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Resune

L'objectif principal de ce travail est de contribuer & uneilleure compréhension de la rheométrie
et de la rhéologie des suspensions granulaires non dalés hyperconcentrées. Parmi les nombreuses
guestions encore sans réponses, nous hous sommes watespént interessés, d’une part, aux problemes
de rhéomeétrie associés a ce type de fluides et, d’auttegpleur rhéologie dans les régimes frictionnels
et visqueux, ainsi que la transition entre les deux qui fieiste mal comprise.

Pour s’attaquer a ces questions, il a fallu dans un premieps développer des techniques capables
de mesurer de fagon non invasive et locale I'écoulemepedeasuspensions hyperconcentrées. Une partie
de cette thése est dédiée au développement et a la miseere de la technique de visualisation optique
au coeur de suspensions hyperconcentrées, qui a étepi@®e au Laboratoire d’Hydraulique Environ-
nementale. Cette technique de mesure combine le dévetappeale fluides iso-indice avec I'utilisation
de technigue de vélocimétrie par image de particulesdhamntes.

Sur cette base, nhous avons pu nous attaquer aux véritaldessians concernant, d’'une part, les
mesures rhéomeétriques de ce type de fluides et, d’auttdgmpropriétés rhéologiques elles-mémes.

Parmi les problemes abordés, les questions suivantestfigs principales :

Est-il possible d’obtenir un rhéogramme pertinent posrdespensions de particules concentrées a
partir des mesures macroscopiques ? Ceci en tenant comfaegdieventail de cisaillement au sein de
I'entrefer, I'nétérogénéité du matériau et les péobes de résolution du probleme de Couette en raison
du large entrefer ?

Quelles sont les propriétés rhéologiques principasalispensions granulaires non colloidales hy-
perconcentrées dans les régimes frictionnels et visqR€u’en est-il de la transition entre ces régimes ?

Mots-clés : mécanique des fluides expérimentale, suspensions deytestnon colloidales hypercon-
centrées, matériau granulaire, rhéologie, rhéamétcoulement de Couette, vélocimétrie par image de
particules fluorescentes, fluides iso-indice.






Abstract

The main objective of this work is to gain insight into the aheetry and rheology of concentrated
non-colloidal particle suspensions. Among the many qaestthat have as yet received little answers,
we are especially interested in the rheometric problemscied with this type of fluid and in their
rheology in the frictional and viscous regimes, as well &sttansition between both regimes—a topic
that is particularly unclear.

To address these issues, we had initially to develop teaksigapable of measuring non-invasively
the velocity field within these concentrated suspensiost ¢F this thesis is dedicated to the develop-
ment and implementation of an optical visualization teghbeiinside concentrated suspensions, which
was developed at the Laboratory of Environmental Hydraulithis measurement technique combines
the development of iso-index fluids and the use of fluoresgarticle image velocimetry.

On this basis, we could then tackle the real issues of thikwibat is, on the one hand, rheometric
measurement techniques of these fluids and, on the othey thendheologic properties.

Among the issues discussed, the following were the main:

Is it possible to obtain a reliable flow curve for concentigbarticle suspensions from bulk measure-
ment? And this by considering the wide shear range withirgdge the non-homogeneous material and
the inversion-technique problems due to the wide gap?

What are the main rheological properties of concentratadaudioidal particle suspensions in the
frictional and viscous regimes? What about the transitieivben these two regimes?

Keywords: experimental fluid mechanics, non colloidal particle sasjmns, granular matter, rheology,
rheometry, Couette flow, fluorescent particle image veletiy) index-matching fluids.
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Introduction

A large number of gravity-driven geophysical flows involwesgensions of particles in a fluid. Typ-
ical examples include snow avalanches, debris flows, tiybédirrents, pyroclastic flows, etc. A long-
standing practice is to consider these suspensions ast@ase-pr two-phase continua on the bulk scale,
which makes it possible to use a fluid-mechanics treatmenbmopute the motion features (velocity,
flow-depth, spreading, etc.). Usually the computationsnaaele by using depth-averaged equations of
motion. These equations rely on a number of assumptions asithe long-wave approximation (that
involves assuming that flow-depth scales are far smaller ldragth scales, which leads to simplifying
a great deal the resulting equations). Primarily develdpedvater floods (shallow-water equations),
depth-averaged equations of motion provide results in ggodement with experimental and field mea-
surements for various flow conditions (gradually varied flowtransient flows like in the dam-break
problem) involving Newtonian or inviscid fluids.

Materials involved in geophysical flows exhibit non-Newtimrheological properties and, over the
last few years, a great deal of work has been expended to #uaghallow-water equations to non-
Newtonian fluids. Comparison between theoretical and éxgertal results has revealed a few short-
comings in this approach, but it is still unclear whethewtresult from an improper account for nonlin-
ear rheological behavior and/or breakdown of basic assongpsuch as the long-wave approximation.
Given the growing role played by numerical simulations base depth-averaged equations in engineer-
ing applications, it is of great interest to take a closeklabthis issue.

The objective of this work is to gain insight into the rhedt@y behavior of concentrated non-
colloidal particle suspensions. This objective can be stdell into three tasks. The first one aims
at developing measurement techniques, which providebteligelocity profiles inside a concentrated
particle suspension. Task 2 addresses the question of hmake meaningful rheologic measurements
in concentrated particle suspensions. Task 3 tackles fietdeissue of the rheologic interpretation of
experimental data, i.e. how to derive the flow curve fromaetsetric data. There are many impediments
to this derivation:

1. Because of the particle size, which is of the order of the fga classic rheometers, wide-gap
geometries have to be used and most of the common geomeateescone and plate, parallel
plates) cannot be used for different reasons. We therefaaséd our experiments on wide-gap
Couette geometries. Wide-gap cells involve solving the élteuinversion problem properly. To
date, there is no consensus about the best inversion teehnig try to answer, at least partially,
that question, performing simultaneously local and bulwfloeasurements allow for comparisons
with two different inferring methods:

- a direct derivation of the flow curve by differentiation dietvelocity profiles, hereafter re-
ferred to as theheophysical approach

1



2 CHAPTER 1. INTRODUCTION

- aclassic rheometric treatment, which consists in infigrthey — 7~ flow curve from the raw
angular velocity and torque measuremefitg{;) using a given inversion technique.

A schematic view is given by table 1.1.

Table 1.1: Classic rheometry vs rheophysical approach

Continuum mechanics approach Rheophysical approach
I I
Classical rheometry Velocity profile measurement

I

Angular velocity and torquecy;, T;) o}
I

Solving the Couette inverse problerDirect differentiation of the velocity profile
4 4

(7, ) flow curve (7, %) flow curve

2. Looking carefully at the rheology of non-colloidal pahéi suspensions, we are facing many open
guestions. Several of their features are still poorly usiberd. As we will see i§[2, concentrated
non-colloidal particle suspensions undergo different flegimes, which depend on the prevailing
type of contact between the particles. These flow regimesrige to different flow behaviors, for
which the transition from one to the other remains only p#iytiunderstood. The present work
will focus on the frictional and viscous regimes and the siéon.

This manuscript will begin by presenting a review of the eatrknowledge on the rheology and
rheometry of non-colloidal particle suspensions sincebbginning of the 20th centurg(@). In §[3, we
will present the experimental techniques used to infer ti@®logical properties of concentrated parti-
cle suspensions using classic rheometry technigg/@sl (to §[3.2) and local measurements techniques,
which rely on refractive-index-matching techniques and fechniques 4[3.3 to§[3.5). Our experimen-
tal facility and the experimental procedure will be desedhn §[4. Experimental results concerning
the vane geometry and the associated wall slip effects wifpdesented and discussedifs. Transient
and steady-state measurements will provide insight irédrtluced particle diffusion process. Bulk and
locally inferred flow curves will be also outlined and congr



Literature Review

The rheological behavior of particle suspensions is a lmmging problem in fluid mechanics, which
has attracted considerable attention since the semindd @fdEinstein in 1906 on viscosity of dilute
suspensions [9%, 96]. A large body of work has been done #fibid, with substantial theoretical,
numerical, and experimental developments. A short anchtezenmary of the state of art can be found
in Mewis and Wagner, 2009 [198], but given the wide spectridrtopics covered by the rheology of
suspensions, there is no complete review of this growind.fidere | will set the scene by giving a brief
overview of the various problems encountered in studyingceatrated suspensions of non-colloidal
particles. | will refer the reader to authoritative papeargaring this domain for further information.

This chapter starts with a classification of dilute, serhitdi and concentrated suspensions based
dimensional analysig2.7). | will briefly outlined the theoretical work on non-mibal particle suspen-
sion rheology §[2.2). | will take a closer look at experiments conducted oarse-particle suspensions
(§2.3), with emphasis given to bulk viscosity. $[Z.4), | will review much of the early work done on
the Couette cell in the study of concentrated suspensions.

2.1 Classification of particle suspensions: dimensional atysis

2.1.1 Dilute and semi-dilute suspensions

Particle suspensions are considered complex fluids bedhaserheological behavior exhibit an
incredible wealth of properties depending on particle,sibacentration, density, etc. In this respect, di-
mensional analysis is an efficient tool to get a better playgicture by delineating various flow regimes.
The presentation here closely follows that of Krieder [1834], Jomhaet al. [143], and Ancey and his
coworkers|[14, 16, 72].

The key idea is that although the material involves two pbasethe particle scale, it behaves as
a continuum on the bulk scale, which makes it possible tord®sits rheological properties through a
constitutive equation. On most occasions, we are intetasde in the entire constitutive equation, but
in the bulk viscosityn, which is the ratio of the shear stress to the shear rate. ¥éerasthat the bulk
viscosity of the suspension can be expressed as a functimiay variables

n= f(’l“, Pps T4 Nfs PFH kT> ;7’ t)
which account for

e particles characteristics: particle radiusdensityp,, and number density (number of particles
per unit volume);

e suspending medium properties: viscosjlyand density,

3



4 CHAPTER 2. LITERATURE REVIEW

o flow parameters: temperatufé(or thermal energ%T’), shear rate;, and timet.

All terms in the previous equation can be expressed in uffiiteass, length, and time. By forming
dimensionless groups we can cast this equation into a diordass form

nr = f(¢,Ap, Pep, Rep, t,) (2.1)
where
== ¢ = nr®
ny 3
3 .
Pp 6mnyrey
Ap =L Pe, = — 1 1
P Pf Bp k?T
2 .
tkT
Re, = 273 (= T
ny ngr

When patrticle and fluid densities are differedt # 1), sedimentation occurs as a result of gravity,
which may lead to phase separation. In this case, the mdbehaves like a two-phase material on the
bulk scale rather a single-phase continuum and Equdiidi if2akes no longer sense.

An interesting end-member of the family of rheological babes represented by Eq. (2.1) is consti-
tuted by neutrally buoyant systems, i.e. taking the limifef, — oo and Re, — 0 [55],[248]267]. In
other words, we consider the class of fluid for which Browniaation, physical interactions (attractive
and repulsive forces such as van der Waals forces) as wedireislg inertia are negligible contributions
to the bulk stress tensor. Since there is no density misniettheen the continuous and disperse phases
(Ap = 1), the bulk-viscosity function reduces to:

nr = f(9) (2.2)

This implies that the viscosity is a one-to-one functionaficentration and hence the suspensions could
be Newtonian (the true story is more complicated since newdlNnian effects may arise as a result of
particle arrangement, normal-stress effects, etc., agrstager in this chapter).

2.1.2 Concentrated suspensions

As shown in5[2.7], the particle volume fractiopremains the key parameter that controls the effective
viscosity of buoyant-coarse-particle suspensions. Timglgtity of this relation has made it possible to
fit many empirical curves on experimental data (see Tablg Bi2 it is somewhat misleading in that
it reflects many different physical processes that cannahbeely encoded through a scalar relation.
Among the many issues, hidden or obvious, that arise in tidystf particle suspension, there are two
major difficulties:

e Asymptotic behavior of the viscosity in the high-concentréion limit : experiments have shown
that viscosity increases relatively slowly with particielwume fraction as long as the suspension is
dilute to moderately concentrated. In contrast, when amiimg the maximum volume fraction
dmaz» the viscosity function tends to infinity, which an asymptditehavior often described by an
exponential or power-law function (see Tablel 2.2). Phylsicthis limit is no possible. In fact, the
systemjamswhen¢ — ¢, (see figuré ZJ1).
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¢ Definition of the maximum particle volume fraction: ¢,,... is often defined as the fluidity limit
of a suspension of solid particles. It is the volume fractidrthe solid below which the suspen-
sion behaves like a liquid in that an applied shear stresgceslvelocity gradients in the mixture.
Above the fluidity limit the suspension can support a finiteashstress and hence exhibits the
properties of a solid. How,,,.. is precisely defined from both theoretical and experimesttaid-
points is fundamental to computing bulk-viscosity depewdeon¢. Indeed, in the dilute and
semi-dilute regime, a small change in the particle voluraetfon has almost no influence on the
apparent viscosity, which is almost independent of the mari particle volume fractiog,, ...
In contrast, for highly concentrated suspensions, whasmsity function diverges fab — ¢4z,
a small change in the value of the maximum particle volumetifsa has a strong impact on bulk
viscosity. Unfortunately, there is no consensus on how fmdéhe maximum particle volume
fraction ¢, [291,/251] and several expressions can be found in thetliteraThey physically
depend on several parameters such as particle shape,stidteution [54/ 81, 103, 321] or particle
arrangement (due to the flow or not). Even for a monodisperspession, there is no consensus
on the maximum random particle volume fraction value [2943lues usually range from about
0.60 to 0.68. In the case of a face-centered cubic lattice of a monodispguspension, the value
can be as high &&74.

Particle arrangement, shape, size, and size distributienahstrong effect on the rheology of particle
suspension, especially at high particle volume fraction.

10000 5

1000 4

100

-
o

T B
1

1 v I v 1 M 1 ' I v I v I N
0.54 055 0.56 057 058 0.59 0.60 0.61
concentration ¢

Dimensionless viscosity n(¢)/n

Figure 2.1: Relative viscosity increase with particle voifraction near the maximum volume fraction.
(after [229])

Another critical value of the particle concentration playsignificant role: this is the concentration
¢. above which particles start interacting through contaetsegcontactis taken in a loose meaning, it
merely describes the cases where two neighboring particéeso close that they can physically touch).
According to Coussot and Ancey [72], as long as the solid eptration is low to moderate, particle
contacts (direct or lubricated contact) are almost imfmsdbecause of strong repulsive forces in the
squeezing flow between two approaching particles. Extexctadn is necessary to overcome these forces



6 CHAPTER 2. LITERATURE REVIEW

and result in particle contact. For particle volume fragsian excess of a critical volume fractien, the
particle are so closely packed that they undergo lubricedethcts, which may degenerate into frictional
or collisional contacts when the contact forces exceed ¢kesting viscous forces. Ancey [16] and
Coussot and AnceY [14, 72] suggested using dimensionlaabens to determine the prevailing type of
contact. They considered that contacts can be classifiedhree main categories: frictional, lubricated,
and collisional contacts. They introduced the followingdnsionless numbers:

e Leighton numbetLe (lubricational vs frictional effects). The number is definas the ratio of
lubrication forces to normal forces:

_ b

~ Ne

wherer); is the fluid viscosity;y the shear raté, a characteristic mean distance between the center

of mass of two neighboring particled] the normal stress andhe particle roughness;

Le

e Coulomb numbeiCo (collisional vs frictional effects). The number is definesl the ratio of
particle inertia to normal forces:
252
PpT7Y
Co="—
°T7N
wherep, is the particle density; the particle radius;y the shear rate and/’ the normal stress.
Note that this number is also called the Savage number onérédl number

e Bagnold numbeBa (collisional vs lubricational effects). The number is definas the ratio of
particle inertia to lubrication forces:
_ poire
nr
wherep, is the particle densityy the shear rate; the particle radius; the particle roughness and
ny is the fluid viscosity.

Ba

2.2 Theoretical outline

Paralleling the different approaches to defining the bulksst tensor in continuum mechanics, the
methods used in rheology to compute the bulk viscosity cazabegorized into two approaches

e Energy-based approach the stress tensor is inferred from the dissipated enetgyA;aand the
strain-rate tensaf;; [95,/96]

_ORy
N 6dij’

T’Lj

which gives in the case of simple shear flow= P;/~.

¢ Kinetic theory approach: the suspension stress tensor is inferred from ensemhiagasof local
stress tensors [28, 75, 175, 1176, 249,/1318] 319]

T=<T >

where< - > denotes ensemble average.
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P ’ 1 =1 Ba=1

"Hard" suspensions .
Fri ctlon / Lubrication (F) / Collisions (G)
¢C

"Soft" suspensions

(D)

Colloidal interactions

N, =1 Hydrodynamlc

effects Turbulence

(A) Re =cst.

Brownian effects

P.=1

Figure 2.2: Conceptual classification of flow regimes of ipkrtsuspensions as function of shear rate
and solid fraction. (aftef [72])

A homogeneous and monodisperse suspension of non-célkptiarical particles in a Newtonian
liquid has a viscosity that varies with the bulk particle centration. The viscosity increases with par-
ticle concentration has been attributed to high dissipatates in the squeezing flow in the narrow gaps
between approaching particles [104]. Marrucci [188] psmmbfor the viscosity increase with concen-
tration, large-scale coordination motion instead.

Ever since the work of Einstein in 1906 |95, 96] on very dilstespensions (rigid uniform sphere moving
without slip in a medium of equal density at concentratiolowep = 0.01, people have related the vis-
cosity of a suspension to the viscosity of the suspending #ind the particle concentration. For dilute
and semi-dilute suspensions of spheres, all models andunesasnts have assumed that the viscosity of
suspensions is independent of shear rate and increasegantitie content.

In addition to theoretical derivations of the bulk stressstw, there have been many attempts to
compute bulk viscosity on the basis of heuristical argumanid experimental observations. One of the
ideas pursued so far has been to expand the bulk viscositaipbwer series af [97,[98,99| 112, 113,
114)157| 274]. The first-order contribution is given by E#irs's expression, which holds for very dilute
suspensions. The Einstein equation has been extendeddnalauthors by adding a second-order term
with coefficient values ranging from5 to 14.1.

. 5
nT:1+k1-¢+k2-¢2W|thk1:iand2.5<k2<14.1

Experiments provided evidence that this equation is validcbncentrations as high @sl5 — 0.20
[29,/30,32/ 98, 94, 301]. The expansion also received tiieatsupport. Taking into account first-order
effects between particles, Batchelor [29] calculated #eosd order coefficient being6 for a pure
strain flow and.2 for shear flow.

For higher concentrations, several empirical equationg lhe@en proposed. Talle P.2 summarizes
the main equations available to date. Instead of reviewlirgpaations and approaches, | just give some
indications on how these equations were obtained. Usingrsihte and particle-size effect considera-
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tions, Thomas successfully collapsed viscosity data omglesimastercurve [287]. Batchelor [29,/ 32]
developed the first theoretical treatment of suspensioolabg beyond the dilute regime. He used ex-
plicitly a pair distribution function to take into accounanicle microstructure. In addition, in one of
his review papers [31], Batchelor concluded that it is alnhogeless to try to find a single constitutive
relation between mean stress and mean rate of strain, whiabcurate to order @¢) and which ap-
plies to all flow fields. He stated that one should add one (arejnparameter to take into account the
microstructure generated by the flow. Brady and Mofris [3idveed that in thé”e, — oo limit surface
roughness or non-hydrodynamic effects result in an asynir distribution function and therefore
in non-Newtonian normal stresses. Phan-Thien|[240] [242] @rbposed a model by considering sus-
pensions composed of doublets of particles. More receratyagal[316] proposed a hew equation that
describes the increase in viscosity with particle conediatn.

