrene particles. However, it is not a transparent emulsion, but by increasing the concentration of CaCl2 in the water phase, it is possible to adjust the RI of both phases (RI=1.42). Increasing the salt concentration will change the density of the emulsion.

Refractive index -Hydrocarbon oils such as p-xylene (aromatic hydrocarbons) and Cargille immersion oil 5040 which is a combination of Aliphatic and Alicyclic

Hydrocarbons and Hydrogenated Terphenyl (ρ = 0:879 gr/ml; µ= 27 cS t; RI = 1:4900 ) are suitable for inverse emulsions. Note that P-xylene (Sigma-Aldrich 95680) is an aromatic hydrocarbon. It is not easy to handle in laboratory conditions and causes crazing on PMMA materials. For the water phase, addition of a salt such as NaI (Sigma-Aldrich 383112) or NaSCN (Sigma-Aldrich 467871) in the water phase can increase the refractive index to 1.49. Table 3.2 illustrates stable, transparent direct emulsions with the refractive index of PMMA materials (RI=1.49).

Density -With the given materials listed in table 3.2, at the volume fraction of the dispersed phase (φ ∼ 64%) the emulsion has the density of PMMA material. As another method to change the density, it is possible to add NaI or glycerol to the water phase to either drop or raise the density; However, note that the RI should be readjusted.

Rheology -As mentioned before changing the surfactant (0 < HLB < 10) can vary the rheology of the material.

Instruction of making transparent yield stress emulsions

The recipe of an RI and density matched emulsion with PMMA that we chose is the following: Oil phase: The range of strain is from 0.01 to 1000 % for a logarithmic sweep with data acquisition of 5 points per decade. Oscillating strains of 0.1 , 1 , 10 , and 100 % are chosen for the frequency sweep experiment. Figure 3.4 shows the magnitude of the viscous modulus (G )

and elastic modulus (G ). The elastic modulus remains constant below a critical strain which is the elastic regime of the material before reaching the yield stress.

A frequency sweep test shows how the elastic modulus of the material remains constant in its elastic regime. A pre-shear of 20[1/s] is applied for 30 seconds and allowed to rest for 30 seconds to reach equilibrium. Strains of 0.1 , 1 , 10 , and 100 % at Angular frequencies 0.1 to 110 rad/s for a logarithmic sweep with data acquisition of 5 points per decade are chosen. Figure 3.5 shows at small amplitudes (γ = 0.001), the material is not a function of angular frequency and remains constant. 

Experimental setup

We study the shear-induced migration in a wide gap Taylor Couette flow. Several studies have been carried out to understand the physics of shear-induced migration.

There exist two main approaches to characterize the migration in the flow of Newtonian suspensions. The first approach is called the "diffusive flux model" which considers diffusive terms in the mass balance of the particle phase [START_REF] Leighton | The shear-induced migration of particles in concentrated suspensions[END_REF][START_REF] Ronald | A constitutive equation for concentrated suspensions that accounts for shear-induced particle migration[END_REF]. This approach incorporates particle collision and relative viscosity gradients of the suspension to explain the migration. The second approach is called the "Suspension Balance Model" (SBM) which considers the suspension as a continuum media and takes into account the relative motion between the solid and fluid phase [4]. In this approach, particle normal stress gradients are responsible for particle flux [START_REF] Sarabian | Fully developed and transient concentration profiles of particulate suspensions sheared in a cylindrical couette cell[END_REF]. Recently, Sarabian et al [START_REF] Sarabian | Fully developed and transient concentration profiles of particulate suspensions sheared in a cylindrical couette cell[END_REF], experimentally investigated the migration in the flow of Newtonian fluid suspensions in a wide gap Taylor-Couette geometry via PTV techniques, and they showed the SBM is in good agreement with their results. They reported maximum migration occurs at φ ≈ 35%.

In spite of the fact that the suspension of particles in yield stress fluids have more applications in industry, they have been less studied. Unlike Newtonian fluid suspension flow, the distribution of particles suspended in yield stress fluids is shear rate dependent [START_REF] Ovarlez | Flows of suspensions of particles in yield stress fluids[END_REF]. For this case, the inner cylinder is rotating at 1.84 rad/s. The suspension was sheared over 10 minutes. The particles migrated toward the outer cylinder over time. The bulk solid volume fraction for all the experiments is set to be 35% since the maximum migration is reported to be at φ = 35% [START_REF] Sarabian | Fully developed and transient concentration profiles of particulate suspensions sheared in a cylindrical couette cell[END_REF]. The suspension is initially homogeneous, so the gradient of φ in the gap is zero.

Consequently, the velocity profile of the Newtonian suspension at the beginning of the experiment is the same as if there were no particles in the system. So the theoretical expression of shear rate resulting from the solution of the Navier-Stokes equation in the Taylor-Couette geometry of pure Newtonian fluid, is used to calculate the shear rate

(Equation 3.3). γ = 2R 2 o Ω R 2 o -R 2 i (3.3)
Based on the shear rate, the time step (at each strain unit) for image acquisition is defined. For each experiment, we take 2630 images from the middle of the Couette cell. In order to generate the color-map, the average of each batch of 100 images is divided into overlapping sub-images with the size of two-particle diameters (120×120 pixels). The radial distributions are obtained by a vertical average over the threshold of 100 images at the steady state condition. The fluctuations on the radial distribution of a solid volume fraction is the result of layering of particles due to the confinement effect. solid. Figure 3.9 shows the schematic view for the flow of the yield stress fluid suspension in the Couette cell. For the yield stress fluid suspension, the rotating speed of the inner cylinder is considered at two different conditions to observe fully yielded and partially yielded conditions. For the fully yielded condition, the material was sheared at 1.48 rad/s for 10 minutes. For the partially yielded condition, the material was sheared at 0.006 rad/s for 42 hours. 

future work

In the future, a detailed study on the modeling and experimental measurements of shear-induced migration of particles in yield stress fluids will be provided. The optically

Σ p = -Σ nn p + 2η f η p E (A.6) Σ f = -P f I + 2η f E (A.7)
P f is the pressure of the fluid phase, I is defined as identity tensor, E is the tensor to define strain rate, and Σ nn p is the particle phase normal stress tensor which is defined in equation A.8, A.9, & A.10.

Σ nn p = η f η N |γ|Q (A.8) Q channel =                     1 0 0 0 λ 2 0 0 0 λ 3                     (A.9) Q T aylor-Couette =                     λ 2 0 0 0 1 0 0 0 λ 3                     (A.10)
Accordingly, the suspension stress is defined as Equation A.11.

Σ = Σ f + Σ p = -p f I -η f η N |γ|Q + 2η f η s E (A.11)
η N is the relative normal viscosity of the suspension. η s is the relative shear viscosity of suspension which is defined in Equation A.12.