Particle migration has also attracted special attentigindthe approach initially taken by Leighton
and Acrivos[[170], Phillipset al. [243] developed a model that includes a particle flux ternpprtional
to the shear gradient. This model assumes suspensions tlldéetions of discrete particles moving in
an incompressible fluid; it does not say anything about @edi interactions with the interstitial fluid
since in the highly concentrated regime, the only signifiéateractions in the material are assumed to
be binary particle interactions. Leighton and Acrivos megd a mechanism for particle migration in a
shear flow, representing migration as a balance betweenatorgpparticle fluxes that arise in response
to gradients in macroscopic quantities in the flow systeradignts in inter-particle collision frequency,
gradients in viscosity). As a result, gradients in partiwb@centration and shear rate drive particle dif-
fusion, often in opposite directions, so that a steady ssateached when the collisional and viscosity
driven fluxes balance. This model provides satisfactorultegor Couette and Poiseuille flow, but is
inadequate for other viscometric flows, specifically theapal-plate and cone-and-plate geometries.
Another approach was proposed by Nott and Bradyl[222]. Iim thedel the particle flux arises directly
from the particle stress. They incorporated the granulap&rature and energy fluctuation of McTigue
and Jenkins [140, 193] into a two-phase model. Comparisanmade with the measurement of Lyon
and Leal [181| 182]. The Morris and Brady modell[37, 209,] 2it0entical to the Nott and Brady
model, but with different particle volume fractions as dménts in the equations. Buyevich [49] pro-
posed a very similar model to the temperature models. A nelwaigue feature of Buyevich’s model
is that it allows the suspension temperature to be an aafsottensor. Finally, Mills and Snabre [202]
presented a model based on lubrication forces betweemiogllparticles and Morris and Boulay [208]
proposed a normal stresses shear-induced model. All thedelsnare summarized on tablel2.1.
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2.3 Experimental observation

2.3.1 Phenomenological law for the relative viscosity of c@wentrated particle suspension

A large body of experimental work has been devoted to thersmee of bulk viscosity on particle
fraction. Experimental data served to fit new empirical ni@de test existing equations. Tablel2.2 sum-
marizes empirical relations together with experimente¢gtigations. Good agreement is usually found
between data and models for dilute to moderately concewtiaispensions. At higher concentration the
differences between experiments, empirically and thaaigt derived viscosity functions increase sub-
stantially. Non-Newtonian behavior has been reported dtid £oncentration above.4: concentrated
suspensions are generally shear-thinning and sheaethiiak occurs at high shear rate [143]. Beyond
the shear-thickening region, the rheological behaviotilisusiclear. In the zero shear rate limit, the sus-
pension are often Newtonian except for very concentrategensions where yield stress behavior has
been reported (see below).

2.3.2 Non-Newtonian effects

As already mentioned if2.1, whereas for dilute and moderately concentrated pagicspensions,
the Newtonian viscosity law is a correct approximation ® theological behavior, it is no longer valid
at high concentrations as a result of several effects: Nostn@sses, particle migration and jamming
events have been reported.

Normal stress

Bagnold [23] observed that normal stresses scaled lingdtlyshear rate in steady-shear flows of
suspensions, but most of his measurements were in thei@adllgegime. In addition, the experimental
setup used by Bagnold was unlikely to be adapted to this kirdeasurements [133]. Gadala-Maria
[106] found that the normal stress differente — N, was positive and scaled linearly with shear rate
in steady shear flow. Prasad and Kytorna [246] also measueedxial normal stress in a parallel-
plate device. However they equilibrated fluid pressure witfescent fluid through a perforated plate,
thereby they measured only the stress arising from pacmi¢acts. Bagnold [23], Leighton [1[71] and
Phan-Thien[[240] attributed the normal stresses to awigimtiocal microstructure, i.e. to the spatial
arrangement of the particles. More recently Zarragal. [316] performed normal stress experiments
on highly concentrated suspensions using three diffeemfiniques. They showed that badth and IV,
are negative and proportional to the shear stress and With> |N;|. The most recent work by Singh
and Nott [276] based on Couette and parallel-plate geoesetith constant shear and superimposed
sinusoidally varied shear rate. They also obtained a lipearying normal stress with shear rate in the
particle volume fraction ranging fro3 to 0.45. Their result agrees with Zarraga’s experiments.

Shear induced patrticle diffusion

Leighton and Acrivos [170] performed experiments that ted evidence of a diffusion-like process
in which particles migrate from regions of high shear ratesgions of low shear rate, even with a sys-
tem of non-Brownian and non-inertial suspensions. Thigatign process results in a non-homogeneous
particle concentration. In rotational rheometry, migratcan be observed by taking a well-stirred sam-
ple and shearing it continuously. The torque decreasesnconisly with time. Because of the absence
of Brownian motion, the time of rest has no effect on migmaticcven after a long rest, the suspen-
sion retains the same apparent viscosity as it had at thedfrflew cessation. This phenomenon is
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observed in coaxial cylindef [106, 170], cone-and-plat&0[2281] and parallel-plate geometries. No
transient behavior is apparent at low concentration. &artigration becomes difficult to measure at
very high concentrations because the inner cylinder cutdeaih the suspension and looses contact with
the material.

A few constitutive equations, which include particle migwa, have been tested against experimental
data. First comparisons with the NMR measurement have bagied out by Phillipset al. [243]
using Abbott and Graham'’s datal [4]. A comprehensive desonimnd comparison with LDV (Laser
doppler velocimetry) measurement has been carried out &gl&n[268] and Shaplest al. (2002, 2004)
[269,270] with the five previous models (Nott and Brady, Nkand Brady, Buyevich, Phillips, McTigue
and Jenkins). Recently, Lenol#¢al. [172] also did some comparisons with optical measurements.

Yield stress and jamming

For some fluids, the flow curve when plotted in the + plane exhibits gield stresswhen the rate
is decreased towards zero, the shear stress tends towanalstart value. For colloidal systems, a simple
phenomenological model can explain this behavior: cortipetbetween re-structuration (aggregation
of colloids, which is mainly dependent on the material) apesttucturation (resulting from flow, i.e.,
mainly dependent on the instantaneous shear rate) leadsaitiauously increasing viscosity for low
applied stresses. If restructuration overwhelms destructused by the flow, the system eventually jams
and stops flowing. For granular systems, another explanatis been proposed: change in the spatial
arrangement of particles induce viscosity variations. amd Nagel[[177] stated that glassy, pasty, or
granular materials show similar mechanical behavior intti@se materials are jammed at rest, but start
flowing when the load to which they are submitted increasgsiia critical value.

At very low shear rates, highly concentrated suspensiohgbiéxa yield stress [74, 78, 1309, 253,
229]. The apparent macroscopic stress plateau in theofmitiregime [[156] was shown (using MRI
techniques) to result from shear localization near therimgbnder [229]. This is in agreement with
the viscosity bifurcation experiments of Huaagal, Da Cruzet al. and Jarnyet al. [78,[132,/139].
These experiments provided evidence of the existence di@atshear rate below which no steady flow
is possible. Localization maintains the true shear ratealticat critical value. We should not confuse
this shear localization with the one that arises when irsingathe local particle concentration near the
close-packing limit. As already discussed in secfion 2.thid jamming phenomenon is related to the
viscosity divergence wheth — ¢,,,... At the microscale, the velocity profiles seem to be selfilaimin
particular, a mastercurve on which all velocity collapse ba obtained using the inner cylinder velocity
and the sheared layer thickness [229].

Other effects

e Shape
As shown by Tsaet al. [293] and Kitano[[152], quasi-monodisperse irregularlgsd sand par-
ticles exhibited significantly greater relative viscosityd substantially smaller maximum packing
fraction compared to spherical glass beads despite a breaedistribution of the irregularly
shaped sand.

e Size
The effect of particle size on the relative viscosity appéarbe controlled by diffusion and it and
correlates almost linearly with the particle Péclet numBe, [295].
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e Size distribution
For dense packings for polydisperse suspensions, the maxitoncentration is shifted to higher
values (compared to monodisperse systems),which meanshthaelative viscosity at a given
value of¢ is lower for a polydisperse system than for a monodisperspesision. Therefore for
polydisperse systems lower relative viscosities are faygmerally [259]. The size ratio and the
type of distribution is of importancé [102]. Rheologicalpeximents with bimodal, multimodal,
and polydisperse systems emphasize the relation betyggnand suspension viscosity.

e Liquid polarity
For a moderate shear-rate range, Tsai [294] showed thabfarentrated suspensiong (p to
0.58), liquid polarity has a significant effect on the pseudoftabehavior of the suspension in
presence of strong interparticular van der Waals forcesudRyplasticity increases as liquid po-
larity decreases. At high shear rate, the hydrodynamicefdaminates over such interparticular
force and the suspensions become Newtonian.

e Particle ordering

Depending on the particle size distribution and the shdar, marticles can rearrange in various
ways, therefore influencing the suspension rheology. Lsghttering experiments [129, 250] have
shown that at low shear rate, particles are ordered, butiokegaritical shear rate, particle arrange-
ment is destroyed. Another related effect is the liquefacthbserved for non-buoyant-particle
suspensions: at higher shear rates, the suspension beevmoags (not Newtonian because of
the presence of normal stress differences apparently dae émisotropic particle microstructure
[171]). Visual observation by Abbott al. [4] and Voltz et al. [303] showed particle ordering
in two-dimensional hexagonal structures at the outer wallhigher shear rate, the suspension
exhibits shear thickening (for a review, see Barnes [26]tmk8! [280]). This behavior probably
stems from a transition from the viscous regime to a collisicegime where dissipation due to
grain-grain collisions replaces the interstitial fluidagsis dissipation. Furthermore the ordered
structure in the viscous regime disappears and gives wayandom three-dimensional distribu-
tion [130,250].

2.4 Rheophysics of concentrated particle suspensions in ade-gap Cou-
ette cell

Despite many attempts using classical rheometry to gettarbiasight into the rheology of noncol-
loidal concentrated particle suspension, many questiaas bs yet received little answers. As we will
see in more details in chapter 3, experimental studies cktineaterials are faced with measurement
problems which make the results tough to process, interanetto understand. All usual difficulties en-
countered in rheometry such as bottom-end effects, samptare (especially at high particle fraction),
free surface deformation and flow instabilities are amplifigith little ways of alleviating their disturb-
ing effects. Itis worth recalling that these effects indwdall slip (due mainly to particle depletion at the
wall [24,[138], for a more detailed discussion, please refesectiorf 4.4)2), shear localizatidn [15] 71],
particle migration/segregation, and the finite-size liiihitne wants to use classical narrow-gap Couette
cells. These difficulties have promoted the use of wide-gagnietries, but the associated Couette in-
verse problem (i.e., deriving the flow curvéy) from torque measurements) calls for more sophisticated
techniques than those used classically for narrow gapss fidint remains an open field of research
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when studying complex fluids such as concentrated suspenéfior a more detailed discussion, please
refer to sectiof 312 arild 4.5.1).

As a typical result of investigations into the behavior ofig®e-particle suspension, we report the
experimental results obtained by Anceyal. [11,[15] on glass beads immersed in various interstitial
fluids and sheared by a vane. Figlre] 2.3 shows the variatidheirdimensionless shear stre$s=
7/(pgh) (his the thickness of material sheared by the varits density) as a function of a dimensionless
numberl’ = uQ/(p'gh) (WwhereQ is the rotational speed of the vang, the buoyant density, the
interstitial fluid viscosity). This experiment shows thartsition from a frictional (Coulomb) regime to a
viscous-like regime:

e At low shear velocitiesI{ « 1), S is independent of', which implies that: (i}r « o,, (where
0., denotes the vertical normal stress) and+«ijoes not depend on the shear rate.

e At high rotational speed, all the material was sheared irgtie We observed that « T, that is,
in terms of dimensional variables,x 4.

—
o
L

water - glycerol (A=9 mm) ¢=0.6

water - glycerol (=21 mm) ¢=0.6

water - glycerol (#=32 mm) ¢=0.6

water + kaolin (h=33 mm) ¢=0.589 (¢=0.02)
water (/=43 mm) mat. ¢=0.61
water (/=14 mm) mat. ¢=0.61
air (/=44 mm) mat. 20

+ 0@ 0D P

107 10°  1x10° 1x10*  10° 107 10
r

Figure 2.3: Variation in the dimensionless shear stresd@scéion of the dimensionless number The

line slope is unity and indicates a linear variationSofvith I'. Suspensions made up of glass beads and
various interstitial fluids: air/{ = 1.8 x 107> Pa.s), water/{ = 10~ Pa.s), water-glycerol solution
(n = 0.96 Pa.s,p; = 1260 kg/m?), and water-kaolin dispersion. The particle diameter weee0.3
mm, 0.8 mm, 1 mm, 2 mm, or 3 mm. After [11].

If this transition is well understood qualitatively fromettheoretical viewpoint, certain points remain
unclear. For instance, the point of transition between ticdnal and viscous regimes was found to be
particle-size dependent, which remains unexplained.

There has been a significant change of perception in rhegroear the last two decades. Until
the late 1980s, most of the knowledge in concentrated pagicspensions stemmed from macroscopic
measurements. In the last 20 years, a new trend has emetgea flow behavior is investigated locally
using visualization technigues. Recently sophisticatetstsuch as Magnetic Resonance Imaging (MRI)
[34],[73]229] have been used to visualize flow behavior ingideometer. Good reviews on the use MRI
in fluid mechanics can be found in Callaghan/[50] and FukuaHib05]. Making use of this technique,
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experimentalists are faced with severe constraints thmt their interest for studying complex, time-
dependent rheological behavior.
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Table 2.2: Relative viscosity, functions of concentrated particle suspensions
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Measurement techniques

In rheometry, particle suspensions pose substantial ulifss of different nature:

e measurement problems: the idea underpinning rheometinaisy imposing a simple shear flow
(viscometric flow in the parlance of rheologists), we shdoddable to take bulk measurements
that can be interpreted in terms of stress and strain rathieiog viscometric flows in modern
rheometers is rather simple for usual fluids, but remainsafiestge for complex fluids because of
the occurrence of several disturbing processes (slipy $faealing, size effect, etc.);

e inference problems: the flow curv€+) from bulk measurements is usually derived within the
framework of viscometric flow theory. This theory relies onuanber of assumptions and approx-
imations, which may be not be satisfied.

In this chapter devoted to experimental techniques, werexiew the different difficulties encountered
in the rheometry of coarse-particle suspensions. We fast ist§ [3.1 by recalling some basic problems
when selecting an appropriate rheometrical geometry. @ib#sis of past experience, the Couette cell
(also called coaxial-cylinder geometry) turns out to bertiast efficient geometry for our purposes. In
§[3.2, we will tackle the delicate problem of the flow-curveidation, i.e. reconstructing the field¥)
from a discrete set of bulk measuremefts(2;) with M torque and spindle’s rotational velocity.
This derivation involves solving an inverse problem (Fi@ddhequation) for which several methods are
now available. We will test and compare the various techesqu

To get around experimental difficulties with classic rhetar® a growing number of scientists have
been tempted to derive the flow curve by directly measuriegviiocity field inside the cell. Indeed, if
flow is viscometric, the shear stress distribution acrosgytipr(r) (with r being the radial coordinate)
is imposed and known (using the momentum balance equatioreohtinua), which implies that if we
are able to measure the fluid velocity(orthoradial component) and differentiate it, we can obthie
local shear raté(r) = r~9yv and thereby, the flow curve(5). Nuclear Magnetic Resonance (NMR)
and Magnetic Resonance Imaging (MRI) have been incregsimgd to obtain velocity measurements
inside sheared samples. Although these techniques areffithey involve expensive tools and heavy
procedures. In this thesis, | took another approach: there@wv several visualization techniques based
on particle image velocimetryP1V) andparticle tracking velocimetryPTV) that enable visualization
inside concentrated suspensions. There are many advartbités approach over MRl and NMR tech-
niques: reasonable cost, robustness and versatility diettfeiques, greater accuracy. There are also
some drawbacks: we must work with transparent suspensimh&xperiments are highly sensitive to
temperature and humidity, which imposes drastic temperand humidity control. Ir§ [3.3, | show
how PIV technigues can be used to obtain the velocity profifdsighly concentrated particle suspen-
sions. To obtain information on the disperse phase, we nauable to track tagged particles within the
interstitial fluid. In§[3.4, | present techniques coupling fluorescent dyes andvilh are referred to

17
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as fPIV techniques. Within this experimental frameworle thux lies in suspension transparency. Since
particle suspensions are not transparent in the visibletigpe, we must select fluid and particles with
the same refractive index. The principle is straightforydhe technique is heavy. 3.5, | present the
procedures | followed to match refractive indices of cambins and disperse phases.

3.1 Rheometrical investigations

Coarse particle suspensions have been studied in rheousétiy several different tools. These tools
can be classified as follow:

e viscometric flow tools: concentric-cylinder, parallebf#, cone-and-plate, cone-cone, capillary
tubes, etc.

e non-viscometric flow tools: rotating ball rheometer [264]ling needle viscometer [232].

We restricted ourselves to viscosimetric flow tools wherempirical constant has to be used to derive
the flow curve of a suspension. When studying rheologicapgnties of particle suspensions, experi-
mentalists are faced with a number of problems resulting fitee presence of particles:

e For noncolloidal particle suspensions, the typical phrtgize is most often large relative to the
gap of usual rheometers. This leads to developing largembt®ys or adapting conventional ge-
ometries.

e Disturbing effects such as slipping and particle depletibthe shearing surface affect measure-
ments. This motivates the development of specific procadaumd new tools. For instance, the vane
shear cell (imported from soil mechanics) is now incredginged in rheometry [25] although it
was vigorously criticized in the 1990s.

e Imposing a simple shear flow is a difficult task: ill-undemigphenomena such as secondary flow
(loss of stability induced by inertia), fracturation, shéacalization, and particle migration can
substantially influence rheological behavior.

e Rheometrical measurements can be affected by large streshdar-rate) fluctuations, which
poses two problems:

— Does it make sense to only measure mean properties? Let tiseuaralogy with turbulent
flows: measuring turbulent viscosity with a rheometer ismirggless since this bulk viscosity
is not an intrinsic property of the fluid, but depends on tharatary conditions and flow
geometry.

— The flow curver = f(¥) (namely the relationship between the shear fatnd the shear
stressr) is obtained by solving an inverse problem. Usual methoesary sensitive to noise
and can lead to inconsistent results|[35].

e The principle of rheometry is to impose viscometric flow citinds, that is, ideal flow conditions
where the stress and/or shear-rate distributions are kivoadavance. For particle suspensions, the
only information that can be provided by a rheometer is the flarver = f(4) and, sometimes,
one of the normal stresses. Contrary to a trixial cell usesbihmechanics, a rheometer cannot
explore various “loading” paths and therefore, it is notexkmentally possible to measure all the
components of the stress tensor.



3.2. WIDE-GAP RHEOMETRY AND THE COUETTE INVERSE PROBLEM 19

Because of the rheometrical difficulties described abodesoan particular interest in the rheophysics
of concentrated non-colloidal particle suspension, wesldaveloped an innovative experimental setup
by combining classical concentric-cylinder rheometrivaglasurements and visualization techniques. We
preferred the concentric-cylinder geometry over othengetoies because it seems to be the most suitable
geometry for the study of coarse-grain suspensions.

3.2 Wide-gap rheometry and the Couette inverse problem

A longstanding problem in rheometry is the so-called Cauieiterse problem, in which one tries to
derive the flow curve (4) from the torque measurement$(£2) in a coaxial cylinder (Couette) rheome-
ter, wherer is the shear stres$,denotes the shear rate,is the rotational velocity of the inner cylinder,
and M represents the torque per unit height (Colerabal. [68], T;,: = h - M, T is the total torque
andh is the immersed height of the rod). The shear strgsexerted on the inner cylinder of radiu,,
can be directly related to the measured tor@uidy 7;,, = oM, with « = —, independently of the

27rR§n !
form of the constitutive equation. The shear rate is rel&tdtie rotational velocity) by
Rout J
Q= / mdr, (3.1)
Rin r

whereR,,; denotes the outer-cylinder radius and it is assumed thdg(ijotational velocity of the outer
cylinder is zero and (ii) there is no slip between the inndindgr and the sheared material. In order to
recover the flow curve from measurements of the rotatiorlakity (2(1/), one must be able to

1. infer the shear stressfrom the torque measuremeris,;,
2. find out a means of inverting the integral relationshipt8.&btain the shear ratg
3. relate the functiory(r) to 7(r),

4. estimate the continuous functiét-) from a set of discrete valués$);, ;).

For a broad class of fluids (callesimple fluidsin viscometry), the first and third steps are system-
atically achieved since there is a one-to-one relation éetwthe shear stress and the shear rate for
steady viscometric flowsy = 5(r). Using narrow-gap Couette cells and solving the Couetterga/
problem with standard narrow-gap approximation formukRBR [68[ 86, 183], Euler [66, 86], Mooney
[204,206]) or truncated infinite series [159] (see tablé Bekrforms very well.

For more complex fluids (such as yield stress fluids, pariclpensions,...), inferring the flow curve
T = f(4) from the torque and angular velocit2{, M;) measurements is not obvious. It is not always
straightforward to infer the shear stress from the totajuerbecause the local shear stress may depend
on flow height, i.e. on normal stresses as shown by Ancey anggoo[15] for particle suspensions
in the frictional regime. Furthermore inverting equati@l) requires an homogenous flow in the gap.
Therefore the experimentalist has to check for shear twat#din and wall slip. Finally, the flowing
material is supposed to be homogenous. Some of the existthgifjues use ampriori known velocity
profile in the gap, i.e. ama priori known fluid rheology (see Table 3.2 number 2a, 4, 5). Typicadi§
are power law fluids, Casson fluids, Bingham fluid or Hers@hgkley fluids. Some of the techniques
do not require a fluid rheology. An extensive review of theserg techniques for solving the Couette
inverse problem can be found in Tablel3.2.

As briefly mentioned ir§ 2.4, because of the particle size in concentrated nonidallgarticle
suspensions and the resulting finite size effect in a nagagrheometer, one has to use wide-gap ge-
ometries for experimental studies of coarse-particle exsipns. In this way, we get rid of the size
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effects, but we have to face a delicate issue: we have to fudv€ouette inverse problem to obtain the
flow curver(¥) = f(¥) from a set of measurements valué€g, M;).

Figure[3.1 shows the effect of increasing the gap, i.e.dsang the radius ratie, with a given fluid
(artificial Herschel-Bulkley (HB) fluid). The data shown igtire$ 3.1 t& 317 were obtained using formula
No. 8 in Tabld 3.2 and by generating numerically a set of fiaidl measurement data®)(, M;). Using
then Couette solving methods, we calculated the flow cuyye)(from these data. The performance of
each method can finally be evaluated by comparing it with tiea true flow curve (thick blue line). In
the case: = 0.9 (fig. [3.1 (a)), one can use almost all methods (except infgdaie methods) to retrieve
the right flow curve. One can also see in Figurd 3.1 (b), (c)(dhdhe departure with decreasirgof
the different methods from the true flow curve.
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Figure 3.1: Comparison of Couette solving methods with éespo the cylinder radius ratio for a

Herschel-Bulkley fluid f, = 30 [Pa], K = 60 [Pa s™] andn =
(b) k = 0.75, (c) k = 0.5 and (d)x = 0.2; the two black horizontal lines are where the yield stress
eqgual to the inner and outer shear strggsand .
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Figure 3.1: Comparison of Couette solving methods with éespo the cylinder radius ratio for a

Herschel-Bulkley fluid fy = 30 [Pa], K = 60 [Pas™]andn = 0.7 []) k = 3

Rin

@k = 0.9,

out

(b) k = 0.75, (c) k = 0.5 and (d)x = 0.2; the two black horizontal lines are where the yield stress
eqgual to the inner and outer shear strggsandr,,:.

One method that clearly performs better with increasinig the infinite-gap method proposed by

Krieger (1952)[[158]. With a yield stress fluid an infinite gagequivalent to a partially sheared gap, i.e.
when the outer shear stress,; is below the yield stresg,. Figure[3.2 and 313 show the almost exact
recovery of the flow curve in a partially sheared state andtinee take-off at,,; = 7.
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Figure 3.2: Comparison between the HB analytical flow cumge=£ 30 [Pa], K = 60 [Pa s™] and
n = 0.7 [-]) and the data obtained with the infinite-gap exact equagiroposed by Krieger (1952) [159],
the horizontal lines are where the yield streg$s equal to the inner shear stress (lowest horizontal
black line) and outer shear stress; (colored lines) for various radius ratios.
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Figure 3.3: Zoom of the take-off at,,; = 79 of thex = 0.9 andx = 0.75 flow curves of figuré_3]2.

Using the exact infinite series formula proposed by Krieget Blrod (1953)[[158] gives accurate
results, but one has to compute high-order derivativeschwhémains a difficult task when data are
noisy. Fguré_3}4 shows how well the method performs whereasing the number of terms. Krieger
proposed also a method for Newtonian and power-law fluidse@fer 1968,1969 [163, 162]). This
method performs poorly with yield stress fluids, especidliy is partially sheared within the gap and
also with noisy data (Borgia and Spera (1990) [35]). In tlisegs Nguyen and Boger (1992) [214] have
proposed using the Krieger (1952) infinite-gap exact foemioise is also an important parameter for
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more sophisticated techniques such as the discretizegtahtpproach proposed by MacSporran (1987)
[185]. The effect of various noise level on th@;( ;) is shown in Fig[3b. To solve this problem,
regularization techniques were used (MacSporran 1989][Mxbw et al. 2000 [312] and Leongt

al. 2003 [174]). However, when the rheological behavior exhilsingularities such as a yield stress
or rapid shear-thickening, the regularization procedane lead to unrealistic results by smoothing out
the singularities (see for example Hig.13.6). For complesolbgical responses, it becomes difficult to
discern rheological properties, noise effects, and digation errors.
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Figure 3.4: Comparison between the HB analytical flow cumve the data obtained with Krieger and
Elrod infinite series [158] with 1, 2 and 3 terms of the seriéhw = 0.5
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Figure 3.5: Effect of noise on the discretized integral apph of MacSporran (1987) [185]: (a) no noise,
(b) and (c) increasing noise on the angular velocity / tor@ie M;) data.
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Figure 3.5: Effect of noise on the discretized integral apph of MacSporran (1987) [185]: (a) no noise,
(b) and (c) increasing noise on the angular velocity / tor@ie M;) data.
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Figure 3.6: Smoothing effect of regularized least squarkrtigiues on singularities (Bingham fluid=
70 + K%, 70 = 30 Pa andK = 60 Pas): Tikhonov regularization technique with the reguldiza
parameten = 7.6 - 10~7 (Yeowet al. [312])
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Figure 3.7: Comparison between the HB analytical flow curge=£ 30 [Pa], K = 60 [Pa s"]) and
the data obtained with the various Bernoulli polynomialutiohs by varyinga: () n = 0.7 and (b)
n = 0.3.

Methods derived from a generalization of the Krieger anadlinfinite series have recently been
proposed by De Hoog and Anderssenl [84, 86] (refer to fabléoB ke detailed formula). When dealing
with wide-gap geometries, the results obtained with thisBelli polynomial solution will vary between
the Krieger-Elrod resulto{ = 0) and the mid-point approximation proposed by De Hoog andefsgbn
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(o = 0.5). The gap between both curves increases with decreasingsradiox. Unfortunately as we
can see in figure_3.7, the best method varies with the fluidoggoIn the case of a HB fluid, the most
relevant parameter influencing to choice of the beg the shear rate exponemt For a fluid having a
small exponent:, a method with a higlr performs better; in contrast, with a fluid with a high expanen
n, a method with a smadl performs better.

2,500 LU L1 Y 1 O I 1 B I B B M R 11 B B A AR ;
— Analytical curve
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Figure 3.7: Comparison between the HB analytical flow curge=£ 30 [Pa], K = 60 [Pa s"]) and
the data obtained with the various Bernoulli polynomialutiohs by varyinga: (a) n = 0.7 and (b)
n = 0.3.

The wavelet-vaguelette decomposition proposed by Ance@5p[13] takes its roots in a recent
extensions of the adjoint-operator method called wawedgtielette decomposition (WVD). This theory
was developed by Donoho (1995) [90] to solve certain clagbewerse problems. As shown by Ancey,
it performs better on a Casson fluid than the Tikhonov regddon method and allows to get rid of
the smoothing effect of the regularization term. This is i&ag importance for complex fluid exhibiting
particular features in the flow curve such as rapid changepdtinuous shear rate distribution near the
yield point. Main drawbacks of this technique are the mathgzal complexity, computational cost and
the need for denoising and interpolation techniques fordiaeexperimental data.

3.3 Particle Image Velocimetry

Particle image velocimetry (PIV) is an efficient method foeamuring two-dimensional (and even
three-dimensional) flow velocity fields. It is a non-invasitechnique (i.e. it does not change the flow
being measured) and possesses a fine spatial and tempotatiozs PIV is a technique based on image
acquisition and pattern recognition within or between igstp deduce the displacement field within the
flow between these two (or more) instants. To gain quantéadtnowledge of the flow motion, tracers
are added to the (clear) fluid. These tracers are visiblegarticles that follow the fluid motion. By
shining a laser sheet on the area of interest to enlightetrabers, we can record the patterns produced
by the random particle arrangement on successive imageg asiigh-speed camera. Once image have
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been captured, we can divide the images into sub-windovpicélly 16 x 16 to 64 x 64 pixels). Auto-
or cross-correlation is then used in the correspondingvdnbdews to measure the pattern displacement
(i.e. the fluid displacementhx between the images. Using advanced algorithms also allomsattern
distortion measurement. Knowing the time between the exposures, we can compute the instantaneous
velocity of the fluid in the sub-window. This can be done inailier sub-windows and images to end up
with an instantaneous velocity map. Finally in a post-pssagg step, spurious vectors are removed as
much as possible.

This section is divided into four parts, which are devotedPt¥ in general: image acquisition in
§[3.3.1 t0§[3.3.4, PIV processing if3.3.5, PIV post-processing §3.3.7, and specific PIV techniques
in §3.3.8). Good reviews and books on PIV can be foundlin [8] 182,292].

3.3.1 Tracer particles and seeding for particle image velometry
Small particle motion in flow
In the limit of low Reynolds numbers, the equation of motidrasmall spherical particle immersed

in a fluid flow is given by

4 4, dv 4 4 Du

3TpPs o =3RRI Ty non-inertial force

4
+ S7r

2 S(op — Pr)8 net body force
+ 6mpry(u —v) guasi-steady drag force
+ pmrViu Faxen force (seé€ [121])
2 3 .. Tg d o
+ 3P | AV - TOEV u added mass force (see [189])
fu—v (u—v)o
+ 612, /TPfIL ( ——dt’ + 7> Basset force (see [255])
o Vi—t Vi i
+ Loy Saffman lift force (see [82, 192, 260])
+ Linag Magnus force

whereu is the velocity of the surrounding fluid; the particle velocity. This equation is known as the
Basset-Boussinesq-Oseen equation (details of its diemiveain be found in Crowet al. [76], see also
[33,[67,[190]). For very small tracers as those used in P@/fifst part of the quasi-steady viscous
term (Stokes drag) dominates the right-hand side of thetequaAssumingDu/Dt = dv/dt, we can
estimate the difference between the particle and fluid Vtdscas

27r%(p, —

vou= 2 ep—pp)dv (3.2)

9 7 dt
Clearly from[3.2 the choice of neutrally buoyant particleads to tracers that closely follow the flow.
This condition can be easily fulfilled for liquid flow. It caohbe achieved easily in gas flows.

Tracer “slavery” is quantified through the particle StokesberSt,, defined as the ratio between,
on the one hand, the product of particle relaxation time andthe other hand, the fluid velocity to a
characteristic dimension of the obstacle:

Sty :TTUO
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Figure 3.8: Time response of tracers particle with differdiameters in a decelerating air flow: =
1.8 1075 Pas, p, = 900 kg/m?.

wherer is the relaxation time of the particley is the fluid velocity of the flow away from the obstacle
and! is the characteristic dimension of the obstacle. As can be sefigure 3.8, particles as small as
possible have to be used to track fluid motion and not panmic&on.

Small particle imaging

As show above, particles must be as small as possible todmrdtaHowever, at the same time, they
have to scatter enough light to be visible. For that purppa#gijcle size must lie within the micrometer
range (for gas flows) or tens of micrometers (for liquid flowEhis implies that scattering is in the so-
calledMie scattering regimeAnother approach is to use particles containing a fluordstye; the light
absorbed by the dye is emitted at a longer wavelength, whigkesit possible to distinguish tracers
form other objects.

Mie scattering of small particle

Particle scattering depends on the particle diameter, #welangth, the refractive index of the parti-
cle relative to the surrounding fluid and the scattering eniylost of the light is scattered in the forward
direction, a substantial part is scattered backwards a@@ ‘affor standard 2D P1V), the scattered amount
is usually very low. This is why PIV needs strong light. Besawf the smaller refractive-index differ-
ence in liquid flows, bigger particles must be used to receiveugh light. Fortunately in that case, it
is much easier to find neutrally buoyant particle; using biguarticles (as large as tens of micrometers)
can still fulfill the low-Stokes-number condition.

Fluorescent tracer particle

Particles can be tagged with a fluorescent dye (e.g. Rho@mifhe dye absorbs incident light,
which is then re-emitted at a longer wavelength. This makpsdsible to distinguish the tracers from
other objects such as bubbles, droplets, other particlasvetc., by means of an appropriate optical
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filter. The emission of fluorescence is isotropic, thus theneo intensity dependence on the viewing
angle. Fluorescence intensity depends on the amount oéfoent dye on the tracers; this is in general
proportional to either the particle volumé]?;( in Mie scattering) or particle surfacdl%o, depending on
the particle tagging (bulk or surface tagging). The duratibfluorescence is typically of the order of 10
ns.

Particle generation

Some of the best suited particles for PIV measurements, asigiolymers, hollow SiO2 microbal-
loons or metallic-coated spheres, are quite complicatdditacate (although they are today commer-
cially available). Since these particles are quite expenshey are better suited for closed loop systems.
When larger quantities of particles are required, more @cocal solutions are sought and special par-
ticle generators offer a good solution, some of which are asmmercially available. Particle gener-
ation can be divided into solid and liquid particles. Solattles or powders are used to seed liquid
flows and in applications such as combustion, where liquighldts tend to evaporate. In either case, a
monodispersed size distribution and a spherical partltdgos are desirable, the latter condition being
automatically fulfilled by small liquid droplets. Essetiffadroplet can be generated by vapor conden-
sation of highly saturated vapor stream or by liquid atomndzain a gas flow. For solid particle seeding,
the two main methods are constituted by dry powder and a#diniz as for liquid droplet. In the case
of atomization, the idea is that after atomization the lioir solvent evaporates, leaving solid particles
behind.

Achieving optimum flow seeding is generally recognized a&srtrost difficult part of PIV experi-
ments. Once the flow is uniformly seeded at required conatoir, the experiment has high chance of
success. The seeding process will not be discussed ingdbtaié. For further information, the reader
should refer to Melling 1997, Raffel or Tropea ([196, 2522R%ee figuré_3]9).

3.3.2 Light source and light sheet optics

Lasers are routinely used for PIV measurements becausesthi#ynonochromatic light with high
energy density, which can easily be bundled into a thin Igjget for illuminating and recording the
tracer particles. There are two types of lasers: continu@awe (CW) lasers and pulsed lasers§h3.4,
we will see how image acquisition depends on the laser type.

The light sheet can be obtained using commercially availahket generators or by means of a set
of spherical and cylindrical lenses (see for example [88,233]) and, in special cases, with an extra
optic fiber [153].

The finite width of the laser sheet produces an uncertainttherabsolute position of the seeding
particle in the direction perpendicular to the light sheBhtis transversal motion is captured in stereo-
scopic PIV to get the third velocity component. Following ttheory of Gaussian beam propagation
(which is not absolutely valid for lasers used in PIV such asYRG lasers), the sheet thickness in the
area of interest (AQI) can be calculated. Depending on ldseses, geometrical configuration of the
experimental setup, and flow behavior, optimization of thee$ width, divergence and thickness (over
the whole area of interest) can be achieved. A system of émgds (one spherical and three cylindrical)
allows to control the spreading (sheet width and divergeaoe focusing of the light sheet (focusing
distance and evolution of the sheet thickness)([89] 247].
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Figure 3.9: Light sheet generator (after|[89]).
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3.3.3 Digital camera

The present state-of-the-art in digital image allows totbay almost all PIV applications use digital
cameras for recording. Immediate image availability angtfeedback during recording as well as a
complete avoidance of photochemical process are some afdventages brought by digital cameras.
Even if the trend suggests that electronic recording pusteeghotographic methods aside, photographic
films still have higher spatial resolution than the digitaheras used in PIV and may be a better solution
in some specific applications. As we will see §8.3.4, depending on the recording technique, two
pictures have to be captured in a very short period of timetudlty there are commercially available
cameras that allow time lapses as short@sns. Furthermore, because cameras have their sensitivity
peak in the visible green color, green laser are used foicf@itumination.

3.3.4 Image recording
Recording techniques

There are several PIV recording techniques, which aredlisédow:
e Single frame / Single exposure

e Single frame / Two (multi) exposure

e Two (multi) frame / Single exposure

e Multi frame / Multi exposure

In single frame/single exposure PIV, a CW laser is used aac¢#mera shutter remains open long
enough so as to get strips produced by the particle motioh@rnages. The longer the stripes are,
the higher the velocity is. An example is showed on figurel3A¢ there is no way to distinguish the
beginning of a stripe to its end, a flow direction ambiguitynegns with single frame techniques. This
can be very problematic in complex flows. There are variouthaus to resolve that ambiguity such as
image shifting, pulse tagging or color coding.

In single frame/single exposure, the achievement of gz measurement is quite difficult from
an image-processing point of view.

In single frame/multiple exposure, the shutter is opensdreétimes during the same frame acqui-
sition. As in single frame/single exposure PIV, the direetil ambiguity also exists here and the sub-
window autocorrelation process gives rise to oppositestation peaks (two peaks in single frame/double
exposure).

In two or multi frame/single exposure techniques, the dioecambiguity disappears because the
order in which the images were taken is known. This is the roostenient technique for image post-
processing. Unfortunately in some experiments, for tezdineasons, this technique cannot be used.

Most PIV experiments are actually done following a two frafsiagle exposure technique. There-
after we will essentially focus on single exposure techegu

Continous wave versus pulsed laser acquisition method

In CW-laser PIV, the laser continuously enlightens the meament volume and the camera shutter
is used to “freeze” the flow. The exposure time of each framstre much shorter than the interframe
time At and for technical reasons (shutter speed, data transfavidtiy), it cannot be reduced as much
as desired. For this reason, CW PIV can only be used for loacitgl flows.
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Figure 3.10] Single frame / Single exposure image in a Ceugtometry.

Pulsed laser PIV is a way to extend the technique to highesflears. In that case, the effective
exposure in images is conditioned by a light pulse fired byabker. The rest of the time during exposure
(hatched in figuré3.11) has no effect because there is nbdigkring the camera. The light pulses can
be shifted to the end of the first image and to the beginnindn@fsecond to reducAt to a technical
minimum, which is the camera interframe time between twogesa This technique is called “frame
straddling” acquisition technique. Specific cameras degigor PI1V allows interframe times as short as
100 ns. Unfortunately it cannot be used for time-resolved PIRFTV).

Tunable experimental parameters

In this final section on acquisition, the reader will find aglsummary of the tunable parameter in
PI1V image acquisition:

e Particles

— Concentration of seeding particles
— Particle diameter
— Particle type (material, coating, fluorescent dye, dye entration, etc.)

e Laser and optics

— Thickness and width of the light sheet

— Light energy density

— Time interval between exposure (in case of pulsed lasers)

— light sheet overlap between the pulses (recombinatiort®pfithe two laser cavities)

e Camera


http://www.snf.ch/F/NewsPool/Pages/mm_08mai26.aspx
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Interframe
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Figure 3.11: Frame straddling technique used in pulsed @fgllow high speed flows.

— Time interval between exposure (in case of CW lasers)
— Lens magnificatiorM

— f-number of the camera lens

— Particle image diameter

— Size and shape of the interrogation spots

3.3.5 PIV evaluation
Pre-processing: image restoration and enhancement

Image restoration attempts to “repair” undesirable effecte to imaging such as perspective distor-
tion, image blur, etc. To optimize PIV, a dark uniform baakgnd is necessary. In some experiments,
this is not trivial and sometimes impossible to achieve érpentally. A common way to deal with
noisy background is to pre-process the images by subtgaatimean image calculated from several PIV
images. Unfortunately, part of the information is lost i ffrocess and it produces an increase in the
discretization error (peak locking effect). For weak AOligintening, lots of particle are weakly visible.

To enhance images, one can apply a nonlinear relation betintmnsity and pixel gray values. This is
called ashistogram equalizatian

PIV image correlation

For the definition of image intensity field, auto- and crosg-glation and associated notation, please
refer to AppendixB.

Autocorrelation technique for doubly exposed images In the case of doubly exposed images, the
image intensityl * is composed of the image intensity of two imadesnd’ separated by a time lapse
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At:

I'*(X,T) =I(X,T) + I'(X,T)

N
Z - X;) + W(X; + D)r(X — X; — D))
It can be decomposed into five terms: (3.3)
R;+(s,T,D) =R¢(s,T) + Rp(s,T') + Rp(s,T', D)
+RD+(S,F,D)) —I-RD_(S,F,D) (3.4)

with D is the particle displacementthe separation vector in the correlation plaKg,is thei th particle
position,T" describes the state of the particle ensemble at a giventtilig X;) is the transfer function
giving the light energy of an individual particleinside the interrogation volumg; and its conversion
into an electronic signal/(X;) = Wy(X,Y)I(Z), wherel is the intensity profile of the laser sheet
(typically Gaussian or almost constant if the laser beaemiity profile is a top-hat beam) afid) (X, Y)
is nonzero if the particle is inside of the laser sheet and a#rerwise and finally (X) is the intensity
transmissivity point spread function of the photograpmiotonly taken as Gaussian in the literature).
Rc(s,T') can be viewed as the convolution of the mean intensifigs(s, I') the fluctuating noise
componentRp(s,I') the self-correlating peak located at the origin of the datien plane,Rp (s,T)
the displacement correlation peak, correlation of imadgsadicles in exposure 1 with images of the
same particles in exposure 2 and findily, _ (s, I') the wrong displacement correlation peak, correlation
of images of particles in exposure 2 with images of the samticfes in exposure 1.