η s = η p + 1 (A.12)
The equations are solved based on the two rheological models proposed by Morris and Boulay [START_REF] Ryan | Normal stress-driven migration and axial development in pressure-driven flow of concentrated suspensions[END_REF] and Boyer et al. [START_REF] Franc ¸ois Boyer | Dense suspensions in rotating-rod flows: normal stresses and particle migration[END_REF] which are described in sections A.1 and A.2.

known to be parallel not only with the pins, but also the opposite side of the piece. This process ensured the parallelism that was needed in each piece. The depth of cut could also be varied to control the final height of each piece was within specification.

The variation in the thickness of the acrylic stock would make it impossible to know the width needed in the slot that a piece would be glued into. If the slot was too small, then the piece would not fit into it. If the slot was too large, then glue would leak out of the connection into the channel, ruining the channel dimensions. With a variation in thickness the slot would have to vary equally, or the variation would need to be removed to ensure they match as needed. The vacuum chuck was machined out of Delrine to hold the pieces flat. Delrine is stiffer than the acrylic. Therefore, when the acrylic is pulled down onto the Delrine the acrylic would deform before the Delrine, forcing it to be flat on one side. A small cut would then be made along the edge, only as deep as the slot it will be inserted into. Once the acrylic piece was removed from the vacuum chuck it would have a constant thickness along the cut, even if it had elastically deformed while in the vacuum chuck.

B.2 Sealing

Since the full channel would be composed of 20 channel sections, it was necessary not only to align each section perfectly using the tight tolerances, but also to seal to connections to prevent all leakage. To do this O-rings were placed in between each section that would compress and seal under the pressure of the section connections. Acrylic is a very soft material, therefore the pressure required to seal the O-rings would also cause the acrylic to deform over time. This deformation could cause the entire channel to be out of tolerance, or to begin leaking at the connections. To prevent this deformation, aluminum bars were placed behind the acrylic connections to reinforce the acrylic. The aluminum, being a much harder material, would not deform under the O-ring pressure. Therefore, the aluminum bars would act as a flat surface the acrylic could press against without causing deformation. Screws were placed through the aluminum bars and acrylic to press them together, providing the pressure necessary to seal to O-rings.

B.3 Controlling the accuracy

Each channel section consists of eight pieces made from acrylic stock, two side walls of the channel, the top and bottom pieces of the channel, two flanges used to connect each section (i.e. one on each side), and two outer walls for the water jacket. The first pieces machined were the channel walls. It was crucial the walls were parallel and within the specified height tolerance to ensure the entire channel would be flat and within specification. The acrylic stock was purchased in sheets. The stock was cut to a rough size using a vertical band saw. Following this process, the aluminum jaws were used to machine the walls down to the correct height and parallelism. The side walls were then transferred to the vacuum chuck where the edge was cut to the thickness required to fit into the slots to be made on the top and bottom pieces. These processes left the side walls with finished cuts on the top and bottom, a height within the allowable tolerance, and an edge with a known and constant thickness to be glued into the top or bottom piece.

The next piece of the channel section to be machined was the top and bottom pieces of the channel. The most crucial specification for the top and bottom pieces was the parallelism of the slots. If the slots are parallel and the side walls being glued into them are parallel, then the final channel assembly would also be parallel. These pieces were first cut on the vertical band saw. Next, finishing cuts were made to the edges using the CNC mill and aluminum jaw pins. These two processes created the rough shape of the piece, next the slots needed to be cut. The piece was set in the vacuum chuck, and the outer edge was machined. This created an edge that was flat with respect to the cutting tool. The piece was then flipped over so it would be supported by the newly cut flat edge. Since the piece was being worked off of the flat edge, the slots being cut would be parallel to the flat edge.

This process achieved a consistent depth of cut and slot width that the side walls could be accurately glued into.

The third piece needed was the flanges used to connect one channel section to another.

Two different flange types were made, a flat flange and a flange with cut outs for the Orings to sit. The two different flange types would connect with one another when each channel section is assembled together. The flat flange would allow a surface for the O-ring to be pressed against to seal the O-ring, and in turn sealing the channel. The upper and lower edges of the flanges were cut using the pins on the aluminum jaw the same way the channel walls were. The flanges are the base the entire structure sits on, so parallelism was necessary to ensure the full channel sat flat. Next, the necessary slots, screw holes, and pin holes were machined in one process. During this process, the piece was held lightly along the height using a vice and sitting on parallels. This was the final machining done on the flanges prior to starting the assembly process.

The final piece made were the outer walls for the water jacket. These pieces did not have the same tight tolerances as the other pieces. These walls would be glued to the outside surface and create channels for temperature controlling water outside of the inner channel. The length and height had to fit on the sides, but small variations in the height or length would not affect the dimensions of the inner fluid channel. These pieces were rough cut on the vertical band saw similar to the others. Then, they were machined to the needed height using the pins on the aluminum jaws, similar to the inner channel walls.

B.4 Channel section Assembly

The type of glue used for the acrylic was very important. Bonds needed to be completely sealed and permeant. The SciGrip Weld-on 4 inch Acrylic Cement was chosen to accomplish this. Along with the type of glue, the method for application was also very important. The glue is extremely thin and bonds quickly. In order to make sure the connection is completely sealed, both surfaces being glued had to be completely covered in the cement. Although, while doing this it was imperative no excess glue was able to spill onto important dimensions (i.e. into the inner channel itself). If this were to happen, the tolerances would be ruined as well as the optical clarity of the acrylic. It was therefore important to make sure glue was applied as needed, but only on parts of the channel that were not going to be observed by the experimental methods.

Three gluing processes had to be done; the side walls to the top and bottom pieces, the flanges to the ends of those glued connections, and the outer walls for the water jacket onto the previously glued piece. Once the channel side walls were glued to the top and bottom pieces they needed further machining to prepare them to be glued to the flanges.

The assembled section was placed vertically with the bottom resting on a parallel and one side pressed against to parallel pins. This setup allowed for the location of the center of the channel to be found based off a known flat edge. From this position the CNC mill was used to cut the top edge into a piece that could fit into the flange. From here the piece was flipped over, so the other end could be machined the same way. In order to maintain the parallelism of the entire piece, it was necessary to ensure the side being pressed against the pins was the same side during both cutting processes. These pieces were now able the be attached to the flanges. One flange was placed on each side of the glued side walls and top and bottom piece.

Once the flanges had been glued, the piece was ready for its final machining process.