Cross-correlation of 2 singly exposed images In the case of several single exposed images, we have
two image intensitieg and’ separated by a time lapget and hence by a displacemdnt

N
IX,T) = > V(X)r(X —X;) andI'(X,T) ZVO (X — X; — D)
=1
Ri(s,T,D) — G—IZVO IVI(X; +D)/ 7(X - X))7(X - X; + s - D)X
ar

RT(Xi—Xj-FS—D)

= Q—ZVO D)Vo(X; + D)R,(X; — X +s— D)
I
i#]

Rc(s,T)+Rp(s,I')

N
+R-(s —D)>_ Vo(X))Vo(X; + D)
i=1

g

RD(S,I‘)

It can be decomposed into only three termi?¢(s,T'), Rr(s,T'), and Rp(s,T'). Rc(s,T') can be
viewed as the convolution of the mean intensiti&s;(s, I') the fluctuating noise component from the
i # j terms,Rp(s,T') the displacement correlation peak, correlation of imadgmdicles in exposure
1 with images of the same patrticles in exposure 2. It reacheadmum fors=D.
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3.3.6 Optimization of correlation

As we have seen if[3.3.4, we can change several parameters in the acquistépnt@ enhance

images for the correlation processing step.

o Effect of time between two light pulsesAt [[7,[168]
Increasing the timé\¢ between images reduce the relative error madA erfand also o\t even
if it is almost always assumed as free of error). In the same ti does reduce the signal-to-noise
ratio (SNR) due to loss-of-pairs effects. On the other hawith a vanishing pulse separation
(At — 0) there is no loss of pairs anymore but the small error madd@mparticle displacement
becomes much more important. A trade off has to be found taAthbecause of the displacement
range in the interesting part of the studied flow.

o Effect of particle seeding
As shown by Keanet al. [149], if we want to have a valid detection probability of 90%e
sub-window particle density must be greater than 15 pagidDepending on the size of AOI and
the laser sheet thickness, seeding concentration has tdapted to get enough particles in the
sub-windows.

e Duration of the signal acquisition
In CW-laser PIV the camera shutter controls the durationrofn@age acquisition. If the flow
motion is somewhere too fast compared to the shutter opdirmg part of the image will be
blurred. Finally the correlation peak in the fast flow regwifl be stretched in the flow direction,
leading to worse SNR. As shown in figure 3.11 for pulsed las¥r the image is frozen by the
laser pulse which is usually short enough to avoid any proble

e Effect of particle image diameter
An optimal particle image diameter exists in range of 1.5 xX&l| per particle depending on the
recording technique.

o Effect of laser power
By changing the laser light power, the effective laser stieekness and therefore the interrogation
volume is accordingly modified. If both laser pulses havesime power, the same volume will
be illuminated. Otherwise this leads to an increase of thiebplane loss-of-pairs and therefore
to a worse SNR.

e Misalignment of the two lasers combining optics
In most cases if the optics are misaligned, the out-of-plasse of particles will increase and the
signal to noise ratio (SNR) too. In some cases, if the velamimponent orthogonal to the laser
sheet is significant and relatively constant, we can misalige combining optics voluntarily to
reduce the out-of-plane loss of particle.

o Effect of displacement gradient
As in PIV, the velocity measurement is based on the coroglaif the displacement of a pattern in
a sub-window, if the velocity gradient across the sub-wid® significant, it results in a biased
measured displacement.

e Correlation calculations
PIV correlation maps can be either calculated directly m ¢patial domain or through the fre-
quency domain using FFTs. Direct calculation is computatiy very expensive @[N], N
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being the length of a sub-window). Using the frequency domedluces the cost [ N? log, N|
operations. However care must be taken with aliasing effé&ias errors that arise with FFT tech-
niques.

Advanced digital interrogation techniques

Over the years various, technigques were developed to ealivccorrelation algorithms. We just
mention here some of them: multi-pass schemes, offset shanulti-grid schemes, desampling, sub-
pixel estimator (peak centroid, parabolic fit, gaussiarkgita

3.3.7 Post-processing

The post-processing step in PIV consists of the validatioraw data, replacement or removal of
spurious vectors, data reduction, and analysis of the ddtave a physical insight into the flow motion.

3.3.8 Specific PIV techniques

Some derived techniques from PIV are listed in Tdblé 3.3. &oifnthe techniques can be used
simultaneously.

Table 3.3: Specific PIV techniques.

Defocusing PIV It uses a mask with two or more apertureseghifiway from the optical axis to
obtain multiple images from each scattering source angvalto infer
the third velocity component [141, 235, 286, 237]

Dual plane PIV By using an additional light sheet parallete first one, one can estimate the
out-of-plane velocity component by using three imageds at- At, andt + 2At,

FPIV This is a PIV technique that uses fluorescent partigeesd of light scattering

u-PIV PIV in some micrometer scale flows where measuremeninvelis not defined
by the laser sheet thickness but by the focal depth of thectige

Stereo PIV PIV using two cameras to measure the third vglooinponent perpendicular

to the laser sheet

Super resolution PIV  This is a technique that combines ssbagly PIV techniques for an estimate
of the velocity as an input to particle tracking velocimeti®yTV) to measure the
velocity of each individual particle

Time resolved PIV In Time resolved PIV, all successive insacgn be used to measure an instantaneous
velocity profile
Tomographic PIV This is a PIV technique that uses four camtIrabtain the three velocity components

in a volume.
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3.4 Fluorescent particle image velocimetry

Contrary to classical PIV techniques, where tracers areddaol the flow without disturbing fluid
motion, it is not obvious that in concentrated particle sugons adding a given amount of particles,
even small compared to the coarse particles, does notldistotion and, thereby, does not affect mixture
rheology [17, 58, 186]. In this context, classic PIV teclugig may become invasive and can be no longer
suitable to studying concentrated suspensions.

To overcome this potential problem (which is a field of resban its own right), a strategy is to
track the solid (disperse) phase directly. As we will segdi?2. 7, fluid and particles arefractive-index-
matched(RIM) so that the mixture becomes clear, which makes it [bs<o use optical visualization
at the heart of fluid flow. In this way, particles in RIM fluid loly scatter laser light, as can be seen in
Fig.[3.12. To get a better idea of the difference betweendbkeriques, let us compare the RIM-fluid
technique with a classic PIV setup. With a viewing anglé®ft , standard polystyrene tracersasf um
in diameter in water (see Fig. 3112 (a)) scatter at l&a®00 times more (see Fig.3.112 (d)) than particles
in the refractive-index-matched (RIM) fluid (see Hig. 3.tP( Note that for the RIM-fluid experiments
used in this comparison, the refractive index (RI) mismatels particularly high (close tb0—*) as a
result of defects in the measurement tools and our fluid pagipa procedure, whcih means that the
differences between PIV and RIM-fluid techniques are everermpmnounced when the Rl mismatch is
optimized.

As light scattering cannot be used in RIM suspensions, wedddluorescent dye (rhodamine 6G)
to a fraction of the PMMA particles and used them as PIV tmcdfigure[3.18 sketches the FPIV
measurement procedure. The laser light excites the dyeeotafjged particles, the fluorescence of the
dye is emitted isotropically. A high pass filter (see Eig.ib front of the camera blocks the eventually
scattered and reflected laser light and allows only fluorddaght to enter the camera. This enhances
the images, especially in the wall regions, and it improhesSNR.
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Figure 3.12: Calculated Lorentz-Mie small particle ligbagering (, in blue and/| in red): (a) Classi-
cal polystyrene PIV tracers in water (particle diameteisim), (b) PMMA particles used in the present
experiments in water(0 um), (c) PMMA particles used in the present experiments withRIM fluid
and with the largest uncertainty in the refractive-indeatching value, segld.2.7 (particle diameter is
200 um) and (d) is the ratio of the values in (a) and the values itvétjveen 80 and 100 °.
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Figure 3.12: Calculated Lorentz-Mie small particle ligbaering (, in blue and/| in red): (a) Classi-
cal polystyrene PIV tracers in water (particle diameteisgtm), (b) PMMA particles used in the present
experiments in water2(00 um), (c) PMMA particles used in the present experiments withRIM fluid
and with the largest uncertainty in the refractive indexahity value, se€l4.2.7 (particle diameter is
200 um)and (d) is the ratio of the values in (a) and the values ibétyveen 80 and 100 °.
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Figure 3.13: Sketch of the FPIV procedure
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Figure 3.14: Transmission curve of the sharp edge dietelsigh-pass filter, green line is the laser line,
red line is the filter transmission curve, cyan line is theddmine 6G absorption curve, blue line is the
rhodamine 6G emission curve and the magenta line is thempgtttene 597 emission curve.
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3.5 Refractive index matching

3.5.1 Refractive index mixture rules

It is often desirable to determine the refractive index (&la solute. This index can be estimated
from the RIs of solution and solvent by using a suitable “migtrule”. There are several available
methods in the literature (see for example Aminabhavi, édefhindo or Tasic [10, 126, 272, 286] for
an overview) All theoretically derived rules are based uffanelectromagnetic theory of light and can
apply only if there is no change of volume during the mixing:

Lorentz-Lorenz equation (theoreticel) [180] :
(n12 — 1) :<n%—1>&+<n%—l>]2 (3.5)
(niy + 2)p12 ni+2/)p1 \n3+2) p
Wiener equation (theoretical) [308] :

n%Q_n% :¢2 n%_n% (3 6)
n%z + Zn% n% + Qn% '
Heller equation (theoretical) [125] :
ni2 — N1 3/m?—1 n2
=— == 3.7
n 2<m2+2>’m n S
Dale-Gladstone equation (theoretical)|[79, 80] :
ni—1 np—1 no — 1
2 = ———pit+ ——ps (3.8)
P12 P1 P2
Arago-Biot equation (empirical) [18] :
ni2 = Q1n1 + Pana (3.9)
Lichtenecker equation (empirical) [125] :
log(n12) = ¢1log(ny) + Palog(ne) (3.10)
Newton equation (theoretical) :
niy = ¢1nf + ¢onj (3.11)

3.5.2 Small particle index matching methods

As far as we know, there is no method to measure directly thef Rinall particles accurately and
conveniently. Thus, it is not possible to measure the RI ofigdas first and then adjust the RI of the
interstitial fluid by changing it's composition so that ithne same RI. Therefore one has to measure it
indirectly. There are two main types of methods to obtainRhe

e By using a bulk solid sample and measuring the reflectior@céibn of a light beam.

e By measuring transmitted light through a suspension sabplarying either the sample temper-
ature or the light wavelength. Using this method requirgsaee good knowledge of the particle
RI because it allows precise matching over a very limitedjeaof refractive indices only.

For the second type of methods, all variants use the Christraeffect:

“Itis based on the various dispersions of two different me#i€hristiansen filter is a narrow band-
pass optical filter which consists of an optical cell whictsigffed with a crushed substance (i.e. here
PMMA particles) and a liquid. The liquid is chosen accordiogthe substance, so that the dispersion
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curves coincide at one wavelength. For this wavelength thesl foptical cell behaves like a plane-
parallel, homogeneous disk and allows transmission. Aleotvavelength ranges of the spectrum are
reflected, scattered as well as refracted at the many integdetween substance and liquid. A change
of the transmission behavior of this dispersion filter carabbieved by variation of the liquid, the tem-
perature or variation of the pressure. The fundamental egasnce is the change of the refractive index
of the liquid”

The bulk sample-laser method

Nouri et al. [223] proposed an ingenious way of matching the RI of theitiglas and the interstitial
fluid. They shined a laser beam into a solution containing@elaod made up of the same material as
the particles. By varying the composition of the solutiomu& varying its Rl), the laser beam passed
through the system with different degrees of deflection ddjmg on the mismatch between the rod and
the fluid. The point of perfect match was attained when therbpassed through the system without
any deflection. A variant of this technique consists to nwnihe backward reflection of light on the
immersed solid sample.

R=[(1=n/ng)/(1 +n/ns)]? (3.12)

whereR is the ratio of reflected beam power to incident beam power.

) Matching
Solid sample ~__ | liquid
Index card or ] __é_;
photodetector =
L
Laser Clegrrectangulartank| ——

Maanetic stirrer

Figure 3.15: The backward reflection method (after [45]).

Figure[3.15 illustrates the apparatus to perform RI tuniagel on equation (3.12). First, solution
components must be chosen such that it is possible to obtaifRt of the solid with a mixture of
them. Next, a flat sample of the solid material with one p@liskurface is held in a stirred tank of the
liquid mixture. The sample is held so that reflected beam gt ufew degrees away from backward
reflection. The reflected beam is projected onto a phototbete€inally, match is achieved by varying
the component ratio of the liquid mixture until the reflectexhm intensity attains a minimum.

To use this method, one needs to possess a bulk sample matithegame material as the particles
and has to be sure that the RI of the bulk sample has not beeifiedatlring the manufacturing process.

The bulk sample-refractometer method

Most refractometers can also be used to measure the RI oida 8asmall sample of the solid with
one flat polished surface is placed in optical contact with résfractometer prism. Optical contact is

1. afterhttp://en.wikipedia.org/wiki/Christiansen_effect
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established by filling the gap between the prism and the samith a liquid. The index of refraction of
the fluidn ; must be below that of the prism,,.;s,,, and above that of the unknown samplg,, ;..

Nsample < ny < Nprism

A gem (or jeweler’s) refractometer can also be used to medkaerRI of a solid. Refractometry of solids
is described at length in Sinkankas and Hurlburt [134/ 276]use this method, we must have a bulk
sample of the same material used for the particles.

The wavelength method

As a result of the differences in optical dispersion of edtdse, the refractive indices can be matched
for only one wavelength. Light with a different wavelengghrefracted at the solid-liquid interfaces,
with the angle of refraction growing with distance from thatohing wavelength (Christiansen effect,
[64,[65]). As shown in Fig._3.16 this phenomenon results irmagmittance curve with a maximum at
the matched wavelength. Once this curve has been measuedan deduce the RI of the particles by
mesuring the RI of the fluid at the wavelength correspondmthé maximum of transmittance using
a spectrophotometer. During this experiment, care mustrdweght keeping the temperature constant
because it does also vary the RI of the components. This méthdescribed in details in Stohr [282].

Tungsten lamp

P Source lens

Porous medium

£ b Spectrograph lens
- Slit

- Photodiode array

Grating

Figure 3.16: The wavelength method (after [282]).
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The temperature method

Since the RI of the liquid phase and the solid phase depeferatitly from temperature, we can
match the RI only for a given temperature. As shown on Eig7Z,3shining a laser beam through a
temperature-controlled suspension sample and recordmgransmitted light results in a curve with a
maximum at the matched temperature. We have finally to meabkarRI of the fluid at that temperature
to obtain the RI of the beads.

Photodetector
Laser 532nm Particle pinhole
suspension
more than 500 interfaces K\_\
Mesurement

Figure 3.17: The temperature method (after [154] 155]).

3.5.3 Index-matching material for concentrated particle sispensions

The packing dictates the choice of interstitial fluid. It mibe transparent, which reduces choice to
plastics, glasses, and certain synthetic rubbers. NylGnFEEK, PET, PS, PVC, SAN and glasses are
almost excluded because they exhibit too high refractidicas (Rl from 1.48 to 1.60). They are dis-
carded since their use would require liquids with refractivdices above 1.580. Indeed, such substances
are rare and most of them are toxic. Some examples are Alfiime 586), Bromoform+{ = 1.590),
lodobenzener{ = 1.620), Quinoline ¢ = 1.620) and Carbon disulfiden(= 1.625). Some interesting
candidates are simply too expensive. There are many @d&idrom 1.37-1.60) which are transparent
when free of fillers or other impurities provided that theg arthe amorphous state or have a crystalline
structure smaller than the wavelength of the light incidgoon the plastic. Among synthetic rubbers
only silicone rubber:f = 1.42) is transparent. Only one plastic, polymethylmethaceylat= 1.49) is
normally manufactured industrially in the transparent ggohous) form. However crystalline polymers
may be rendered transparent by heating above the “meltmgesature”, where there is a transition
to the amorphous state, followed by rapid quenching to roemperature. The plastics listed in the
following table have refractive indices lower than 1.49he amorphous state.
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Table 3.4: Rl matching possible candidates.

RI Melting temperature [° C]
Fluorinated ethylene-propylene (FEP) 1.34 340
Fused quartz 1.458 1650
Glass 1.47t01.65 500 to 1100
Polychlorotrifluoroethylene (PCTFE) 1.435 216
Polyformaldehyde (POM) 1.41 175-180
Polymethylmethacrylate (PMMA) 1.49 130-140
Polysiloxanes(Silicone rubber) 1.40 300
Polytetrafluoroethylene (PTFE) 1.38 327
Polyvinylacetate (PVA) 1.466 230
Silica gel 1.472 1610
Tetrafluoroethylene (TFE) 1.34 -

Table 3.5: Rl matching possible candidates with high-inidigixis.

RI Melt temperature [° C]

Nylon 6,6 1.565 255

Polycarbonate (PC) 1.586 267
Polyetheretherketone (PEEK) 1.65-1.77 334
Polyethyleneterephthalate (PET) 1.575 68

Polystyrene (PS) 1.59 100
Polyvinylchloride (PVC) 1.54 80
Styrene/acrylonitrile copolymer (SAN) 1.57 100
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Facility and experimental procedure

4.1 Rheo-optical facility

4.1.1 Overview of the experimental setup

The basic components of the TSI PIV system used here are Yhedriera, frame grabber, camera-
laser synchronizer, and the acquisition software. Contbtnghe TSI system, a Quantel CFR 200 is
used for enlightening. A homemade laser sheet generatobuwithsvith a set of one spherical and three
cylindrical lenses. For the rheometrical part, a Bohlin G@r800 from Malvern Instruments is used
with a clear quartz cell for visualization. The rheometemisunted on a vertical linear stage, which
allows us to measure optically the flow at various levels sn@ouette cell.

The camera is a Powerview Pladvipixel (1600 x 1200), model630057. The maximum frame rate
is 32 Hz at full resolution. It can be increased at reduced regwlutThe dynamic range i82 bit and
the minimum frame straddling time is @00 ns. Combined to the camera and for calibration purpose,
we use a telecentric lens from Opto-Engineering, model TCA8NMvith a fixed magnification factor of
0.368 and accordingly a fixed AOI d82.2 x 24.2 mm with our CCD captor. The depth-of-viewisnm
and the working distance i834.6 mm. A dielectric filter commercialized by L.O.T. Oriel (LOD¥riel
GmbH & Co. KG), model CH-RS532-50 is used in front of the CCrefects thes32 nm laser light
for the FPIV. Itis a sharp edge high-pass filter with transiois band starting &t38.4 nm (see Fid. 3.14
for the transmission curve).

The frame grabber is a Coreco X64-CL Full frame grabber fraats® Corporation.

The Delay generator for synchronization of the experimsrnhé LaserPulse Synchronizer Model
610034 manufactured by Berkeley Nucleonics Corporation for TS&hals one input trigger angloutput
triggers for camera, laser and other equipment that need &yfichronized. Four of them are used to
trigger the flashlamps and Q-switch of the laser. It allowsdntrol the time interval between exposure
and in the mean time to tune the pulse energy of both cavifid®e fifth output triggers the camera
acquisition. The last output trigger remains free for afeitsynchronization with the rheometer.

The Quantel CFR 200 is a water cooled laser with two opticatiea at2 x 30 Hz. It is a doubled
Nd:YAG laser working ab32 nm and with a beam energy up 180 mJ per pulse a0 Hz.

The laser sheet is composed of four lenses following Diertu987) and Prenel (1998) [89, 247].
It allows a precise independent control of the sheet thisknbeam waist position, sheet width, and
lateral spreading.

The Couette cell is a cup made up of two glued quartz paf8,;am inner diameter hollow cylinder
and a flat circular bottom plate. Its design will be preseiemiore detail in section 4.1.3.

The rheometer is mounted on a vertically movable table witr@ke of100 mm thanks to a linear
stage manufactured by SKF (SKF Linear Motion and Precisemhmologies), model RSK 150.410.100.-
AR2. The linear stage is adjusted vertically with an undstyaof 0.02 ° in both angular directions. The
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maximal horizontal displacement generated is of ordeB(itm over the whole stroke. By taking
two images with the camera looking at the Couette cell fromtbttom, we were unable to see any
horizontal shift. This means that the precision of the adjesit was belov20 um because of the CCD
pixel size and the zoom used. The rheometer can be moved bddorh on70 mm on the table to
allow homogeneous illumination of the whole Couette cetl areasurement on either sides of the inner
cylinder or vane. The reproducibility for the vertical piimiing of the movable table is di0 um. This
very fine adjustability of the Couette cell positioning alkous to make measurement at different heights
during a rheometrical experiment and considerably simyhif calibration process as we will see in

§4.5.2.
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Figure 4.1: (a) Scheme of AOI and Couette cell imaging systeinScheme of the rheo-optical facility
(c) Picture of the rheo-optical facility.
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Figure 4.1: (a) Scheme of AOI and Couette cell imaging systeinScheme of the rheo-optical facility
(c) Picture of the rheo-optical facility.
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4.1.2 Temperature-controlled chamber

As we have seen i§[3.5, the Christiansen effect induces a change from a tutsgension to a
clear suspension by changing the temperature, pressumghbmlavelength. In our case the pressure
and the wavelength (laser line and near fluorescence) aestbonstant. The temperature must be as
constant as possible. The performance of temperatureatevitr strongly affect our ability to carry out
measurement deep into the suspension. To achieve thissalated chamber connected to a thermal
water bath Julabo KTB 30 was built around the Couette cell. Figlrel4.2 shows tentperdluctuations
in the chamber. We were able to control temperature withi ° C keeping buoyancy and turbidity
effects negligible for the duration of the experiments.

20.04 T 23 - T 1 T 1 1 ]
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Figure 4.2: Example of temperature control of the chambeurad the Couette cell, the main figure
shows the temperature fluctuations aro26d C and the insert shows to whole temperature range starting
from the room temperature a8 ° C.

4.1.3 Couette flow Cell

The Couette cell dimensions must be chosen such that tleeRRatl is sufficiently large to contain
enough particles across the gap to avoid finite size effecthat the measured properties would be
independent of the gap width-to-particle ratio. This metas the concentric cylinder radius ratio=
Rin/Royut departs froml. Therefore, as explained §3.2, standard methods for solving the Couette
inverse problem fail and more sophisticated techniquest tmeisised. It is not clear how well these
methods perform when studying coarse-grain concentratsgessions. The gap width must also be
kept small enough in order to minimize vertical-end effects

The Couette cell used for the FPIV measurement is a quartararufactured bfePOND S.A.,
Vevey The cell has an outer diameter@if + 0.01 mm and a height o0 + 0.1 mm. The side and the
bottom of the cell are transparent and can be used for lagginghand camera visualization. The cell
was mounted on &emini CVOR 20@ommercial rheometer manufacturedMglvern Instruments Ltd

Several stainless steel or titanium inner cylinders orrifablade vanes with different radig(8.75
to 27 mm) were used with the quartz cell. To reduce wall slip, threeircylinder was roughened either
by sandblasting or by gluing sandpaper on it. The gap widthtdéast 30 particle diameters is above



4.2. MATERIALS 55

the empirical threshold of aboub particles that allows us to consider the suspension as émoam.
The inner geometry bottom-end was conical to have an alnoogintious shear rate transition from the
Couette flow to the cone-plate flow near the bottom. The mawklack of this bob tip was the necessity
to take into account bottom-end effect on the torque measeme We preferred this kind of bottom-end
for the inner geometry over others since it had a smallerenite on torque measurement and avoided
a low shear-rate region where particle would migrate, agmes in the experiments of Leighton and
Acrivos [169/170] and Chowt al. [63].

The inner geometry alignment with the quartz Couette cef w@ntrolled before each suspension
loading so as to ensure a relative eccentriejtypelow 1% in the worst case, with = e¢/(Rout — Rin)
and wheree is the distance between the inner and outer cylinder axe®reldre the effect due to
eccentricity with a Newtonian fluid on the torque measurermemains below 0.2 % [123, 135, 194].

4.2 Materials

4.2.1 Particle description

The particles selected were copolymer of polymethylmetfiaie ethylacrylate (PMMA EA) parti-
cles, manufactured by ARKEMA. In order to ensure a suspertbiat is as monodisperse as possible, we
used only the particles in the size rarig® to 200 um following the wet sieving procedure explained in
§[4.2.5. For the polydisperse experiments, we used unsiemidlps supplied by Altuglas (see Hig. 4.6).
We chose particles in this size range for three reasonst, Biese particles had the greatest clarity in
the laser transmission experiments we performed. Secheghad also quite good sphericity and they
were in the peak of the particle size distribution of the raatenial. Third, being produced industrially,
these patrticles are relatively inexpensive. The partigtes] in the experiment came from a single lot.

4.2.2 Fluid Description

To match the refractive index (RI) and the density of theiplead at the same time, we had to use
a mixture with at least three components. The fluid mixtum@position is based on a recipe used, and
subsequently fully characterized, by Lyon [181, [182]. Waysdd it to our particles. A non-exhaustive
list of refractive index matching fluid recipes used in therkture can be found in appendix A.

The patrticle density and refractive index were matched bwid fhixture with mass fractions of
about 50% Triton X100, 28% DBH, and 22% UCON oil. Each of thes@ponents provides a different
feature of the mixture. Triton X100 has high refractive ind®BH has high density and by using
different UCON oils, we can adapt the fluid viscosity in a tigkly wide range. This last property of
the UCON oil family was not used during the present study. firred mixture density id.184 4+ 0.0005
glcc, the refractive index @32 nm and20 ° C is 1.48847 4 0.0001 and its viscosity i€).124 + 0.0025
Pas at20 ° C. For the matching procedure, please refej@o2.6 and;[4.2.7.

4.2.3 Fluid viscosities

In the temperature range between 15 and 25 degrees, theiflaabities of Triton X-100 and UCON
oil 75-H450 decrease almost linearly with increasing terapee. With the largest available Couette
geometry in our laboratory, we performed the 1,6 dibromahexviscosity measurement near the lower
torque limit of our rheometerl()—% Nm). Therefore, the results (see apperidix C) were relgtiveisy
and we were not able to measure the viscosity decrease wipierature. We could only deduce an upper
bound. If suitable, the viscosity measurement was perfdrwith two Couette geometries and also with
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a cone-plate (CP) geometry. The viscosities varies asAsliwith temperature (see also Hig.l4.3 and the
raw measurements in appendix C):

Nyro0(T) = 0.9856 — 0.0280 T
Nyeox (T) = 0.5645 — 0.0143 T
Nppe (T) = 0.009 — 0.0002 T
Nrririn (T) = 0.2840 — 0.0080 T

From this linear interpolation viscosity gradient with teenature in thel5 to 25 ° C range and the
temperature fluctuation df.05° C in the temperature-controlled chamber during an exptnisee
§4.1.2), we can conclude that temperature effects can bectegdlin the experiment. Furthermore, tem-
perature measurements within concentrated suspensioepedormed during shearing and no notable
temperature change was noticed in the studied regimes.
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Figure 4.3: Dynamic viscosity of: (a) Triton X100, (b) UCON 85-H-450:

closed circles are cone-plate (CP) measurementd mm and4 °) and open squares are bottom end
corrected concentric cylinder measurements (inner aner @ubf33—-37 mm and25-27.5 mm respec-
tively).
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Figure 4.3: Dynamic viscosity of: (a) Triton X100, (b) UCON 85-H-450:
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closed circles are cone-plate (CP) measurementd mm and4 °) and open squares are bottom end
corrected concentric cylinder measurements (inner aner gubf 33—-37 mm and25-27.5 mm respec-

tively).
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Figure 4.4: Raw viscosity measurement at various temperatuthe ternary mixture of Triton X-100,
UCON oil 75-H450 and 1,6 dibromohexane:
closed circles are cone-plate (CP) measurementq mm and4°) and open squares are bottom end
corrected concentric cylinder measurements inner anda guté 33—-37 mm (open squares) arkd—27.5

mm (filled squares) respectively).
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4.2.4 Important dimensionless numbers

From the particle properties, fluid properties and the Geull dimensions several relevant dimen-
sionless numbers can be computed. The particle Reynoldberum

2 .
Rep _ prp’)/max o 10,4
nr
is small enough for particle inertia to be neglected.
The Péclet number
3 .
Pe = w ~ 107

kT

is high enough for Brownian motion and colloidal forces taleglected.
The overall flow Reynolds number

PU(Rout - Rm)
n

Re = ~10°t02.5-1073

depending on the gap, the velocity and the solid fractioménsuspension is small.
The Taylor number, which indicates whether a Couette ildristability occurs,

Ta = 92 (U(Rout - Rm)ﬂ> (Rout — Rin)

remains always below 6 for the most dilute suspension at #pdnal rotation speed. This value is far
below the critical value of 3400 for the onset of Taylor secondary flow for Newtonian fluids.

4.2.5 Sieving procedure

For the monodisperse or quasi-monodisperse experimém$s MMA particles were sieved using
a Retsch AS200 ControRgetsch Gmbh sieving machine and &30 um and200 um sealed sieving
stack. Several sieving procedure were tested (dry sievirg,sieving, etc.). We finally modified the
sieving stack column to perform the sieving in a recircaigtilow of ethanol. In this way, we obtained
reproducible size distribution and we got rid of surfacesten effects (water) and electrostatic effects
(dry sieving). Figuré 4]6 shows a comparison between thematerial and the sieved size distribution.
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Figure 4.5: Sketch of the wet sieving setup.
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Figure 4.6: Raw (blue, mean168um, s.d= 54 um) and sieved (red) particle size distribution, Gaussian
fit of the sieved particle distribution with a meani®f.1 um and a standard deviation ®fl um

4.2.6 Density matching procedure

The most difficult part when matching the fluid and particlegites was to measure the particle
density. We did not have a density gradient column availfale70/ 228 296, 297, 298], so our match-
ing method involved mixing many different fluids with a rarafedensities close to the PMMA datasheet
values and observing the time it took for the particles te dssink. The mixtures where the particles
remained in suspension the longest gave an estimate of ttielpaensity. The densities of the fluid
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mixtures were estimated as the average of the componeritidengeighted by the volume fractions of
the components in the mixture. When a mixture was prepar#éddsway on the basis of the datasheet’s
densities of the fluids, a measure of the true mixture demstyperformed with a high precision aerom-
eter (GECO-GERING0209 Aerometer DIN12791 Serie L50, without Therm., KL.“H", precision of
5-10~% g/ce) in a temperature-controlled column2at’ C because of the density variation of the fluid
with temperature (see for example Hig.]4.7).

We prepared fluids with densities ranging frami800 to 1.1865 g/cc by steps ofs - 10~* g/cc.
Because of the possible small variations of particle dgnsie prepared particle-suspension samples
with a solid fraction of0.3 in sealed small bottles with a fluid height tm (i.e. on the same order or
magnitude as the Couette cell of our experiments). Usingpession of particles allowed us to infer
the mean particle density, but because of the Boycott effiedtof the reduced sedimentation velocity in
“dense” (typicallyy >~ 0.2) suspensions, the effective sedimentation velocity wasidhan the single
particle velocity at low Reynolds number:

oL (pp — pr)gD}
18 n

In an ideal geometry, the theoretical velocity of a suspens:
‘/;edim = V’oo(1 - 655¢)

This expression was deduced by a development at the first ofdee sedimentation velocity at con-
centrationg, taking into account two-particle interactions. In preetihis velocity will depend on the
container. For example in a spherical vessel, this veldmtgomes:

Vsedim = Voo(l - 355¢)

It was therefore not possible to calculatgoosteriorithe density mismatch from the sedimentation ve-
locity. We could, however, obtain an upper bound (the teainielocity of a single particle). The bottles
were immersed in a thermal bat?0(& 0.05 ° C) for one week. A periodic observation of the particle
sedimentation (rise or sink) of the particles was perfornmadhe best matched fluid, we could not see
any sedimentation effect after this one-week experimaeaiting a fluid sedimentation dfcm/week (this

is faster than what we could see) and calculating with thglsiparticle terminal velocity, we can infer
that the density mismatch must be belb®# g/cc. This value being below the uncertainties due to our
capability to measure the fluid densify-((0~* g/cc) added up with the effects due to the uncertainties in
the control of temperatureH0.05 ° C). As the Couette cell and the sedimentation vessel haverdiions

of the same order of magnitude, we concluded from this ewpri that we could perform experiments
for a few days without sedimentation effects. Figuré 4.Aghthe particle-suspension-sedimentation
experiment after one week. The final density of the matchingure wasl.1840 + 5 - 10~4 g/cc, where
the uncertainty resulted from various processes (e.gdehsity fluctuation of the beads within the batch
provided by our supplier, errors in the temperature congwbrs in the fluid-density measurements).
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Figure 4.8: The one week sedimentation experiment: fromdefght, fluid densities of.1830; 1.1835;
1.1840; 1.1850 and1.1865 g/cc. The bright part is due to a concentration of particlafienthe dark part
means that the corresponding local volume is almost freedfqoules. In thel.1840-g/cc sample, no
demixing could be noted (in this experiement, particle anilflvere only density matched to allow a
better sedimentation visualisation

4.2.7 Refractive index matching procedure

In §[3.5, we presented different methods to match the refraatidex (RI) of a fluid mixture with
that of small particles. In our experiments we used the teatpee method proposed by Kat al.
[154,[155] because it allowed us to prepare directly theesusipn at the laser wavelength used in the
FPIV and LIF measurements and not just to select the clesnsgiension to the naked eye. It allowed
us to obtain a better index match and therefore to look furihi® the concentrated suspension. It
limited also the mixture control to temperature. Furthemnae had no means to be sure that a bulk
sample of PMMA made up of the same beads as the particles wiehaskthe same RI. First because
there are some variations of Rl from one manufacture batcheoparticles to another one and it was
impossible to obtain beads and a bulk piece of PMMA out of e batch. Secondly we preferred
to use the particles directly because the RI may changetlglighring the production of a bulk piece
of PMMA. For the index matching experiments we always sthutéh binary density matched fluids
(Triton X100/DBH and UCON oil/DBH mixtures) prepared as kexped in§[4.2.6. This avoided any
sedimentation effects to take place during the turbidifyeziments.

As the temperature variation technique needs to have a gqoibri estimate of the RI of the par-
ticles, we took the RI value &0 ° C of PMMA from the literature[[51] and we prepared severaidflu
samples with different Rl around that value (from 1.4830.4910 in our case). We performed prelimi-
nary turbidity experiments as described thereafter wih gkt of fluids. Results can be seen in Eigl 4.9.
It can be seen that the high transmittance peak is very namnolxan accuracy up to the fourth digit in the
fluid's refractive index must be achieved if we want to takeasw@ements in a concentrated suspension.
However, one should keep in mind that the further you wané& the more precise the fluid’s refractive
index matching must be.

For the rough tuning of the RI we used the following varianttaf Arago-Biot equatior (3.9) based
on the fact that we worked with density matched components:

(my1 4+ ma) - n12 = ming + mang (4.1)

We chose this equation for calculation convenience andptared to be precise enough for rough
matching. For fine tuning, we proceeded by trials and errgraduling a small amount of one of the
binary fluids to increase or decrease the mixture Rl and mieasthe Rl of the ternary mixture after

sufficient mixing with an Atago RX-50Q0refractometer (ATAGO CO., LTD).
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Figure 4.9: Results of preliminary turbidity experiments.

Once a suspension was prepared, a turbidity experimenaaskiitched in Fid. 4.10 was performed.
We used a continuous wave Hulk Series 200-mW laser (ChangDhagon Lasers Co., Ltd). A 532-nm
laser beam was sent through a 50/50 beam splitter (CVI Méltest - France, Part number BSNP-532-
50-1025). The beam splitter was used to monitor continyotln laser power fluctuation in time and
avoid biased transmission curve due to power fluctuationlf ¢fahe laser beam then passed through
the particle suspension sample. The sample was tempernt®lled by two water cooled plates
connected to a thermal bath (Julabo F34-HE circulator).théamore a Pt100 temperature probe was
directly immersed into the sample to record precisely tmema temperature during the experiments. A
typical turbidity experiment temperature profile involgifive ramps is shown on Fig._4]11. The offset
between the sample temperature (Eig. 4.11, red curve) attié¢hmal bath (Fig. 4.11, blue curve) is due
to ambient temperature. The suspension was stirred cantstyduring the experiment with a magnetic
stirrer to ensure thermal homogeneity and improve the mn#tence signal by changing the particle
configuration into the beam. A pinhole was placed in fronthaf transmittance powermeter to reduce
scattered light as much as possible.

The transmittance curve corresponding to the temperatofigs of Fig[4.11l is shown on Fig. 4]12.
In this experiment, the solid concentratiog,;;, was15%, the mean particle diametéy was100 pm.

As can be seen on Fif._4]13 the temperature grad%rmf 11.25% was small enough so as to
avoid any skewness in the transmission curves due to theénmidia. Otherwise the differences from
the ramps up and ramps down should be noticeable. From thenmawe of Fig[4.13 one can now
deduce the temperature at which the ternary fluid matchepatteles. We have still to measure the
refractive index of the fluid at the maximum transmittanaeperature using a refractometer. In the case
of Fig.[4.13, the maximum was &9.10 ° C. On Fig[4.14, several turbidity experiments were penfed
with different ternary fluid proportions and matching the MM particles at different temperature. As
shown on Fig[[4.74 the RI of our PMMA particles was finally obéal from a linear interpolation of
the turbidity experiments and was bfi8847 at20 ° C. The variation of the Rl with temperature was of
about—1.3-10~* C~L. This value is in good agreement with measure from the titeeg[51] with bulk
PMMA as can be seen on F[g. 4115.

Conaghan and Rosen |69] developed a theory that quantitedetiiree of light scattering in a sus-
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Figure 4.10: Sketch of the turbidity experiment setup.
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Figure 4.11: Thermal control of a typical turbidity expeént involving five ramps, the offset between
the two curves is due to the ambient temperature difference.

pension as a fonction of the refractive indices of the twospla The transmittance of light through a
sample of thickness is defined as:

— e (4.2)
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Figure 4.12: Experimental result from a typical turbidigperiment:¢,,cqn, = 15%, dp mean = 100pm,
A = 532nm.

Transmittance [a.u.]

|
18 18.5 19 19.5 20 20.5

Temperature [° C]

Figure 4.13: Mastercurve from the five turbidity ramp expemts of Figd, 4.11 aid 4112.

For a perfectly matched systeffi,= 1; otherwise,I" < 1. The turbidity is given by:

36K
T =

7 (4.3)

Normally, it is necessary to solve Maxwell's equation toadtK. However for large particles
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Figure 4.14: RI of the PMMA particles deduced from severdbitlity experiments.
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Figure 4.15: RI variation with temperature of solid PMMAt&f[51]), solid line is the experimental
result of Cariowet al. [51] and crosses represent the experimental results abbhin@/axleret al. [306].

(d, > X), Van De Hulst[[300] derived the following relation:

4 4
K =2 sin(p) + (1~ cos(p) (4.4)
where
2
_ 2mdpns |0y 1‘ 4.5)
A N

Figure[4.16 shows the experimental result of Figsl4. 11 18:441,;. = 15%, dpmean = 100 pm,
A = 532 nm, and Conaghan’s theoretical result/[69] with a concéptrap,,,; of 15% and4%. The
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discrepancy between our experimental data and Conaghaatsetical result is likely to come from
two partially satisfied hypotheses in the experiment. Fose of Conahan’s assumption is the use of
monodisperse particles. Even if our particles were in acwaarticle size range (unsievéd — 300

um range), they were not monodisperse. Secondly, in Con&gHtarivation, only single scattering is
considered. In the case of1@% suspension, multiple scattering might occur. To find thgios of
discrepancy, we should have conduct further experimerits monodisperse and lower concentration
suspensions. Another explanation may lie in the fact thadtloging the suspension in the laser beam
path, we reduced the particle concentration in the highgastd laser beam area. 45 suspension in
Conaghan’s equation seems to match our experimentalsaegiite well, but we were unable to quantify
shear-induced segregation in our cell. A quantitative canspn is therefore not possible.

1

ramp 1

ramp 2
S o09f . ramp 3
S, ‘& ramp 4
8 é{% « ramp 5
g 08 : 1— ¢ = 4%
= %% — ¢ =15%
2 % -
9 0.7 [ .
|_

0.6 | \% .
| | S

| |
0.9997 0.9998 0.9999 1 10001 1.0002 1.0003

o [

Figure 4.16: Transmission vs RI rat+ec of the typical experiment of figurés 4]11[toc 4.13, marks are
experimental: gy, = 15%, dpmean = 100 pm, X\ = 532 nm, and comparison with the theoretical
transmittance curven(, = 1.48872) with a concentratiomby,, . of 15% and4%.

Final density and Rl matched ternary fluid

The particle density and refractive index were matchedguaifiuid mixture with mass fractions of
about 50% Triton X100, 28% DBH, and 22% UCON oil. Each of thes@ponents provides a different
feature of the mixture.Triton X100 has high refractive indeBH has high density and by using different
UCON oils, one may adapt the fluid viscosity within a reldiveide range. This last property of the
UCON oil family was not used during the present study. Thd fimature density isl.184 + 0.0005 g/cc
at20° C, the refractive index &@t32 nm and20 ° C is 1.48847+0.0001 and the viscosity i8.1244-0.0025
Pas at20° C.