The piece was set on the aluminum jaws the same way the first assembly was. Here the CNC mill was used to flatten the face of the flange, ensuring each edge was flat and would properly align with the next consecutive piece. Next, the cut out for the O-rings were made on only one of the flanges per section, as stated prior. The last assembly process for the individual channel sections was gluing the outer side walls for the water jacket. It was also required to be able to safely tilt the entire channel at an angle to aid in cleaning, draining, and removing air bubbles from within the channel. To achieve all these requirements a mount was made for the channel to sit upon that could also be attached to the optic table. The mount was made out of extruded T-slot aluminum and consisted of 108 two 14-foot-long sections on the top and bottom with 12-inch-tall columns placed every 18 inches as support. The entire mount was attached to the table by a pivot point at one end of the mount allowing the mount to tilt at an angle. To assist lifting the mount as well as keep it from tipping two pneumatic cylinders were attached to the mount. These pneumatic cylinders assisted the lifting of the mount as well as held the mount at the maximum angle needed for draining. 

  al (1991) et Lyon et Leal (1998) sont réalisées avec la technique de vélocimétrie laser Doppler. Les données de Koh et. al ne sont disponibles que pour 𝜙𝜙 = 0,1, 𝜙𝜙 = 0,2 et 𝜙𝜙 = 0,3. Les données des expériences de Lyon et de Leal ne concernent que 𝜙𝜙 = 0,3, 𝜙𝜙 = 0,4 et 𝜙𝜙 = 0,5.

Figure I :

 I Figure I: Configuration expérimentale -Canal

  De plus, nous avons mis au point une suspension modèle constituée de particules rigides plongées dans un fluide à seuil. Le fluide suspendant est une émulsion concentrée, à comportement rhéologique et à indice de réfraction modulables. Nous expliquons la procédure de formulation en détail. L'émulsion optiquement transparente ouvre la possibilité d'utiliser les techniques de suivi des particules / vélocimétrie (PIV / PTV) dans l'étude des écoulements dynamiques impliquant des particules dans des fluides complexes. A titre d'application, nous avons utilisé la PTV pour fournir des mesures précises de fraction volumique solide dans une cellule de Taylor-Couette. La figure III illustre la configuration expérimentale. La figure IV montre la comparaison d'une image typique pour une suspension dans un fluide newtonien et une suspension dans un fluide à seuil. La figure V montre la carte distribution de fraction volumique solide dans le fluide newtonien à l'équilibre, ainsi que la distribution radiale de la fraction volumique solide comparée au SBM. Nous notons que les particules ont migré du cylindre interne vers le cylindre externe, ce qui a entraîné une fraction volumique importante au niveau de la paroi externe.
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  Figure III: Vue schématique du montage expérimental

Figure V :

 V Figure V: Cartes de distribution de fraction volumique solide pour la suspension dans un fluide newtonien à 3 niveaux différents de la cellule -(b) Répartition de la fraction volumique solide à l'équilibre au milieu de la cellule de Taylor-Couette pour une suspension dans un fluide newtonien (Ω=1: 48rad/s) (ligne rouge), prédiction du SBM (ligne noire)

Figure

  Figure VI: Cartes de distribution de fraction volumique solide dans un fluide à seuil à l'équilibre pour (a) un écoulement non localisé et (b) un écoulement localisé

  Frigaard developed a model to explain the shear-induced migration in yield stress fluid suspensions [8]. In this research, we propose to design experiments to study the shear-induced migration in the flow of particles suspended in Newtonian fluids and yield stress fluids in order to validate the existing models. The flow of Newtonian suspensions will be experimentally studied in a channel with a large length/gap ratio to see the effect of bulk volume fraction and large strains in the migration of particles toward the center of the channel. We will analyze the experimental results to validate the models in channel flow at different bulk volume fraction. The channel flow experimental setup is shown in Figure I.

Figure

  Figure II illustrates the results obtained from the experiments. The experimental results are compared with the suspension balance model (2D) of Miller & Morris (2006) [1]. This model considers the local kinematic of the particles suspended in the fluid. Also, the experimental data are compared with the prediction of the SBM using the rheological laws proposed by Morris & Boulay [3] and Boyer et al. [35]. Moreover, the present work is

Figure I :

 I Figure I: Experimental setup -channel

Figure

  Figure II: Distribution of solid volume fraction -comparison of present work with Koh et al. (1991), Lyon & Leal (1998), Miller & Morris (2006), Morris & Boulay (1999), Boyer et al. (2011), Yeo & Maxy (2011) (a) 𝜙𝜙 = 0.1, (b) 𝜙𝜙 = 0.2, (c) 𝜙𝜙 = 0.3, (d) 𝜙𝜙 = 0.4, (e) 𝜙𝜙 = 0.5

Figure V shows the

  Figure V shows the color-map for the distribution of the solid volume fraction in Newtonian fluid at the steady state condition as well as the radial distribution of the solid volume fraction which is compared with the SBM. We note that the particles have migrated from the inner cylinder to the outer cylinder resulting in a large volume fraction at the outer wall.
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  Figure III: Schematic view of experimental setup

Figure

  Figure VI: Color-maps for the distribution of solid volume fraction suspended in yield stress fluid at steady state condition for (a) the fully yielded suspension and (b) the partially yielded condition
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  mostly close to channel walls. It has been reported in the work of Koh et al. and the lyon & leal that the LDV measurements close to the walls have less accuracy. In addition, Dbouk et al. studied the shear-induced migration of particles suspended in Newtonian fluids by solving SBM via finite volume method [14]. They compared the results with experimental data of Lyon and Leal and numerical results of Miller and Morris. There is a good agreement between the results of Dbouk et al. and Miller & Morris for suspension flow in a rectangular channel.It is important to experimentally study the flow of Newtonian fluid suspension in a rectangular channel with higher resolution in order to verify the existing models. Now, let's consider yield stress fluids as the suspending fluid. There exist, several models, to explain the rheology of yield stress fluids such as the Herschel-Bulkley model (τ = τ y + k γn ). Where τ y is the yield stress of the material, k is the consistency, and n is the power-law index. The rheology of yield stress fluid suspensions has been studied and characterized by several researchers[START_REF] Ovarlez | Local determination of the constitutive law of a dense suspension of noncolloidal particles through magnetic resonance imaging[END_REF][START_REF] Chateau | Homogenization approach to the behavior of suspensions of noncolloidal particles in yield stress fluids[END_REF][START_REF] Mahaut | Yield stress and elastic modulus of suspensions of noncolloidal particles in yield stress fluids[END_REF][START_REF] Coussot | Macroscopic vs. local rheology of yield stress fluids[END_REF][START_REF] Vu | Macroscopic behavior of bidisperse suspensions of noncolloidal particles in yield stress fluids[END_REF][START_REF] Ovarlez | Shearinduced sedimentation in yield stress fluids[END_REF][START_REF] Dagois-Bohy | Rheology of dense suspensions of non-colloidal spheres in yield-stress fluids[END_REF][START_REF] Ovarlez | Flows of suspensions of particles in yield stress fluids[END_REF]. In spite of Newtonian suspension flow, the distribution of particles suspended in yield stress fluids depends on the magnitude of shear rate[START_REF] Ovarlez | Flows of suspensions of particles in yield stress fluids[END_REF]. Hormozi and Frigaard utilized the experimental results from these studies and developed a model for the suspension of solid particles in yield stress fluids[START_REF] Hormozi | Dispersion of solids in fracturing flows of yield stress fluids[END_REF]. They extended the SBM model by considering the rheology of yield stress fluid as the suspending fluid. However, there is no experimental data available on shear-induced migration in the flow of yield stress fluids suspensions. In the current research, we experimentally study this phenomenon in the flow of yield stress fluid suspensions in a wide gap Taylor-Couette geometry.