4.2.8 Molecular tagging procedure

The fluorescent dye used in the experiments was rhodamind§@an be seen on Fig._3114 the
absorption peak occurs &4 nm and the emission peak&t5 nm. The onset of fluorescence is bel2sv
ps and the light emission duration (99% decay) i$©06 ns. It is therefore suitable to PIV measurement
because these delay and duration lead to error of lessOti@g on At. Rhodamine 6G was chosen
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because of the closeness of the laser line to the maximunmmiosoof the dye and its high quantum
yield. Furthermore because of the quantum efficiency of t6®@Charge-coupled device) captor of the
camera, which decrease from 55%580 nm to 39% at00 nm, rhodamine 6G was prefered over other
dyes (such as pyromethene 597). Nevertheless, even if thityaeweaker signal and the suspension
becam more turbid farther away form the laser line, theseratlyes may be used for tagging other
particle species and make simultaneous measurementsagithrimore species using appropriate optical
filters. 1 will just reduce somehow the depth at which we cariiggen measurements.
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Figure 4.17: Quantum efficiency of the Powerview Pludpixel camera (after [1]).

To maximize the amount of fluorescent light arriving at theBCé&amera and, as a result, to exploit
the camera intensity dynamic range, we were tempted toaserthe dye concentration as much as pos-
sible until saturation is reached. On the other hand, we ti&ddp the concentration as low as possible
to keep the refractive index of the tagged particles in aaealsle range. As measured by Oki in 2002
[226], the addition of a fluorescent dye to PMMA increasesRMMA refractive index with the dye
concentration. As we can see on Hig. 4.18; varies linearly with the rhodamine 6G concentration,
with slopeAn/AC of 1.8750 M~!. Assuming that:

¢ the difference in composition between the PMMA of Oki’'s mgasnents and ours has no effect
onAn/AC,

¢ the rhodamine 6G concentration in our particles after tagig the same as the dye-solvant mix-
ture concentration (leading to a dye concentratiofi of0—* M in the PMMA particle),

leads us to find variations in the tagged-particle refradtialex on the order df.1-10~3. Unfortunately,

for technical reasons, this value could not be checked arpetally. However, this seems reasonable. A
small part of the particles being tagged, the effect of tfi@ctive-index mismatch for this small amount
of particles seems to have almost no visible effect on suspenurbidity.
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Figure 4.18: RI of dye-doped PMMA as fonction of a conceitratof dopant. Circles, rho-
damine 6G; Diamonds, 4-dicyanomethylene-2-methyl-Gmpethylaminostyryl-4H-pyran DCM; Trian-
gles, Coumarin 500 (after [226]).

4.3 Measurement procedure

4.3.1 Interstitial fluid synthesis procedure

As explained ing[4.2, the PMMA particle density and refractive index was dataed at the given
working temperature o0 ° C. First, two binary mixtures of 1,6 dibromohexane (DBH)itdn X-100
and DBH / UCON 75H450 were prepared in a 10-liter thermadiptoolled vessel so as the density to
match thel.1840 g/cc determined earlier (s§&.2.6). The correct fraction of each fluid in both mixtures
was first calculated from the densities provided by the mawtufer. The fluid was then mixed by a
propeller overnight to ensure fluid homogeneity. Both binaixtures having the same density as the
PMMA patrticles, the refractive index of the ternary mixtwan be adapted without affecting the final
fluid density. Using the two binary mixtures (high Rl mixtwg&Triton X100 and Dibromohexane and
low RI mixture of UCON oil and Dibromohexane), we prepared timal ternary fluid by calculating
the proportion using the Arago-Biot equatign (3.9) dnd)(4Fine tuning was then perform by trial and
error.

4.3.2 Suspension synthesis procedure

The particle suspension was prepared by mixing a given atrafuifuid with particles to obtain
the desired suspension concentration. For measuremethtshedamine-6G tagged particles, a small
amount of tagged particles was mixed with the raw batch digbarprior to mixing with the fluid part.
The amount of particles and fluid was measured using a higtisiwa scale. In the worst case, the
suspension concentration error remained belawb for all the suspensions studied.
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4.3.3 Suspension loading procedure

After synthesis (seél4.3.1 ands[4.3.2), the particle suspension was gently poured into thaety
Couette cell to avoid formation of air bubble. The cell wasntmounted on the rheometer in the
controlled-temperature chamber. The suspension remainex$t for one hour for the temperature gra-
dient to vanish. Finally the inner cylinder/vane was slopijled down into the suspension.

4.4 Estimation of experimental side effects

4.4.1 End effects

The total torqudl;,:; applied on the inner cylinder/vane can be divided into twgomeontributions.
A first one is due to the viscometric floW,;.. while the second one results from bottom end effects

Tbottom-
Ttotal = Tvisc + Tbottom

Only the viscometric componeftt,;;. should be used in the flow-curve reconstruction [see 3.2). To
estimate the bottom-end contributi@i,:;.,, and thereby to be able to to properly measure the viscomet-
ric part, several authors proposed methods for slurrieccandentrated suspensions|[11],[15,/212] 278].

4.4.2 Wall slip

Wall slip is a special case of shear banding when it occursvallaln particle-suspension rheometry,
it is usually stated that it results from a local reductionparticle concentration, which arises from
geometrical constraints [24]. Usually rough surfaces aesluio reduce wall slip. Vane geometries have
become popular over the years. Their supporters claimttisagduivalent to a cylinder with a wall made
up of the studied fluid itself.

Authors who tried to take wall slip into account in classiesmetric procedures suggested conduct-
ing several (usually 2 or 3) experiments with inner cylindane of different diameters. First, Mooney
[204] proposed this technique, followed by Krieger [159¢higgel [265], and Kiljanski [151]. This
kind of technique was applied successfully to various hagnogs materials. It is not clear if it can be
used for concentrated particle suspensions. Indeed, seadihe shear induced migration in the gap,
the material does not remain homogenous and therefore tlifsugpension interaction does not remain
identical between two experiments with varying geometriesour experiments, knowing the velocity
profiles of the flow, by using the measured suspension vglatieach wall, we were able to avoid this
kind of techniques and all the associated unanswered questlhe velocity measurements were then
directly used to correct the rheometer’s angular-velogigasurement.

4.4.3 Effects of Brownian motion

The particle Péclet numbédte, an estimate of how important the viscous forces are as catfa
Brownian forces, should be larger than unity for the susipen® be in a hydrodynamically-dominated
regime. The Péclet number is defined as

(4.6)

with & the Boltzmann constanf; the temperature203 ° K), n the fluid viscosity; the shear rate, ang,
the particle radius.
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In our experiments, the Péclet number was of okdér0°), which is much larger than unity. We
then deduce that Brownian motion was not important, evehnealoivest measured shear rates.

4.4.4 Effects of inertia

The particle Reynolds numbée,, an estimate of the relative importance of inertial foraespared
to viscous forces, should be much smaller than unity for ttgpension to be in the viscous dominated
or even in the frictional regime. A generalizétt, number for shear-thinning fluids can be defined as

pEiTS

n(y)

Re, = 4.7

In the worst case, the generalized Reynolds number was ef O(d 0~*), which was much smaller
than 1. We conclude that the inertial effects were not exquktt play any role.

4.4.5 Effect of gravity

In the worst scenario for sedimentation with density défese of0.5 kg/m?® between the particles
and the fluid, the sedimentation speggl of a single particle in a viscous fluid can be calculated as
follows:

2(pp — py)grs

9 ~107%m/s = 0.8 mm/day. (4.8)
n

ug =
Considering the duration of the experiments, we can thezafeglect the sedimentation effect and as-
sume a buoyancy-free flow.

45 Data reduction method

4.5.1 Classical rheometry

As already discussed &2 and 3.2, inferring the flow curve = f(%) from the torque and angular
velocity (2;, M;) measurements is not obvious for concentrated particlpesigions. It is not always
straightforward to infer the shear stress from the totajuerbecause the local shear stress may depend
on the flow height, i.e. on normal stresses as shown by Ancg\Canissot/[15] for particle suspensions
in the frictional regime. Usual techniques require an hoemogis flow and fluid. Therefore the experi-
mentalist has to check for shear localization and wall sTipis can be done quite easily by looking at
the velocity profile as mentioned §#.4.2. As we will see in chaptét 5 and especially§i.3.1, we
measured wall slip at both the inner and outer cylinder forcemtrated suspensions. It varied with the
tool surface roughness, tool geometry (cylinder vs vandjnaer velocity, mean concentration, local
concentration profile (due to shear induced migration) Bacause the wall slip effect results from lots
of different interacting processes, we did not try to avoalwslip. Instead we inferred the apparent (in-
ner or outer) cylinder velocity from the measured velocitgfifes and we used them to correct the inner
cylinder angular velocities. Some of the existing techaguse am priori known velocity profile in the
gap, i.e. ara priori known fluid rheology. Typical fluids are power-law fluids, as fluids, Bingham
fluid, and Herschel-Bulkley fluids. Some of the existing t@glies do not require any assumption on the
fluid rheology. Direct measure of the flow profiles gives theantunity to compare a large spectrum of
Couette inversion techniques against the true flow curveatkfrom the local profile.
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A first working basis for the appropriate methods for thetimical/viscous transition regime was
provided by the papers of Nguyeet al. [213,[214]. More recent techniques such as the Tikhonov
regularization technique proposed by Yeow [312], the saripimula techniques proposed by De Hoog
and Anderssern_[84, 86, 85], and the wavelet-vaguelettendeasition technique proposed by Ancey
[13] can then be compared.

4.5.2 Spatial calibration

As shown on figuré 4]1, the entire rheometer is mounted onearistage that allows to move the
Couette cell vertically and to shine the laser sheet eveeyavlwithin the Couette cell. The very fine
adjustability of the Couette cell position allows to makeasigrement at different heights during a single
rheometrical experiment with a vertical position reprddilicy of 0.02 mm.

The camera was mounted vertically on a tripod just below tlatg cup and at the working distance
of 134 mm from the laser sheet with the telecentric lens. The telecel@ns has a magnification of
0.368, which corresponds to a nominal conversion factot @fl4 pm/pixel for our CCD camera. The
lens manufacturer guarantees that image distortion rentatow0.1 %. It allows therefore to perform
measurements with a single conversion factor for the whukge. We preferred a non-invasive cali-
bration technique over test pattern techniques becauserision of any kind of pattern into a highly
concentrated suspension is an extremely difficult taskthEamore it cannot be performed before start-
ing the experiment because it would strongly interact wiitial homogeneous conditions and modify
them somehow. One could perform them afterwards, but wihrigk of wasting the whole experiment
(several days !!!) as a result of a wrong manipulation. As ilesge, the non-invasive technique greatly
simplifies the calibration process without interactinghittte suspension and disturbing it.

Because of intrinsic magnification uncertainty of the lend the alignment and relative positioning
between the camera, Couette cell, and laser sheet, we pstmestimate the physical distance between
two points. Having two concentric cylinders in our images,auld use the two circles delimited by the
cylinders to retrieve the Couette cell center and to cottteziens conversion factor. Figure 4.19 shows
a typical calibration image. Alignement of the Couette daler sheet, and camera is performed using a
high precision spirit level.

The overall error on the velocity field because of spatiabcalion remains in all the experiments
below 1%. The positioning error of the Couette cell center (anddfoge the velocity profile position
with respect to the radius) was evaluated to b&&pixels, which means abo0t06 mm.
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(b)

Figure 4.19: Spatial calibration and determination of #ational axis of the Couette cell. (a) Typical

raw image integrated over 100 measurement images, (b) Dietion of the inner (blue) and outer

(red) cylinder that allows calculation of the axis centesipion and the spatial conversion factor. In that
example the axis is at positidfi86, —402) in pixels and the conversion factori8.55 um/pixel.
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4.5.3 Velocity profiles

Velocity fields were computed using a modified version of therosource software called MatFlv
[283]. Computations were performed using a multiple pasese with a sub-window size reduction
from 128 x 128 t0 64 x 64, 32 x 32 and finally16 x 16 pixels. SNR, global, local and velocity range filters
were used to reject spurious correlation peaks and therefiaing velocity vectors. As the velocity spans
over a wide range, computation of the velocity profile carroperformed using only one set of images
with a givenAt. Indeed if theAt was optimized near the inner cylinder, the PIV algorithmIdauot
compute the velocity field correctly next to the outer cyéindnd vice versa. For this reason, the velocity
profile was obtained using several sets of images with @iffied¢.

Figure 4.20: Typical PIV image in the Couette cell with a Ovbume fraction coarse particle suspension
at20 mm into the suspension (Color is only a pseudocolor scatad¢ipaesent the light intensity scale).

1. |http://www.math.uio.no/ ~ [ks/matpiv/


http://www.math.uio.no/~jks/matpiv/

Experimental results

This chapter is concerned with the experimental data thabltaeined with concentrated particle
suspensions using a Couette cell. We first present validatists, where the acquisition method was
tested against homogeneous Newtonian fluids. Emphasigeis @ the inner shearing tool, which could
be either a 6-blade vane or a roughened metallic cylindetholigh the vane has been routinely used
in the rheometry of slurries and pastes (because it has l@posed to provide better-viscometric flow
conditions), it induces undesired effects (e.g., seconfiiaws), which precludes us from using it for our
rheometric experiments. Focus is then given to velocityilesy which can be used to derive the flow
curve. | compare the flow curves obtained by differentiatimg velocity profiles and those obtained by
solving the inverse Couette problem.

5.1 Validation of the measurement setup with a seeded Newta@mn fluid

For validation purpose, we used a Newtonian trimix and PMM#tiples as seeding particles for
the PIV/PTV treatment (they are the same as those used faotiheentrated suspensions). Figurd 5.1
reports the radial and azimuthal velocity profiles that weqeerimentally obtained as well as the exact
analytical solution for the Couette geometry. Good agregiisdound, which provides evidence that the
acquisition method performs well.

5.2 Vane geometry

The use of vane geometries has become quite popular oveathep years for measurements of
flow properties of non-Newtonian liquids, which are proneitalergo large slip effects at smooth walls.
Originally, these geometries were used to measure the eqipgield stresses of dispersions [257], but
they have recently been used to measure other rheologicainpéers. A recent review of the vane
geometry can be found in an article of Barnes [25]. As stroad] slip effects have to be expected in
concentrated suspension with a high packing fraction, wipaed in parallel all measurements using
a 6-bladed vane geometry and a rough sand-blasted innadeylwith the same diameter. As we will
see in this section, we are facing two major issues when @sirage with concentrated suspensions:

e recirculation vortices between the vane blades, whichdddgher wall slip (at the apparent cylin-
der cut by the blade tips) compared with a sand-blasted dsifsee;[5.2.1) than with a smooth
cylinder;

e discrepancies between the measured, almost hexagonkdd&dbvane flow field and a circular
Couette flow (seéb.2.2).

75
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Figure 5.1: Setup validation using trimix Newtonian fluidiva negligible amount of tracer particles for
PIV measurements: dimensionless velocity profile (inndindgr angular velocity id rad/s and inner
cylinder diameter i25 mm).

5.2.1 Interblade recirculation

In his review of the vane geometry [25], Barnes already noeetil limitation in its use for high-
viscosity liquids. He also mentioned the possible formmatd vortices behind the vane blades for low-
viscosity liquids. However, this has remained so far an ragion. In our experiments, we used a
6-bladed vane with a diameter 5 mm, and as can be seen on figure 5.2, the velocity field showed
a flow recirculation in the clearance between the bladesfironing Barnes’ hypothesis. Our spacial
resolution allowed to clearly identify the main vortex jlsthind each blade. It seems to be a secondary
vortex with an opposite vorticity in front of the blade, neatthe inner shaft. As we will see §5.3.1,
this recirculation process has a strong impact on the appamaer cylinder wall slip. For non-colloidal
particle suspensions, the presence of a vortex behind daeblis enhanced by the shear-induced diffu-
sion process (se¥2.2 and§[2.3.2). Indeed at high packing fraction, the MRl measuremehOvarlez
et al. [229] have shown concentration differences within 2he 4% range between the inner cylinder
and the outer cylinder in these concentration range. Thiffeeathces correspond to a change in local
viscosity of about two to three orders of magnitude. Tharetbe effective viscosity next to the vane
will be relatively low compared with the outer wall regionhi$ questions the use of vane geometries
for measuring rheological properties of non-colloidaltjze suspension (except for yield stress mea-
surements). As we will see i§5.3.1, we were never able to obtain a no-slip condition wlih ¥ane
geometry, which remains yet its main purpose.
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Figure 5.2: Streamlines of the interblade flow recirculagiaising a vane geometry: the inner 6-bladed
vane has a diameter @6 mm and an angular velocity dfrad/s, the particle suspension has a volume
fraction of0.5. The color scale represents the dimensionless velocityinatg in the frame of reference
attached to the vane (adimensionalized with the appardet oylinder velocity. Vane diameter &5
mm, and the outer cylinder rotates clockwise in this frameeédrence).

5.2.2 Gap stream

As can be seen at the blade tips on figuré 5.2[and 5.3, the floatds\substantially from a circular
Couette flow. It looks more like a hexagonal flow near the vareestowly rounds off when increasing
the radius. This result is qualitatively in agreement whit@ humerical simulations of Barnes and Carnali
[27]. Figure[5.4 shows the radial component of the velociydfiaround one blade. The whole width
of the gap is influenced by a vane blade. The radial compoages from about7 % to 7 % of the
inner cylinder velocity. We performed experiment for twdfelient particle volume fraction®( and
0.55) and several angular velocities betweefl and10 rad/s. The velocity fields were similar when
adimensionalized by the apparent inner cylinder velocitye retrieved in each case a radial velocity
component up to 7-10 % of the inner apparent cylinder vsjocit

Finally, because of this interblade recirculation vorticevhich generated non-negligible apparent
wall slip and because of the non-circular streamlines ingdye, we preferred to the inner sand-blasted
cylinder for the rheological measurements (883 and;5.5).
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Figure 5.3: Streamlines in the gap using a vane geometry.ctloe scale represents the dimensionless
velocity magnitude (adimensionalized with the apparem¢irtylinder velocity, inner 6-bladed vane with
@ = 25 mm, angular velocityl rad/s, particle volume fraction of5).
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Figure 5.4: Radial velocity component around one blade iipoed atf = 0, adimensionalized with
the apparent inner cylinder velocity, inner 6-bladed varita vo = 25 mm, angular velocityl rad/s,
particle volume fraction of.5).
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5.3 Steady-state measurements

All the measurements presented here were made when théyelod particle concentration profiles
reached a steady state, i.e. when the shear-induced diffygbcess was at equilibrium. During an
experiment, the shear flow reduced residual settling; ngtanbal change in the measured torque was
observed. The reason why steady-state measurementsractiadtis that they are easily reproducible.
Furthermore, as shown by Ovarletzal. [229] (see figuré 515), as soon as a steady state is reacleed, th
concentration profile seems to be independent of rotatieslakcity. As we will see ing[5.3.3, this is
useful to infer the true locally-derived flow curve.
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Figure 5.5: MRI concentration profile of concentrated péetsuspension in a Couette cell for a suspen-
sion of mean volume fractios8% at various rotational velocities (aftér [229]).

5.3.1 Wallslip

As already mentioned i6[4.4.2 ands[4.5.1, wall slip is an important issue in particle suspemsio
rheometry. The actual trend in standard rheometry is toatmgdluce it by any possible means because
it is the easiest way to obtain valuable results without agourse to heavy techniques such as the
use of several inner cylinders as mentioned#5.1. In concentrated particle suspensions, wall slip
reduction has been done either by using an inner vane insfalae inner cylinder or by gluing sandpaper
on the geometries. From our velocity field measurements, auddnfer the velocity at the walls by
an extrapolation of azimuthal velocity profile within thepgand compare it to the angular velocity
measured or imposed by the rheometer. In all our measuremhtconcentrated particle suspensions,
we measured a wall slip at both the inner and outer cylinder.wWafre never able to reduce wall slip to
zero.

In this section, we will take a closer look at wall slip for haeometries in the steady-state regime.
As we will see, wall slip is very complex and has various arggiln subsequent experiments, we did not
try to avoid wall slip at any price, which is hopeless to ouegyinstead, we used the measured inner and
outer extrapolated slip values inferred from the velocitgfites to correct the angular velocity values
measured by the rheometer. As we will see here, this taskatvedy easy for wall slip on the outer
cylinder because the shear rate tends there to zero. Onntrag at the inner cylinder, the shear rate is
at its maximum and it is relatively difficult to estimate walip accurately. In all experiments presented
in this section, we used either a 6-blade vap@{ mm) or a rough sand-blasted inner cylinder26
mm). For the outer cylinder, we used a smooth quartz etfd) (nm). The velocity profiles were taken
at 25 mm from the bottom of the cell (i.e. at mid-height).
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Inner cylinder velocity effects
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Figure 5.6: Inner cylinder wall slip: inner cylinder waligivelocity vs angular velocity

Values of the extrapolated inner slip velocities versudrher cylinder angular velocities. The velocities
are adimensionalized with the inner cylinder velocitiesmiér sand-blasted cylinder = 25 mm, particle
volume fractionp = 0.55 (o) and0.5 (x)).