  Several techniques are available to understand the dynamics of suspension and particles in the channel and Taylor Couette geometry such as Nuclear Magnetic Resonance/Imaging (NMR/I), X-ray, ultrasonic, Laser Doppler Velocimetry (LDV), Particle Imaging/Tracking Velocimetry (PIV/PTV).

Figure 2 . 1 .

 21 A precision syringe pump flows (High-pressure module purchased from neMESYS GmbH) the suspension along the channel. A semiconductor green laser diode of 200 mW power and wavelength of 532 nm is used as the light source. The laser passes through a horizontal plano-convex cylindrical lens with a focal length of ( f = 10mm) to make a vertical laser sheet. The diverging laser sheet goes through a horizontal planoconvex cylindrical lens with a focal length of ( f = 100mm) to collimate the laser sheet. A vertical plano-convex cylindrical lens with a focal length of ( f = 50mm) is used to focus down the laser sheet thickness (≈ 15µm)[START_REF] Diemunsch | A compact light sheet generator for flow visualizations[END_REF][START_REF] Prenel | A new versatile laser sheet generator for flow visualization[END_REF]. The suspending fluid contains rhodamine 6G, which illuminates under the laser diode projection. This concentration is obtained by trial and error to optimize the contrast between the particles and fluid all over the gap. The fluorescent dye absorbs 524 nm (green) laser and emits at 566 nm. Since the suspension is transparent, the light can go through without diffraction. A 2 Megapixel CCD camera (Purchased from Basler) mounted on top of the channel receives the light that exits from the suspension fluid. A macro lens (purchased from Sigma-Photos) is mounted on the CCD camera to be able to look at fine PMMA particles(63 -75µm). A high pass filter (550 nm filter purchased from Thorlabs) is mounted between the camera and channel to remove the noise. The PMMA particles are not fluorescent, therefore a contrast forms between the particle phase and the fluid phase and makes it possible to track the suspended particles. The details of the experimental setup are shown in Figures B.2 and B.3

Figure 2 . 1 :

 21 Figure 2.1: Schematic of optical setup

  be able to escape. Open the valves connecting the fluid tank to the channel. Allow gravity to fill the channel with the fluid. Once the fluid has reached the open end of the recirculation tube, connect it to the proper valve leading from the fluid tank. Open this valve to allow the small air bubbles to escape. 4. Load the syringe pumps Connect the pumps to the fluid tank Ensure that the valves leading from the pumps to the channel are closed and Fill the pumps. Leave the valves leading from the pumps to the fluid tank open. This allows any trapped air bubbles to escape. Leave the valve leading from the fluid tank to the recirculation tube open. This allows any pressure buildup to be equalized through the fluid tank.

9 .

 9 Repeat steps 5 8 as necessary until all data points are captured 10. Turn off Pumps, Laser, and Camera 11. Drain and clean the channel, equipment, and connective tubing The next step is to prepare the channel for the next run of the experiment. Prompt cleaning will also prevent sedimentation of PMMA particles which occurs slowly when the density of the fluid is not exactly matched to the particles due to factors such as temperature change. Deposited particles are difficult to remove from the channel. Prolonged fluid storage in the channel can also lead to leaks which are difficult to fix.

Figure 2 . 2 :

 22 Figure 2.2: PIV image -Newtonian fluid with 3µm tracers

Figure 2 .

 2 Figure 2.3 shows the raw image captured by the optical technique. The laser beam intensity is Gaussian, and therefore the intensity of the laser sheet is not uniform. In addition, the intensity drops as the laser sheet penetrates through the suspension due to a slight refractive index mismatch. The intensity profile of the raw image is normalized by a reference image. The reference image is obtained by applying a Gaussian blur (in width and height) on the same image. This procedure helps to obtain a uniform image with a wide spatial range of contrast and intensity levels [71]. Figure 2.3 illustrates the successive threshold of the normalized image. At each position, 5 sets of 20 images are taken. The average over hight of all 100 images gives the distribution of solid volume fraction.

) 30 which

 30 indicates that the axial pressure drop balances the shear stresses. The hydrostatic component ρ f ĝẑ is subtracted from the total stress and included as part of the body force in the momentum equations. The suspension stresses, when scaled with η0 Û0 / D adopt the following form:

  -0.09 5 × 10 -4 0.05 ∼ 0.041 6.41 × 10 -51.09 × 10 -7

Figure 2 .

 2 Figure 2.4 illustrates the PIV results of Newtonian fluid flowing in the channel. four different locations along the length of the channel are selected for velocity measurement.In addition, the velocity profile is measured at different heights in order to scan the whole channel flow. In Figure2.4, the horizontal line is the width of the channel and the vertical line is the velocity along with the length of the channel. The color-maps shows the variation of velocity in the along the height. Based on Figure2.4 the velocity profile is consistent with theoretical solution everywhere except for the z = 0.025 which is affected by the boundary. Therefore, we conclude that in z direction, the velocity boundary effects are limited to small regions close to the wall.To study the suspension flow, the imaging is performed at several points along the length of the channel (x direction Figure 2.1) to observe the changes in the distribution of solid volume fraction. Images are captures at different levels (z direction Figure 2.1).

Figure 2 . 4 :

 24 Figure 2.4: PIV results for flow of Newtonian fluid

Figure 2 .

 2 Figure 2.6 illustrates the typical images obtained at the beginning and the end of the channel for different volume fractions. The migration of particles toward the center of the channel is clearly observable.

Figure 2 .Figure 2 . 5 :

 225 Figure 2.7 illustrates the distribution of solid volume fraction at different locations of the channel (x direction Figure 2.1). The vertical axis shows the volume fraction of solid particles and the x axis shows the location on the half-width of the channel (zero is the center). In Figure 2.7 (a) (φ = 0.1) the migration is observed and the particles are moving from the sides of the channel toward the center up to φ ≈ 0.17. At x = 0.121 a considerable change in the distribution of solid volume fraction is observed. The slight accumulation of particles in the center of the channel continues until the last point of the observation x = 0.971. For the case of φ = 0.2 (Figure 2.7 (b)) the migration is observed and the particles move toward the centerline up to φ ≈ 0.43. The results show that the migration has started

Figure 2 . 6 :

 26 Figure 2.6: Images of particles suspended in Newtonian fluid at the beginning and the end of channel for different volume fractions

Figure 2 .

 2 Figure 2.7 (c) illustrates the migration of particles suspended in Newtonian fluids for the bulk volume fraction of φ = 0.3 at different locations (x direction) in the channel. The migration occurs faster than the case of φ = 0.1 and φ = 0.2. In addition, the amplitude of the migration for φ = 0.3 is larger than φ = 0.2 and φ = 0.1. After the location for x = 0.521 the distribution of solid volume fraction does not show considerable changes. The migration of particles suspended in Newtonian fluids for the bulk volume fraction of φ = 0.4 is shown in Figure 2.7 (d). Similar to the cases of φ = 0.2 and φ = 0.3, the migration is observed in the beginning of the channel (x = 0.009). The magnitude of the particle concentration reaches ≈ 0.64 in the centerline. The amplitude of the migration at φ = 0.4 is similar to φ = 0.3.

Figure 2 . 5 Figure 2 . 7 : 6 (Figure 2 . 8 : 7 (Figure 2 . 9 :

 2527628729 Figure 2.7 (e) shows the variation in the distribution of volume fraction for solid particles for φ = 0.5. The migration is clearly observed. Similar to experiments for lower volume fractions ( φ = 0.2 -0.4), the migration has occurred at the beginning of the channel. As the volume fraction increases the magnitude of the migration at the beginning of the channel increases. In spite of experiments for the lower volume fractions, a sudden jump close to the center of the channel (y = 0) is not observed due to a large number of particles suspended in the fluid. This effect is also observable in Figure 2.6. Accordingly the amplitude of the migration is lower than the case of φ = 0.3 and φ = 0.4. Considering all the volume fraction together, the changes in the distribution of solid volume fraction at each observation point on the channel are shown in Figure 2.8. At x = 0.009 (Figure 2.8-a), the distribution of particle along the width of the channel y is uniform for φ = 0.1. As the volume fraction increases, the more migration is observable. Particle distribution of φ = 0.5 in Figure 2.8-a shows the particles have already migrated toward the channel centerline (y=0). The experiments were performed 5 times and Figure

Figure 2 .

 2 Figure 2.10 (a) shows the comparison of the present work the result of Koh et.al.(1991). There is a good agreement between present work and Koh's result in the region close to the channel walls (0.2 < y < 0.4). However, Koh's results show gradual changes in volume fraction toward the centerline, but the present work shows a local change in the volume fraction near the centerline.

Figure 2 .

 2 Figure 2.10 (b) illustrates the comparison of present work for φ = 0.2 with SBM, experimental results of Koh et.al.(1991), and Dynamic Numerical Simulation (DNS) of Yeo and Maxy (2011). The present work is in good agreement with the simulation result of Yeo and Maxy at 0 < y/H < 0.85. Koh's results show a higher amplitude of migration comparing to present work. Since Koh implemented the LDV method, only discrete values are available from their experiment; however, the amplitude of the migration is the same as the present work. The comparison of present work for φ = 0.3 (Figure 2.10 (c)) with other research works in the literature including Koh et. al. (1991), Lyon & Leal (1998), SBM (Miller and

Figure 2 .Figure 2 . 10 :

 2210 Figure 2.10 (d) compares the present work for φ = 0.4 with other research work. The same as φ = 0.3, the experimental results of Lyon & Leal show the higher amplitude of migration; however, there is a good agreement between present work and simulation of Yeo & Maxy at 0 < y/H < 0.4. Since the present work reaches φ ≈ 0.64 at centerline (y = 0), it is in good agreement with the SBM model. The simulation of Yeo & Maxy shows the maximum volume fraction is close to 0.58 in the centerline. The comparison of present work for φ = 0.5 with other available research work is shown in Figure 2.10 (e). The results of Lyon (1998) shows a higher amplitude of migration and are not consistent with the SBM model. In addition, as was mentioned before, the present work shows a good agreement with the SBM model.

Figure 2 .

 2 [START_REF] Leighton | The shear-induced migration of particles in concentrated suspensions[END_REF] illustrates how the bins are selected on a sample image.

Figure 2 .

 2 Figure 2.11: position of each bin

Figure 2 .

 2 Figure 2.12 (a) shows the evolution of solid volume fraction on each bin for experiment and SBM at φ = 0.1. As the bin number increases (toward the channel centerline), the evolution shows an increase in the local volume fraction. As it was reported earlier in Figure 2.10, the SBM prediction for all the volume fractions reaches φ m ; therefore,

Figure 2 .

 2 Figure 2.12 (c) shows a good agreement between the evolution of φ for the experiment and the SBM prediction in all the bins at φ = 0.3. Both models and the experiences illustrate the local change in volume fraction close to the channel centerline. The comparison of the experimental result for bin 8-9 with the corresponding SBM model show that the dynamic of migration is different than the model prediction. In other words, SBM prediction says that the particles are firstly accumulated in the channel centerline and reach φ m , then the migration of particles is expected to be observed in the region close to the center. On the other hand, the experimental results show the migration does not start locally in the centerline and bin 8-9 shows a rapid change in the evolution of volume fraction.

Figure 2 .

 2 Figure 2.12 (d) compare the evolution of φ for present work with SBM prediction at φ = 0.4. The SBM perdition and the experiment are in good agreement in the bins close to the centerline. The dynamic of migration for φ = 0.4 is observed to be the same as φ = 0.3.

Figure 2 .

 2 Figure 2.12 (e) illustrate the evolution of migration for φ = 0.5.The error bars for this volume fraction are larger due to the reasons that the noise level for this volume fraction at z=0.175 is larger. The error bars are larger in the bins close to the centerline since the accumulation of particles in this region is higher. Due to the large amplitude of the error bars, it is not feasible to clearly compare the experiment with SBM prediction.

5 Figure 2 .

 52 Figure 2.12: evolution of solid volume fraction at each bin for each section (a) φ = 0.1, (b) φ = 0.2, (c) φ = 0.3, (d) φ = 0.4, (e) φ = 0.5

Figure 2 .

 2 Figure 2.13: position of center bin

Figure 2 .