As shown on figure 516, wall slip at the inner cylinder is natstant with the inner cylinder velocity.
The raw velocity profiles next to the inner cylinder can beniun appendiX_D. The measurements
first show a slip increase whdn lies betweerd.01 rad/s and).05 rad/s; then, the wall slip reduces to
about20% for Q ~ 10 rad/s. This trend seems to be weakly dependent on mean ¢oataan (for the
concentration range we worked in).

On the contrary, at the outer cylinder (smooth quartz cupiincase), in the steady regime (i.e. once
the shear induced diffusion is at equilibrium), wall slipsra@most independent of the inner cylinder
velocity. Within our measurement errors, we were unable®any trend in its variation with the inner
cylinder velocity. Once an apparent steady-state reginsereached, the slip velocity seemed to be in-
fluenced essentially by the wall, the particles, the fluid] #re proportion of each of them. This is in
agreement with the concentration profiles measured by éwetrlal. [229], which showed an indepen-
dent steady-state concentration profile with the innenddr velocity. More focused experiments on this
issue should be carried out to really understand what o@iurse smooth outer wall. This goes beyond
the scope of this work. We just limited ourselves here to Hw that the measured slipping velocity
was independent of the inner cylinder velocity. As shown gar{5.7, this means that at low rotational
velocities (i.e.~ 0.01 — 0.5 rad/s), wall slip may be not negligible at the outer cylindeith a relative
value of a few percent of the inner cylinder velocity, wheraahigher velocity, it becomes completely
negligible (see also figufe D.2 and D.3 in apperdix D for thve valocity profiles). We finally used this
value for the wall-slip-corrected flow curve §5.3.2.

Inner geometry

As shown in§[5.2, the 6-blade vane induces recirculation loops in theriblade space. For this
reason, at the apparent inner cylinder cut by the vane hldldessuspension velocity was not that of
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Figure 5.7: Outer cylinder wall slip: wall slip vs angularieety

Value of the extrapolated outer slip velocity versus theirgylinder angular velocity. The velocities are
adimensionalized with the inner cylinder velocities (insand-blasted cylindes = 25 mm, particle
volume fractionp = 0.55 (o) and0.5 (x)).

the blade tips. It was rather influenced by the vortex retatan velocity. As shown on figurie 5.8,
compared with a sand-blasted inner cylinder, the apparafitwelocity was lower for the vane than
the sand-blasted cylinder, i.e. there was more slip withvllree. For this reason and those presented
in §6.2 (keeping a flow as viscometric as possible), in order mpare the local measurements with
those obtained in classic rheometry, we mainly concemtraite measurement on the sand-blasted inner-
cylinder experiments.
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Figure 5.8: Inner cylinder wall slip: inner cylinder vs vane

Values of the extrapolated inner slip velocity for an innglinder (o) and an inner 6-bladed vang).
The velocities are adimensionalized with the inner cylindelocity and the inner apparent cylinder
velocity (inner sand-blasted cylinder = 25 mm and inner 6-bladed vane = 25 mm, particle volume
fraction ¢ = 0.55).

5.3.2 Rheometric flow curve

Once wall slip has been measured correctly, the raw angelacity can be properly corrected
(see figuré 519 (a) aid 5J10 (a) for the corrected and undedeneasurements). Moreover, as already
discussed irg[3.2 and illustrated with artificial Herschel-Bulkley dat@eriving the flow curve from
Couette-cell measurements (with a wide-gap cell) givestdgnversion problems. As we have already
seen, the inferred flow curve may be relatively differentatepng on the inversion technique. Figure
(b) and 5.70 (b) show the inferred flow curves using séwkiferent techniques with and without
wall slip correction. The differences between curves adeéd quite large. These results again show the
problems associated with the rheometry of concentrateiiclgasuspension, which requires the use of
wide-gap rheometers to avoid finite-size effects and, aswdtrgenerates:

e measurements with a wide range of shear rate within the gapfiguré 5.12),
e a non-homogenous material (see figure 5.5),
e a Couette inversion technigue problem (§8e2).

As discussed i8[2.4, §[3.1, and§[3.2, from these bulk measurements alone, it is not possitdet
swer the underlying questions addressed in this work assatwvith the above listed effects:

“Is it possible to obtain a reliable flow curve for concentedt particle suspensions from bulk
measurement? And this by considering the wide shear ranp@wthe gap, the non-homogeneous
material and the inversion techniques problems due to tle gap?”
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As we will see in§[5.3.3, local measurements will help us to understand futtieedifferent aspects and
try to answer, at least partially, that question.
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Figure 5.9: Cylinder wall slip: effect on the bulk measureise
Semi-logarithmic plot of wall slip uncorrected)(and correctedx) raw rheometric measurements (a)
and the inferred flow curves (b) obtained with following irsien methods: Mooneys( x) [204], New-
ton (e, x), power law ¢, x), mid-point formula ¢, <) [86,[84], modified mid-point formulae( x)
[86,84] , quart-point formulae( x), three-eight-point formulas( <), modified first-term Krieger-Elrod
formula (e, x) [86/,[84], modified-quart-point formula ( <), modified-three-eight-point formule (),
Krieger (1952) ¢, ) [159], Krieger (1953) ¢, <) [158], Krieger (1968) ¢, x) [163], Mac Sporran«{
)[185], Tikhonov regualrization+( ) [312], wavelette-vaguelette decomposition &) [12] (inner
sand-blasted cylindes = 25 mm, particle volume fractiop = 0.55).



5.3. STEADY-STATE MEASUREMENTS 85

-wall slip not corrected
= wall slip corrected Xt

—
o
|
w
X
X

Total torqueT” [Nm]
=)
L

H
9
ot

T T T T TTTT]
X
Lol

1076 L1 [ R Lo Lo
102 10! 10° 10!
Angular velocityf? [rad/s]
[ T T T w(a) T L m
10t F g
T | ]
o B ]
g L B
£ 100} E
0 F i
G B ]
) L i
ey
0 E
10—2 | [ [ Lol
102 1071 10° 10
Shear ratey [1/s]
(b)

Figure 5.10: Cylinder wall slip: effect on the bulk measuesns

Log-log plot of wall slip uncorrectedej and corrected X) raw rheometric measurements (a) and the
inferred flow curves (b) obtained with following inversiorethods: Mooney« <) [204], Newton (e,

x), power law @, x), mid-point formula {, ) [86,[84], modified mid-point formulae( <) [86,[84] ,
quart-point formula ¢, x), three-eight-point formulae( <), modified first-term Krieger-Elrod formula
(e, x) [86,84], modified-quart-point formula: ( <), modified-three-eight-point formule. (), Krieger
(1952) (. ) [159], Krieger (1953) €, x) [158], Krieger (1968) ¢, x) [163], Mac Sporran«, = )[185],
Tikhonov regualrization{ ) [312], wavelette-vaguelette decompositienx) [12] (inner sand-blasted
cylinder = 25 mm, particle volume fractiog = 0.55).
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5.3.3 Rheometry versus rheophysics

In the steady-state regime (i.e. when shear induced padittlsion is at equilibrium), the measured
azimuthal-velocity profiles of concentrated particle ®rsgions experience a sup-exponential decay next
to the inner cylinder. However, near the outer cylinder, veasured an abrupt change in the profiles. Its
origin is not yet clear. Figure 5.111 shows the azimuthal sigjgprofiles for the inner-cylinder angular
velocity ranging from0.01 to 10 rad/s for a suspension with a particle volume fractior).66. From
these velocity profiles, the shear rate distribution in thp gan then be calculated for each rotational
velocity. These are represented in [Fig. 5.12. As shown Isyfidpire, the shear rate within the gap spans
over two (.01 rad/s curve) to six10 rad/s curve) orders of magnitude. For some unknown reasons,
because of the well-marked velocity-profile slop changé&énauter wall region, the measured shear rate
never went belowt0~* 1/s. This phenomenon is unclear and should be examined racetulty.

0 .
10 - - 0.01 rad/s
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0.03246 rad/s
-0.05848 rad/s
0.1054 rad/s

1072
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x 0.6162 rad/s
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) f |x  2rad/s
107* |

| |
0.02 0.025 0.03

Radius [m]
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Figure 5.11: Dimensionless azimuthal velocity profile aesal inner cylinder velocities).01 rad/s ¢),
0.01802 rad/s @), 0.03246 rad/s ¢), 0.05848 rad/s @), 0.1054 rad/s ¢), 0.1898 rad/s ¢), 0.342 rad/s
(x),0.6162 rad/s (<), 1.11 rad/s (), and2 rad/s (x). The velocities are adimensionalized with the inner
cylinder velocities (inner sand-blasted cylinger= 25 mm, particle volume fractiow = 0.55). For
clarity, the measurement betwe2iand10 rad/s where not reproduced here. Raw measurements can be
found in figurd D.® and D.10

Nevertheless, from inferred shear-rate profiles and medsteady-state torques at the inner cylin-
der, local flow curves can be derived. Figlre 5.13 shows @)dhlculated flow curves using several
inversion technigues for solving the Couette equation d@pdhe locally-inferred flow curves at each
angular velocity. The bulk measurement cross the local ahagyiven point (we will come back to this
thereafter). What seems to happen in fact in global methtotigat at a given angular velocity, the bulk
measurements somehow average the values over the whole gap.

If the locally-inferred flow curves would fulfill all the asswptions presented ifi3.2, they should
collapse on a single curve, which is not the case. There implsireason for that: as briefly mentioned
in chaptef 2 and at the beginning 5.3, the shear-induced particle diffusion process geegr@amnon-
homogeneous material in the gap. Therefore, to infer phppke flow curve in a wide-gap Couette
rheometer with a wide range of shear rate and a non-homogsmeaterial, simultaneous measurements
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Figure 5.12: Steady state shear rate within the gap:0adtrad/s (), 0.01802 rad/s (), 0.03246 rad/s
(—), 0.05848 rad/s ), 0.1054 rad/s (), 0.1898 rad/s (), 0.342 rad/s ¢-), 0.6162 rad/s ¢-), 1.11 rad/s
(--), 2 rad/s (--),2.759 rad/s ¢-), 3.807 rad/s ¢-), 5.253 rad/s ¢--), 7.248 rad/s (--), and10 rad/s (--).
(inner sand-blasted cylinder = 25 mm, particle volume fractio = 0.55 and inner cylinder angular
velocity Q = 0.1 rad/s).

of the velocity and particle concentration fields have to &eied out. Unfortunately we have not been
able as yet to perform reliable concentration measuremeMiRl steady-state concentration profiles
given in the literature [229] have shown, that these profilesindependent of the angular velocity at
which the measurement is taken. Following this, we can pieftow curve for a given particle volume
fraction by plotting the data at a given radial position. F&5.14 shows again the local measurements
reploted in this way. As can be seen in the linear plot of fi§ulel (a), the flow curves seem to be fairly
linear, i.e. Newtonian, with an increasing viscosity, whmaving away from the inner cylinder. The
local viscosity versus radius relation can be found in fifudd. Again to compare this data with other
measurements in the literature would require the condianrarofile in the gap, so as to be able to give
a concentration value for each of the locally inferred flonwes of figurd 5.14. The bulk measurement
seems to be in quite good agreement with the flow curve atsadiul7 mm.

The Newtonian behavior seems to break down in the outer wglbn where the velocity profiles
have significantly changed. Further investigation shoelddrried out in this region.
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Figure 5.13: Concentrated particle suspension steatly-fbav curve: lin-lin (a) and log-log plot (b)
The line-connected closed symbols represent the waleslipected bulk rheometric measurement using
different Couette-inversion technigues: Moone)204], Newton (e), power law ¢), mid-point formula
(») [86,[84], modified mid-point formulas{ [86,[84], quarter-point formulasj, three-eight-point formula
(), modified first-term Krieger-Elrod formula) [86,/84], modified-quarter-point formula), modified-
three-eight-point formula-(, Krieger (1952) {) [159], Krieger (1953) ) [158], Krieger (1968) ¢)
[163], Mac Sporran«) [185], Tikhonov regualrization-{ [312], wavelette-vaguelette decomposition
(o) [12].

The unconnected symbols represent the local measurengeriha flow curves derived from the steady-
state velocity profile at mid-height of the Couette cell:0dtl rad/s (<), 0.01802 rad/s (<), 0.03246
rad/s (<), 0.05848 rad/s (), 0.1054 rad/s (<), 0.1898 rad/s (x), 0.342 rad/s ), 0.6162 rad/s ), 1.11
rad/s (+-), 2.0 rad/s &), 2.759 rad/s (+), 3.807 rad/s (+), 5.253 rad/s ), 7.248 rad/s ), and10 rad/s

(),
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Figure 5.14: Corrected concentrated particle suspenséaalg-state flow curve: linear plot (a) and log-
arithmic plot (b). The line-connected closed symbols regné the wall-slip-corrected bulk rheometric
measurement using different Couette-inversion techsiqiooney ¢) [204], Newton ¢), power law
(o), mid-point formula ¢{) [86,[84], modified mid-point formulae] [86],[84], quarter-point formulaef,
three-eight-point formulae, modified first-term Krieger-Elrod formula) [86,[84], modified-quarter-
point formula ¢), modified-three-eight-point formule ), Krieger (1952) {) [159], Krieger (1953) ¢)
[158], Krieger (1968) €) [163], Mac Sporran<) [185], Tikhonov regualrization-{ [312], wavelette-
vaguelette decompositiom)([12].

The line connected symbols are the locally inferred flow eumt several radii: at4mm (x), 15 mm
(%), 16 mm (), 17 mm (x), 18 mm (x), 19 mm (x), 20 mm (++), 21 mm (+), 22 mm (+), 23 mm (+),

24 mm (+), and25 mm (+)
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Figure 5.15: Relative viscosity distribution in the gapeiméd from the local measurement®iftinuous
line) and thedashed red lineepresent the bulk measurement viscosity (inner sandeolaylinderz =
25 mm, particle volume fractiow = 0.55).
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5.4 Transient measurements: shear-induced particle diffsion process

As discussed i§[2.2 and§[2.3.2, shear-induced particle diffusion takes place withe gap in con-
centrated particle suspensions. As we will see, this peoaks® affects wall slip in the transient regime
(§6.4.1), the velocity profile within the gap and hence therifé shear rate distributio[£.4.2).

5.4.1 Wallslip

In our experiments, when starting from a homogeneous sagpenwall slip slowly reduces at the
inner cylinder with the number of inner cylinder rotationg, with the diffusion process. Figure 5116
shows the inner slip velocity as a function of the number néircylinder rotation. The last measurement
taken after 3100 rotations corresponded to a steady statewhen the measured torque at the inner
cylinder reached an almost constant value. These measoi®seem to be in agreement with the idea
that slip decreases with local particle concentration. Weas-induced diffusion takes place and pushes
the particle away from the inner cylinder, wall slip decayswould tend to a no-slip condition if the
local particle concentration would decrease further atriher interface.

0.7
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Figure 5.16: Inner cylinder wall slip: wall slip vs numberioher cylinder rotations

Values of the extrapolated inner slip velocity versus nundfeénner cylinder rotations. The velocities
are adimensionalized with the inner cylinder velocity énsand-blasted cylinder = 25 mm, particle
volume fractionp = 0.55 and inner cylinder angular velocity = 0.1 rad/s).

As shown figuré 5.7, a similar process takes place at the e With increasing number of
inner cylinder rotation, the wall slip decreases as wekkneif the local particle concentration increases.
Therefore, the particle content cannot explain this phesran. It should, on the contrary, increase wall
slip effects. Furthermore, as the steady-state measutemith various mean concentration showed it
(see figuré 5]7), an increasing mean concentration andahareincreasing local concentration at the
outer wall lowers outer-wall slip. Therefore particle centration cannot be the sole process involved.
Another assumption comes up by looking at the shear-ratuteso in the gap during the diffusion
process. The shear-rate profile changes substantially esuli of particle migration. In the outer part
of the gap, the shear rate at the end of the diffusion prosesga orders of magnitude lower than the
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value measured at the first times, whereas close to the igheder, it remains approximately constant.
Figure[5.18 shows 4 different shear-rate profiles after 89,810 and 3100 inner cylinder revolutions.
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Figure 5.17: Outer cylinder wall slip: wall slip vs numberioher cylinder rotations

Value of the extrapolated outer slip velocity versus nuntfanner cylinder rotations. The velocities
are adimensionalized with the inner cylinder velocity énsand-blasted cylinder = 25 mm, particle
volume fractiony = 0.55 and inner cylinder angular velocity = 0.1 rad/s).

5.4.2 Velocity profile

Our velocity field measurements highlighted strong chamgése azimuthal velocity profile within
the gap during the shear-induced migration process. Fgd&and 5.19 show the dimensionless veloc-
ity profiles after wall-slip correction for a concentrateggension starting from a homogenous state with
particle volume fraction 06.55 and the corresponding inferred shear rate. For clarity, vetgn only
part of the data (raw measurements can be found in appendxfiueD.6[D.Y, and D18). During the
shear-rate-induced patrticle diffusion process, the ipaerof the velocity profile seems to change from a
sub-exponential to a super-exponential, whereas in trex patt of the gap, a plug-like region develops.
The super-exponential steady-state velocity profile sderbs, at least qualitatively, in agreement with
the MRI measurements of Ovarleral. [229]. For the outer plug region and for the remaining transi
measurements, to our knowledge, there is no other measuarémtbe literature to compare with.

As unfortunately we have not been able as yet to measure tloetration profile of the suspension
in the gap, this transient measurement cannot be used taaiffifl@v curve of the sheared material. This
also means that we have no way to compare these measurenitntisesrsteady-state ones, nor we can
have a look at consistency between both measurements.

5.5 Normal stress or bottom-end effect

As shows figuré 5.20 (a) for a suspension with particle volfiraetion of0.55 and sheared d@x01
rad/s, the velocity profile does not seem to be influenced &ypditom end of the cell for flow depth in
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Figure 5.18: Shear rate evolution during the particle difia process: afteio inner cylinder revolutions
(-), 80 revolutions{), 540 revolutions-(), and 3100 revolutions (-) (inner sand-blasted cylindetr 25
mm, particle volume fractio = 0.55 and inner cylinder angular velocity = 0.1 rad/s).

excess ob to 10 mm. This was checked for several angular velocities. Howdévene does look at the
logarithmic plot of figuré 5.20 (b), the outer region velgqirofiles seem to show greater slip velocity
(at the outer wall) at deeper positions in the cell. The redeothis wall slip effect is not clear. It may
result from normal stress effects, but this remains spéealdf one gets rid of inner and outer wall slip
velocities, the profiles collapse on a single curve, as caseba on figure 5.21.
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Figure 5.19: Dimensionless azimuthal velocity profile etioin: profile after 50 inner cylinder rotations
(e), 540 rotations %), 3100 rotations «) (inner sand-blasted cylindes = 25mm, particle volume
fraction ¢ = 0.55, angular velocity? = 0.1 rad/s).
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Figure 5.20: Linear plot (a) and logarithmic plot (b) of thenénsionless azimuthal velocity profile at
several height in the gap: atmm (e), 10 mm (e), 15 mm (s), 20 (o), 25 mm (), and30 mm (e) (inner
sand-blasted cylindes = 25 mm, particle volume fractiogp = 0.55, angular velocity2 = 0.01 rad/s).
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Figure 5.21: Logarithmic plot of the dimensionless waipslorrected azimuthal velocity profile at sev-
eral height in the gap: @ mm (), 10 mm (e), 15 mm (), 20 (), 25 mm (¢), and30 mm (e) (inner
sand-blasted cylinder = 25 mm, particle volume fractiogp = 0.55, angular velocity2? = 0.01 rad/s).



Conclusion

The aim of this PhD thesis was to contribute to a better unaleding of concentrated non-colloidal
particle suspensions. We developed refractive-indexchirag techniques, which allowed us to gain
insight into their flow behavior. We performed experimentsvd to 35-mm depths (more thaB50
particle-fluid interfaces to look through) and used susipmisswith particle volume fraction as large as
60%. Combined to FPIV techniques, these techniques allowed get an improved time and spatial
resolution compared to MRI technique, which have also baexd for this kind of experiments.