 2 Figure 2.14 (a) shows the evolution of solid volume fraction in the selected bin for experiment and SBM at φ = 0.1. The horizontal line represents the length of the channel and the vertical line represent the volume fraction. The SBM model predicts that the migration occurs faster than the experiment. In addition, Based on the experimental results,

Figure 2 .

 2 Figure 2.14 (b) compares the evolution of volume fraction for φ = 0.2 in the channel centerline. The amplitude of migration for experiment data (changing from 0.2 to 0.41) is smaller than the model (changing from 0.2 to 0.54). In addition, the migration occurs faster in SBM prediction.

Figure 2 .

 2 Figure 2.14 (c) shows there is good agreement between the experimental data and the prediction of Miller & Morris for the amplitude of the migration at φ = 0.3. The

Figure 2 .

 2 14 (e). Due to noise in the image processing, the error-bars are large for this set of experiments. The reason is that the light passes through so many layers of particles and increases the noise level. The amplitude of the migration for experiment data and the model prediction are the same. However, the same as φ = 0.4 the SBM model predicts that the migration occurs faster.

Figure 2 . 5 Figure 2 . 14 :Figure 2 . 15 :Figure 2 . 16 :Figure 2 . 17 :Figure 2 . 18 :Figure 2 . 19 :

 25214215216217218219 Figure 2.15, 2.16, 2.17, 2.18, and 2.19, compare the distribution of solid volume fraction at each location of observation for present work with SBM prediction using the rheological laws proposed by Morris & Boulay [3] and Boyer et al. [35]. The strain is considered as the average strain rate multiplied by time. The present work is in good agreement with the SBM prediction for φ = 0.1 and φ = 0.2 except close to the centerline. The comparison for φ = 0.3, φ = 0.4, and φ = 0.5 shows the kinetics of migration is different from the SBM predictions.

  index. Characterizing the flow of particles suspended in Newtonian fluids and yield stress fluids is complicated since it requires local rheological measurements due to heterogeneity of the flow field (e.g. shear flow and solid volume fraction). As it is mentioned in chapter 1, There are experimental techniques to study the local rheology of suspensions such as Nuclear Magnetic Resonance/Imaging (NMR/I), X-ray, ultrasonic, Laser Doppler Velocimetry (LDV), and Particle Imaging/Tracking Velocimetry (PIV/PTV).
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 3233743435 Figure 3.2: Rheology result for peak-hold test to measure the yield stress of the material

Figure 3 .Figure 3 . 6 :

 336 Figure 3.6 shows the experimental setup. The Radii of the inner cylinder and outer cylinder are R i = 5mm and R o = 9.5mm, respectively. The surface of inner cylinder is

  Figure 3.7 (a) shows the raw image captured by the PTV technique. The laser beam intensity is Gaussian, and therefore the intensity of the laser sheet is not uniform. In addition, the intensity drops as the laser penetrates through the suspension due to a slight refractive index mismatch. The intensity profile of the raw image is normalized by a reference image. The reference image is obtained by applying a Gaussian blur filter (50 pixel in width and height) on the same image. This procedure helps to obtain a uniform image with a wide spatial range of contrast and intensity level[START_REF] Blanc | Microstructure in sheared non-brownian concentrated suspensions[END_REF].

Figure 3 .

 3 Figure 3.7 (b) illustrates the successive threshold of the normalized image.

Figure 3 .

 3 Figure 3.6 clearly shows the target window (4.5mm × 10.5mm) for each location. The

Figure 3 . 7 :

 37 Figure 3.7: (a) Raw image of Newtonian suspension, (b) Thresholding of Newtonian suspension, (c) Raw image of emulsion suspension, (d) Thresholding of emulsion suspension

Figure 3 .

 3 Figure 3.8 shows the color-map for the distribution of the solid volume fraction in Newtonian fluid at the steady state condition as well as the radial distribution of the solid volume fraction which is compared with the SBM. We note that the particles have migrated from the inner cylinder to the outer cylinder resulting in a large volume fraction at the outer wall.

Figure 3 .Figure 3 . 8 :

 338 Figure 3.8.b shows that our measurements are in agreement with the SBM results, and therefore our experimental setup can be used to study the shear-induced migration of particles in yield stress fluids.

Figure 3 .

 3 Figure 3.7 (c) shows the raw image that captured the suspension particles in the yield stress fluid.Figure 3.7 (d) illustrate the successive threshold of the normalized image as it was discussed in section 3.2.2. Comparison of Figures 3.7(a) and (c) demonstrate the

  (a) and (c) demonstrate the quality of the experiments and how accurately the refractive indices of the solid and liquid phases are matched together.

Figure 3 .Figure 3 . 9 :Figure 3 . 10 :

 339310 Figure 3.10.a shows the color-map for the distribution of the solid volume fraction in the yield stress fluid at steady state condition for the fully yielded suspension flow. Over time the particles have migrated toward the outer cylinder.Figure 3.10.b shows the colormap for the distribution of the solid volume fraction in the yield stress fluid at the steady state condition for the partially yielded suspension flow. The migration occurs only until r/a = 10 and then the flat volume fraction profile is consistent with the existence of plug in the gap. The color-map show that the particles accumulate at the yield surface and they do not penetrate in the plug.

Figure B. 1 shows

 1 a section of the channel.

Figure B. 1 :

 1 Figure B.1: Channel section

  Figure B.2 and B.3 illustrates the channel assembly on optic table.

FigureB. 6

 6 Figure B.2: Channel assembly
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 678910114121314151617181920212223 Figure C.6: Emulsion 2 rad/s -Experiments at different times
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  Here we just consider the viscous drag forces (f D ) act on particles and we neglect other forces such as the Archimedes force, added mass, Basset force and lift force. It is a reasonable assumption, since our system of study is a density matched suspension in the Stokesian regime with Re p = ρ f d 2 p γ/η 0 → 0. Therefore, the scaling for the drag forceis η 0 d 2 p γ.Moreover, in the present flow configuration Reδ l → 0. Hence from equations (2.11)-(2.13) and the fact that (u rx , u ry , u rz ) and f Dx , f Dy , f Dz are linearly dependent, we may

							∂y	η p	∂w ∂y	+ O(δ 2 l ).	(2.13)
	write									
	u r ≈ -M(φ) -δ 2 p	∂ ∂y	η p	∂u ∂y	, δ 2 p λ 2	∂Π ∂y	, δ 2 p δ l λ 3	∂Π ∂z	.	(2.14)

Table 2 .