With the help of this combined refractive-index-matchedhtéque (developed at the Laboratoire
d’'Hydraulique Environnementale) as well as FPIV, | addedsdifferent questions:

e Is it possible to obtain a reliable flow curve for concentilgparticle suspensions from bulk mea-
surements? And this by considering the wide shear rangenvitie gap, the non-homogeneous
material, and the inversion-technique problems due to ide gap?

Rheometric measurements of concentrated non-colloidglensions had to be taken in wide-gap
geometries (because of the particle size). Comparisondeetwulk and local measurements has
shown that all the Couette inversion methods average bpttiéifluid properties and (ii) the
resulting flow behavior over the gap:

i. as the particle concentration changes across the gapv(pdecent), the fluid is no longer
homogeneous and, for example in the viscous regime, thé Vismosity can change by a
factor of10° over the gap;

ii. as the shear rate in the gap spans orders of magnitudépthenay undergo different flow
regimes within the gap and therefore, inversion methods nwyidentify these regimes
properly.

Current sophisticated inversion techniques are able teesthle wide-gap effect satisfactorily.
However, the point measurement of angular velocity andu@r€;, T;) at the inner (or outer)
wall does not contain enough information and thereforeglieshniques cannot properly take ef-
fects (i) and (i) into account. In the viscous regime, byastting for particle migration and hence
for the local viscosity and shear rate, one may improve tistiag inversion techniques. However,
this would relegate the inversion technique to a methodguaima priori knowledge of the fluid
behavior. This is unavoidable because of the lack of meddnfermation. One has to keep in
mind that there is no consensus on particle migration. Vecoy@ate concentration-profile mea-
surements should be carried out in transient (especiathedbeginning) and steady-state regimes
to obtain thisa priori knowledge. And even if we were able to obtain such infornmatiee would
have to face many unclear points, e.g. how do particle size déstribution, particle shape, surface
roughness, etc, affect rheological properties?

97
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e What are the main rheological properties of concentratedandioidal particle suspensions in the
frictional and viscous regimes? What about the transitietwben these two regimes?

Unfortunately, since to date, we are unable to accuratelysome the concentration profile in the
gap, part of the problem is still unsolved and we cannot giop@r answers to these questions.
Most measurements within the flow showed that the flow exdubét viscous behavior. This could
be anticipated since we worked with buoyant particles. Nlo&t a thin region around the outer
cylinder departed from this behavior. This region still angdent small deformation; it was there-
fore not a plug region slipping at the outer wall. This seemprovide evidence for another
flow behavior of non-colloidal particle suspension, whidfieds significantly from the viscous
regime. As it has been inferred from local measurements,lxd@havior cannot be related to the
bulk-measured apparent frictional regime. However, simeaused buoyant particles, we cannot
exclude that this behavior reflects some plastic processthéiuinvestigation should be carried
out.

Concerning the transition between these two regimes, allomal measurements have shown a
kink in the velocity profiles (the thickness of the transiticegion is approximately the particle
size). Therefore, there is apparently no region where legimre coexist.

Perspectives

In the present work, image processing techniques were phoseause of their spatial and time
resolution. Once the refractive-index-matching techaiguvell harnessed, its versatility is an additional
key advantage over other techniques to tackle problemsriousageometries and transient applications
related to concentrated particle suspensions. Our knawyhas first developed within the laboratory
for the Couette cell experiments presented in this thesisimmow being carried over to other flow
geometries such as the dam-break experiment of concehfratécle suspensions.

e To improve the measurement technique for highly transiemtd] e.g., during migration process
in a Couette cell or when tracking the front wave in dam bregdegments, we plan to combine
refractive-index-matching techniques and time-resolP#d using a high frame rate laser and
camera. Figure 611 shows an image (side view) of the frontdafra-break flow in a flume.

e As we have seen in this work, the rheology and velocity fielddncentrated particle suspensions
are strongly affected by the local particle concentratibime next step to improve our understand-
ing of concentrated non-colloidal particle suspensiorthésparticle-concentration measurement
in these index-matched fluids.
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Figure 6.1: Flow front (dam-break experiment) of a conaett and refractive-index-matched suspen-
sion with a particle volume fraction of 0.55 and an inclioatiof 0 °, images have been taken from the
side at a depth 20 mm into the fluid. The suspension flows from left to right ane bright dots are
marked particles advected by the fluid, which are used asrsdo infer fluid velocity.






Refractive index matched fluid recipes

In this section, the reader will find other recipes used initbeature to match the refractive index of
particles.

e PMMA (Polymethylmethacrylate)

— Potassium thiocyanate solutian [108]
— Triton X100 (Sigma Aldrich)[[138, 146]

— Glycerin 40.67% by weight, ethylene glycol 22.82% by weight styrene glycol 36.51%
by weight [169]

— Agqueous zinc iodide solution [127]
— Kerosine and an oil mixture (Shellflex 214 BG) [36]
— Demineralized water, zinc chloride [282]

— Dow Corning fluid 550 84% by weight and Dow Corning fluid 556 16Yaweight [38/ 2309,
254,282]

— Dow Corning fluid 550 and Dow Corning fluid 200 [142]
— Dow Corning fluid 556 98% by weight and Dow Corning fluid 200 29oAright [282]

— Demineralized water, zinc chloride and Triton X100 (Sigmidrich) [39,(40,41| 42, 166,
290]

- 1,1,2,2 tetrabromoethane (Eastman Kodak) 14.07% by weigiyalkylen glycol (UCON
oil 75 H 90'000) 35.66% by weight, Triton X100 (Sigma AldrijcB0.27% by weight and
Tinuvin 328 (Ciba Specialty Chemicals) 0.1% by weigth [3,[2@9,201] 271]

— Decahydronaphthalene, tetrahydronaphthalene and epoitiitomide [57 107]

— Decahydronaphthalene, tetrahydronaphthalene and ctetranhloride[[150]

— Decahydronaphthalene, tetrahydronaphthalehe [6]

— Cyclohexylbromide and decahydronaphthalene [88] [305], 307

— Cyclohexylbromide, decahydronaphthalene and tetratautyhonium chloride [148]

— Polyalkylene glycol oil (UCON oil 50-HB-5100, Union Carlgigland 1,1,2,2 tetrabromoethane
(Aldrich Chemical Company) [110]

— Di-butylphtalate [318]
— para-cymene [115, 116, 117, 122]
— Tetraline and 40% by weigth turpentirie [131, 146,178 123,225 224, 288]

101



102 APPENDIX A. REFRACTIVE INDEX MATCHED FLUID RECIPES

— Polyglycol oil (UCON oil 50-HB-5100, Union Carbide) 33.7% kveight, terpineol 41.8%
by weight, 1,1,2,2 tetrabromohethane (Aldrich Chemicaim@any)24.4% by weight and
Tinuvin (Ciba Geigy) 0.1% by weight [203]

— L42 organosilicone fluid (Union Carbide Co.) 27% by weightl &0 fluid (Dow chemical
Co.) 73% by weight[92, 219, 220, 221]

— Ethyl and benzyl alcohol [122]
— Aqueous sodium iodide solution and glycerin [317]
— Aqueous sodium iodide solution ( 60% concentration) [122,233[ 299, 314]

— 1,6 dibromohexane (Aldrich caltalogue no. D4,100-7), ptdylen glycol (UCON oil 75 H
450) and Triton X100 (Sigma Aldrich) [181, 182]

— Hexadecane and microscope oil (Sigma-Aldrich S150)1[173] 1
— Agqueous solution of potassium thiocyanate and ammoniuotyanate|[46]
— Tetrachloroethylene [145]

PS (polystyrene)
— 1-methylnaphtalene (Aldrich catalogue number M5,68Qt8)hloronaphtalene (Aldrich C5,765-
0), polyalkylene glycol (UCON oil 75-H-90'000, Dow ChemisdaCo.) [154| 155]

— 1-methylnaphtalene 28% by volume, 1-chloronaphtalene By3olume and tetraline 41 %
by volume [77]

PVA (Polyvinyl alcetate)

— Polyglycol oil (UCON oil 50-HB-5100, Union Carbide) and 4% kolume tetrabromo-
hethanel[147]

Nylon
— Pale 4 oil (oxidized castor oil, Baker Castor oil Co.) andaletomoethane [147]

Glass

— Glycerine and water [231]

— Soddard solvent and mineral ail [231]

— Glycerol [53/207]

— Esso Marcol 82 and Primol 352 [261, 262]

— Dow Corning fluid 550 and Dow Corning fluid 556 [304, 311]

— Oil (Pharma 5, DEA) and a light protective liquid (Eusolexeidk) [156]
— Tetrechloroethylene and Freon113 [302]

— Methylbenzoate at 25°C [320]

— Light fuel oil and 30% by volume of palatinol C [91]

— Xylen and 44% by volume and Varsol [100]

— Tetralin and silicone oil in proportion (1:2.57, by weigfig, 199/ 200]

— Alkyl benzyl phthalate plasticizer, named Santicizer 2A8 aroduced by Monsanto [118,
215,216/ 217]
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— Isopropyl alcohol and methylnaphthalene [122]

— Diethylphthalate[[122]

— Sodium lodide water solution (55% by weight) [60, 136, 1942
— Tetralin and clear coal oil [315]

e Silica gel

— Chloroform and water [2]
— Water solution of sodium iodide (50%) [59,160,/ 61, 144,1219]3
— Benzyl alcohol 45% by volume and ethyl alcohol 55% by voluinié] [

e Fused quartz

— Tertaethylene glyco[ [279]
— Tetrahydropyran-2-methanal [279]
— Cyclooctane and cycloocterie [279]

e Other

— Silicon rubber with methylcylohexane and water glycerixtumie [48]
— Glycerol and potassium dihydrogen phosphate (monob#jic) [

— Ethanol and Epsom salt solutions [20]

— Sugar and Epsom salt as solutes in water[191]

Ethyl alcohol and salt (NaClI) [83, 119, 120]

Fluoropolymer (FEP) was tested in water [122]

— Sucrose-water continuous phase; trichlorotrifluoroethhn octanol droplet phase liquid-
liquid system[[45, 47]

— n-heptane and 50% water glycerol mixturel[21]
— silicone oil and a water glycerol mixture [218]






PIV pattern images and image correlation

The main equations used in the following are token from RZB©7 [252].

Image intensity field of PIV images
A typical PIV image intensity field can be written as:

N
I=IX,T)=7(X)*> Vo(X;)6(X - X;)
=1

N
=Y O (X)T(X - X;)
=1

with

e X, is theith particle position,
e I' describes the state of the particle ensemble at a giventfime

e 11(Xj) is the transfer function giving the light energy of an indival particle; inside the interro-
gation volumel’; and its conversion into an electronic signal,

- Vo (Xi) = Wo(X,Y)o(Z)

— Iy is the intensity profile of the laser sheet (typically gaassr almost constant if the laser
beam intensity profile is a top-hat beam)

W, if the particle is inside of the laser sheet

~ Wo(X.Y) = { 0if outside

e 7(X) is the intensity transmissivity point spread function o fthotograph (commonly token as
gaussian in the literature),

e (X — Xj) is the Dirac function.
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Correlation

Autocorrelation

Ri(s,T) = <I(X I‘)I(X+s r) >

N
= —/ (X - X; Z 7(X — X; + s)dX
_ —ZVO /T(X—Xi)T(X—Xj+s)dX
iz ar

Rc(s,T)+Rp(s,I')

+aIZVO / (X — X;)7(X — X +s)dX
ar

RP(S,I‘)
(B.1)

with
o <I(X,T)>=_ [ I(X,T)dX, the spatial average,
¢ s the separation vector in the correlation plan,
e a7 the interrogation area.

Rc(s,T') can be viewed as the convolution of the mean intensifigs(s, I') the fluctuating noise
component from the=j/terms andRp (s, I') the self correlation peak located at (0,0) in the correfatio
plane.

Cross-correlation of 2 images

N
I(X,T) = > Vp(X)r(X —X;) andI'(X,I') = (X - Xj)

HMZ

Ri(s,T\T") = <IX,D)I(X+s,TI')>

N
= ail Z Vo(X)Vo(X;) [ 7(X — X;)7' (X — X 4 5)dX

ar
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Raw viscosity measurements

T T T T T T T T T T
O
0.6 |-
- 0.5
S
&
= 04
0.3 |-
Ll I | Lol Lol L1
10° 10t 102 10
Y7
T T T \\Huga)\ T T T T T T
0.35 F
= 03
S
&
S 0.25
0.2 |
Ll I | Lol Lol L1
10° 10t 102 10
Y7
(b)

Figure C.1: (a) Raw viscosity measurement at various teatpes of Triton X-100 (bottom-end effect
corrected), (b) Raw viscosity measurement at various testyme of UCON oil 75-H450 (bottom-end
effect corrected), (c) Raw viscosity measurement at vartemperature of 1,6 dibromohexane (bottom-
end not effect corrected) (closed circles are cone-plalR (@easuremeniz40 mm and 4 °) and open
squares are bottom-end corrected concentric cylinderunements £33 - 37 mm and 25 - 27.5 mm))
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Figure C.1: (a) Raw viscosity measurement at various teatper of Triton X-100 (bottom-end effect
corrected), (b) Raw viscosity measurement at various tesye of UCON oil 75-H450 (bottom-end
effect corrected), (c) Raw viscosity measurement at variemperature of 1,6 dibromohexane (bottom-
end not effect corrected) (closed circles are cone-plalR (@easuremeniz40 mm and 4 °) and open
squares are bottom-end corrected concentric cylinderumeaents ¢33 - 37 mm and 25 - 27.5 mm))
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Figure C.2: Raw viscosity measurement at various temperatithe ternary mixture of Triton X-100,
UCON oil 75-H450 and 1,6 dibromohexane (closed circles aneglate (CP) measurememt40 mm

and 4 °) and squares are bottom-end corrected concentinzleylmeasurementss@3 - 37 mm (open
squares) and 25 - 27.5 mm filled squares)))






Raw velocity profiles

D.1 Wallslip

D.1.1 Inner cylinder wall slip vs angular velocity

10°
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Figure D.1: Inner cylinder wall slip: impact of the inner iryder velocity

Dimensionless azimuthal velocity profile at several inndinder velocities:0.01 rad/s @), 0.01802 rad/s
(e), 0.03246 rad/s ¢), 0.05848 rad/s @), 0.1054 rad/s ¢), 0.1898 rad/s ¢), 0.342 rad/s (), 0.6162 rad/s
(x), 1.11 rad/s (<) , 2 rad/s (), and10 rad/s (<). The extrapolated inner cylinder slip velocity (solid
lines) are shown on figufe 5.6. For clarity in the figure we reedbthe data that are influenced by the
presence of inner cylinder wall in the data processing élgos. The velocities are adimensionalized
with the inner cylinder velocities (inner sand-blastediray¢r = 25mm, particle volume fraction
¢ = 0.55).
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D.1.2 Outer cylinder wall slip vs angular velocity
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Figure D.2: Outer cylinder wall slip: impact of the innericyger velocity

Azimuthal velocity profile at several inner cylinder velies: 0.01 rad/s @), 0.01802 rad/s ), 0.03246
rad/s ¢), 0.05848 rad/s @), 0.1054 rad/s ¢), 0.1898 rad/s ¢), 0.342 rad/s (), 0.6162 rad/s (<), 1.11
rad/s (<) , 2 rad/s (), and10 rad/s (<)(inner sand-blasted cylinder = 25mm, particle volume fraction
¢ = 0.55).
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Figure D.3: Outer cylinder wall slip: impact of the inner icyler velocity

Dimensionless azimuthal velocity profile at several inngdinder velocities and its impact on the outer
cylinder wall slip: at0.01 rad/s ¢), 0.01802 rad/s ), 0.03246 rad/s ¢), 0.05848 rad/s @), 0.1054 rad/s
(e), 0.1898 rad/s ¢), 0.342 rad/s (x), 0.6162 rad/s (<), 1.11 rad/s (<) , 2 rad/s (<), and10 rad/s (x).
The extrapolated outer cylinder slip velocity (solid lipnese shown on figure5.7. The velocities are
adimensionalized with the inner cylinder velocities (insand-blasted cylindey = 25mm, particle
volume fractionp = 0.55).
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D.1.3 Shear induced particle diffusion
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Figure D.4: Inner cylinder wall slip: impact of shear inddgaarticle migration (starting with an homo-
geous sample)

Dimensionless azimuthal velocity profile next to the inngdimgler: profile after 50 inner cylinder rota-
tions (e), 80 rotations ¢), 540 rotations «), 3100 rotations«). The extrapolated apparent suspension
velocities at the inner cylinder (solid lines) are shown guirfe[5.16. The vertical dashed line represent
the inner cylinder surface position (sand-blasted innéindgr, = 25mm, particle volume fraction

¢ = 0.55, angular velocity) = 0.1 rad/s).
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Figure D.5: Outer cylinder wall slip: impact of shear inddqearticle migration (starting with an homo-
geous sample)

Dimensionless azimuthal velocity profile next to the outdincler: profile after 50 inner cylinder rota-
tions (e), 80 rotations €), 540 rotations«), 3100 rotations«). The extrapolated apparent suspension ve-
locity at the outer cylinder (solid lines) are shown on fidbiE7 (sand-blasted inner cylinder,= 25mm,
particle volume fractior = 0.55, angular velocity2 = 0.1 rad/s).
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D.2 Shear induced particle diffusion

1 - I |
- 50rev. - 80rev.
120 rev.- 180 rev.
0.8 250 rev.- 360 rev. | |
= 540 rev.x 780 rev.
— 0.6 1200 rev«3100 rev.|
SN
0.4 | i
0.2 | i
8.01 0.015 0. T 0.03
Radius [m]
()
10° E
1071 8
== . |- 50rev. - 80rev.
10-2 | 120 rev.- 180 rev.
§ 250 rev.- 360 rev.
I [x 540 rev.x 780 rev.
- 1200 rev=3100 rev.
1073 ‘ ;
0.01 0.015 0.02 0.025 0.03
Radius [m]
(b)

Figure D.6: Dimensionless azimuthal velocity profile etign: (a) linear plot, (b) semi-logarithmic
plot of the profiles after 50 inner cylinder rotationg,(80 rotations €), 120 rotations «), 180 rotations
(o), 250 rotations «), 360 rotations ), 540 rotations %), 780 rotations %), 1200 rotations ) ,and
3100 rotations %) (inner sand-blasted cylinder = 25mm, particle volume fractiog = 0.55, angular
velocity Q2 = 0.1 rad/s).
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Figure D.7: Dimensionless wall-slip-corrected azimuthalbcity profile evolution: (a) linear plot, (b)
semi-logarithmic plot of the profiles after 50 inner cylimdetations ¢), 80 rotations ¢), 120 rotations
(»), 180 rotations «), 250 rotations «), 360 rotations {), 540 rotations %), 780 rotations x), 1200

rotations (<) ,and 3100 rotationsx) (inner sand-blasted cylinder = 25mm, particle volume fraction

¢ = 0.55, angular velocity) = 0.1 rad/s).
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Figure D.8: Shear rate evolution during the particle diffagprocess: aftes0 inner cylinder revolutions

(-), 80 revolutions €), 120 revolutions ), 180 revolutions (-), 250 revolutions)( 360 revolutions

(), 540 revolutions {-), 780 revolutions {-), 1100 revolutions-(-), and 3100 revolutions (--), (inner
sand-blasted cylindes = 25mm, particle volume fractiog = 0.55).
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D.3 Steady velocity Profiles
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Figure D.9: Linear plot of wall-slip uncorrected (a) andreated (b) dimensionless azimuthal velocity
profile at several inner cylinder velocitie8:01 rad/s @), 0.01802 rad/s ), 0.03246 rad/s ¢), 0.05848
rad/s ), 0.1054 rad/s ¢), 0.1898 rad/s @), 0.342 rad/s (<), 0.6162 rad/s (<), 1.11 rad/s (<), 2 rad/s
(x), 2.759 rad/s (<), 3.807 rad/s (), 5.253 rad/s ), 7.248 rad/s (), and10 rad/s (+-). The velocities
are adimensionalized with the inner cylinder velocitiesmé@r sand-blasted cylinder = 25mm, particle
volume fractionp = 0.55).
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Figure D.10: Logarithmic plot of wall-slip uncorrected @)d corrected (b) dimensionless azimuthal
velocity profile at several inner cylinder velocitie:01 rad/s ¢), 0.01802 rad/s @), 0.03246 rad/s
(*), 0.05848 rad/s @), 0.1054 rad/s ¢), 0.1898 rad/s @), 0.342 rad/s (x), 0.6162 rad/s (), 1.11 rad/s
(%), 2 rad/s (), 2.759 rad/s (<), 3.807 rad/s (<), 5.253 rad/s (+), 7.248 rad/s (), and10 rad/s (+).
The velocities are adimensionalized with the inner cylmasocities (inner sand-blasted cylinder=
25mm, particle volume fractiog = 0.55).
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