 2 

1: Channel flow dimensions

  Sigma Aldrich 85548) is mixed with water at T = 60 o C for two hours. The Span80 is mixed with Cargille oil-code 5040. The refractive index of both phases should be matched up to 4th digit (RI=1.4917). The materials are mixed together in a container surrounded by an ice water bath. A Silverson emulsifier L5M-A is used to mix the material. The rotational velocity of the emulsifier should increase gradually to make sure the materials are completely mixed together and remain stable. It starts from 1000 rpm and increases 1000 rpm every 10 minutes to reach 7000 rpm. A centrifuge is used to remove the trapped bubbles from emulsion. After the centrifuge, a gradient of dispersed phase droplets will form in the micro-structure of the emulsion. The emulsion is gently re-mixed to be completely homogeneous without trapping bubbles.A peak hold test is performed to measure the yield stress of the material. The sample was per-sheared by 20 [1/s] for 30 s and then left to rest for 30 s to relax. The applied shear rate was 0.01 1/s for 7200 seconds. Figure3.2 Shows the result of the peak hold test. The applied shear rate (γ) is small enough to be able to measure the yield stress (τ y ) as the shear stress response of the rheometry test (see equation 3.1). Also, the peak hold test shows the yield stress of the material remains constant over time.A shear ramp test shows the magnitude of the yield stress, consistency and power law index of the material. A pre-shear of 20 [1/s] is applied for 30 seconds and then allowed to rest for 30 seconds to reach equilibrium. The Increasing shear ramp starts with 0.01 to 30 [1/s]. The material follows the Herschel-Bulkley model as described in equation 3.1.Figure 3.3 Shows the result of the shear ramp test. All parameters of equation 3.1 can be derived from this test, and the magnitude of the yield stress (τ y ) shows a good agreement with the results in the peak hold test.An amplitude sweep test is performed to measure the elastic and viscous modulus of the material. A pre-shear of 20[1/s] is applied for 30 s and allowed to rest for 30 seconds to reach equilibrium. Angular frequencies of 1 rad/s and 10 rad/s are chosen for the test.

	[Cargille oil-code5040(25.46%wt.)], surfactant: [Span80(1.34%wt.)], water phase: [water(62.92%wt.), NaSCN(44.92%wt.)]. The Sodium thiocyanate Span80 Rheological behavior of the yield stress emulsion is described here. Rheology tests are performed to characterize the nonlinear behavior of the material [88-90]. Test procedures are described, and the response of the fluid is explained in the following. A stress-controlled DHR-3 rheometer (TA Instruments) is used for rheology tests. A parallel plate (serrated) geometry with a gap of 2 mm is used for the tests. The temperature for all tests was set to (3.1.7 Rheology be at 30 o C.

Table 3 .

 3 1: Database of possible materials for making transparent yield stress emulsions with the density and refractive index of PMMA materials. Note that Salt solution with PH < 7 are more compatible with direct emulsions. Also, Salt solution with PH > 7 are more compatible with inverse emulsions. All silicone oil families can be use to adjust the refractive index the same family and are more recommended for the direct emulsions. All hydrocarbon oil families can be used to adjust the refractive index of the same family and are more recommended for the inverse emulsions. Non-ionic surfactant with HLB > 10 are suitable for direct emulsions and Non-ionic surfactant with HLB < 10 are suitable for inverse emulsions

		water solvents		oil phases with refractive	surfactants
					index close to PMMA		
		possible water		alcohols	silicone	mineral	non-ionic	ionic surfactants
		soluble salts			oil family	oil family	surfactants	
	cations	anions	examples					anionic cationic
	Li +	OH -	ZnCl 2	ethylene	Cargille-5610 Cargille-5040	tween family	SDS	TTAB
				glycol				
	K +	F -	CaCl 2	propylene	Cargille-5032	p-xylene	span family		CTAB
	Na +	Cl -	NaI	glycol	silicone550	m-xylene	brij family	
	Cs +	Br -	NaS CN	glycerol		toluene		
	NH + 4	I -		threitol				
	Ba 2+	S 2-		xylitol				
	Ca 2+	S O 2-3		sorbitol				
	Mg 2+	PO 2-4		volemitol				
	Ba 2+	S 2-		allyl				
				alcohol				
	Al 3+	CO 2-3		geraniol				
	Cr 3+	S iO 2-3		propargyl				
				alcohol				
	Fe 2+	NO -3		inositol				
	Fe 3+	CH 3 COO -		menthol				
	Ni 2+	S CN -						
	Co 2+							
	Mn 2+							
	Zn 2+							
	Ag +							
	Hg 2+							
	Rb 2+							
	S n 2+							
	Cu 2+							

Table 3 .

 3 2: Ingredient combinations for direct and inverse emulsions that could be RI and

	Density matched with PMMA materials		
	Direct emulsions		
	water phase	oil phase	non-ionic
			surfactant
	H 2 O + ZnCl 2	silicon-550	(HLB>10)
	H 2 O + ZnCl 2	Cargille-5610 (HLB>10)
	H 2 O + ZnCl 2	Cargille-5032 (HLB>10)
	Inverse emulsions		
	water phase	oil phase	non-ionic
			surfactant
	H 2 O + ZnCl 2	P-xylene	(HLB<10)
	H 2 O + NaS CN	Cargille-5040 (HLB<10)

Table 3 .

 3 3: Examples of direct emulsions. The oil phase is Cargille oil-5610 and the water

		phase is (H2O(33.3%wt.) + ZnCl2(66.7%wt.))				
	water phase vol. oil phase vol. surfactant[4%] vol. of water phase τ y [Pa] k[Pa.s n ] n	ρ[gr/cm 3 ] RI
	35%	65%	Tween20	11.7	20.5	0.48 1.2776	1.4917
	35%	65%	Tween80	6.2	12.9	0.50 1.2776	1.4917
	35%	65%	Tween85	2.6	6.9	0.54 1.2776	1.4917
	32.5%	67.5%	Tween80	13.3	18.1	0.49 1.2602	1.4917
	30%	70%	Tween80	26.2	22.8	0.47 1.2428	1.4917

  . A RPR-416-12 RPR Reliance optical table top was purchased from Newport. This table top is a 16 feet long breadboard style table to support the entire length of the channel. The S-2000A-423.5 Stabilizer Set was also purchased from Newport to support the table top. This stabilizer set consisted of four vibration dampening legs that the table top can be mounted to. This set up provides a completely flat and vibration free area for the channel to sit. The channel could not be mounted directly to the table. It was necessary to have the channel lifted off the table to be level with the visualization setup.
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Summary

A high precision channel is designed and implemented to study the shear-induced migration of particles in Newtonian fluid suspension. The experiments were performed at 5 different volume fractions of particles (φ = 0.1, 0.2, 0.3, 0.4, and0.5). A unique optical setup was designed to track the micro-particles at different layers. The captured images were analyzed to detect the location of particles in each specific location in the channel.

Based on the particle locations in the captured images, the distribution of solid volume fraction is calculated. The experimental results are compared with the suspension balance model and other research works. The experimental results are in good agreement with SBM via the rheological laws of Morris & Boulay expect for the centerline. The SBM predicts the volume fraction reach φ m in centerline for all bulk volume fractions at the given length of the channel; however, the results of the present work show the maximum volume fraction at the given length of channel decreases by decreasing the bulk volume fraction.

From database:

-----------------1-oil phase , 2-water phase , 3-Surfactant -----------------Direct emulsion: water phase: (50% vol. water phase) + glycerol (50% vol. water phase), oil phase: silicon oil (80% vol. total) , surfactant: TTAB (3% As mentioned before, water soluble/miscible materials such as salts, alcohols, and sugars (Table 3.1) can increase the refractive index of the water phase. A water solution of sugar (80%) (Sigma-Aldrich S7903) has RI=1.49, but it is not stable due to crystallization.

The refractive index of glycerol (RI=1.47) is lower than PMMA materials; other alcohols such as threitol (Sigma-Aldrich 377619), xylitol (Sigma-Aldrich X3375), and inositol (Sigma-Aldrich PHR1351) have higher refractive indices. However, their water solubility is low, and their solution cannot reach to RI=1.49. Addition of salt such as ZnCl2 (Sigma-Aldrich 746355) in the water phase can increase the refractive index to 1.49. A

Migration of particles suspended in yield stress fluid

The suspending fluid for the non-Newtonian experiment is a yield stress transparent emulsion, as it was mentioned in section 3.1.2, composed of a water phase (53.47wt% NaSCN and 33.65wt% DI water) and an oil phase (25.46wt% Cargille oil code 5040 and 1.34wt% span 80 as surfactant). The materials and weight percentage are set to make a stable, transparent yield stress emulsion with the refractive index and density of PMMA materials. After mixing PMMA particles with the emulsion, the suspension is placed in a centrifuge (at 1350 g) to remove the bubbles. Then the suspension is mixed gently to homogenize the particle distribution and remove the gradient of the water phase droplets in the emulsion. The suspension is delicately poured into the couette geometry. The couette geometry is placed in the centrifuge (at 110 g) to remove any possible large bubbles without displacing the PMMA particles. Before performing experiment, we made sure the particles are homogeneously distributed in the Couette cell.

The temperature of the set-up is set to 30 o C ± 0.1 o C to match the refractive index of yield stress fluid and PMMA particles (within 10 -4 ). In fact, rheology tests in section 3.1.7 were performed at 30 o C because the yield stress fluid is index matched with PMMA particles at this temperature. Purposefully, the refractive index of the transparent yield stress emulsion is set to be the same as PMMA particles when close to room temperature.

Considerable change in temperature might affect the transparency of the fluid. This is due to the fact that the refractive index of the oil and water phases of the emulsion are different functions of temperature [START_REF] Wiederseiner | Refractive-index and density matching in concentrated particle suspensions: a review[END_REF][START_REF] Dijksman | Invited article: Refractive index matched scanning of dense granular materials[END_REF].

Here we show the results for the migration of particles suspended in yield stress fluids.

Since the shear stress (τ) decreases radially in wide gap Taylor-Couette flow (τ ∝ T/r 2 ).

Where T is the applied torque and r is the radius. The yield stress fluid suspension follows the Herschel-Bulkley model [START_REF] Dagois-Bohy | Rheology of dense suspensions of non-colloidal spheres in yield-stress fluids[END_REF]. Therefore, when the applied shear rate is more than the yield stress of the suspension (τ ≥ τ y ), the material flows. Otherwise it behaves as a

Summary

We introduced the design procedure of making transparent yield stress emulsions 

Appendix A: Suspension Balance Model

Based on the suspension balance model proposed by Nott & Brady [4] and other research works [3,[START_REF] Lhuillier | Migration of rigid particles in non-brownian viscous suspensions[END_REF][START_REF] Prabhu R Nott | The suspension balance model revisited[END_REF], gradient of particle normal stress cause the diffusive flux of particle. Based on the particle drag closure, the diffusive flux enter the continuity equation of solid phase. Equation A.1 shows the transport equation for particle suspended in fluid.

u is the suspension average velocity, Σ p is particle stress tensor. M is the particle mobility which is defined as equation A.2.

f (φ) is the hindrance function derived from sedimentation of particles in fluid.

Equation A.3 defines the hindrance function. A.1 Rheological law of Morris & Boulay (1999) 

µ 1 = 0.32, µ 2 = 0.7, I 0 = 0.005, λ 2 = 0.95, λ 3 = 0.6, α = 5, and φ m = 0.585 or 0.64.

Appendix B: Channel design procedure

The channel dimensions were the most crucial part of the design in order for the channel to accurately model a hydraulic fracture. The channel height and width needed to be 40 mm and 2 mm respectively. The length of the channel needed to be 4000 mm, three orders of magnitude larger than the width. The dimension requirements of the channel made the tolerance extremely small on all dimensions. Holding these tolerances while machining acrylic is extremely difficult, and complex machining set-ups and methods had to be employed. These tolerances could not be held on extremely long pieces of acrylic due to the variance in the stock itself, so the channel had to be constructed out of smaller, more accurate channel sections. The length of these sections were chosen to be 20 cm each.

B.1 Machining setup

The acrylic stock had an inherit variation in its thickness that would create experimental errors and sealing issues when gluing. Also, once the acrylic stock was rough cut with a vertical band saw, the height of each piece was significantly out of specification.

This inaccuracy in height was due to the inaccuracy of the vertical band saw, while the variance in thickness was inherit in the purchased stock. Two different setups were made to hold the acrylic stock while it was being machined in the CNC mill to eliminate these variations and inaccuracies. The two setups were a pair of aluminum jaws and a vacuum chuck.

The aluminum jaws were paired with a set of pins that the acrylic stock would sit on.

A height indicator was used to make sure the two pins were both at the same height, with respect to the cutting tool. When a piece of acrylic stock was placed on these two pins a cut would be made across the top of the piece. After this cut is made, the cut is known to be parallel with the level of the pins. Following this cut, the piece could be flipped over and a second cut could be made on the opposite side. When this cut is made, the cut is now Now, we compare our experimental measurements to predictions obtained from the SBM, solved using the rheological laws of Morris and Boulay [3] and Boyer et al. [START_REF] Franc ¸ois Boyer | Unifying suspension and granular rheology[END_REF].

The prediction of both rheological laws was almost the same, thus we just included the comparison with the Morris and Boulay law [3]. In the literature, Couette flow is always considered as a 1D problem (as expected for flow between infinite cylinders) and all tests of SBM in this geometry are 1D. Therefore, we need to select a part of our domain in which the variation of φ is one dimensional to be able to perform any comparison with the SBM model.