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Abstract

Discontinuous sheathickening (DST) in dense neBrownian suspensions is a well
documented phenomenon in scientific research, however its origins and effects are still under
discussion nowadays. Not being able to recognize the direct cause of the phenomenon
represents a pdirof weakness in many industrial fields, especially in the field of concrete and
fiber reinforced concrete production.

In this thesis, we will study experimentally as well as theoretically the DST in a suspension of
calcium carbonate microparticles loadeith rigid polyamide and glass fibers. The rheology

of this suspension simulates the behavior of fileanforced concrete. We reproduce on a
reduced scale different types of flows occurring in the concrete placement process, such as
doublehelix mixing, pumping through tubes, jet flow at the tube outlet, and we derive
fundamental rheological behaviors applicable to any type of "sifitben® mixtures. Using
"mixing" type rheometry (double helix tools adapted to the rotational rheometer), we will first
shaw that the addition of fibers shifts the DST transition to lower critical shear rates, which is
explained by an increase in the viscosity of the suspension, so that the shear rate to reach the
DST onset stress decreases. However, the mixture jams at ediiyme fraction greater than

or equal to 4% vol which is interpreted in terms of the percolation threshold of the fiber network
in the sheathickening matrix of calcium carbonate. We will show in a second stage that the
rheological behavior in a flow duced by a pressure gradient through a capitimains quite
similar to that in a simple shear but only at low fiber volume fraction® s~ ~* Zand if the
MouneyRabinowitch correction is correctly applied. Above this volume fraction, the flow
curves in the capillary rheometry become very different from those measured in simple shear
likely because of microstructural difference in two different flow geometries. The theoretical
model based on the homogenization approach allows to reproducst ateleggquantitatively

the flow curves in the " mixing" type and capillary rheometry at low fiber volume fractions but
failsto capture microstructural changes at higher volume fractionally, the instabilities of

the calcium carbonate suspension jadler gravity with and without polyamide fibers will be
studied. This instability is manifested by strong lateral oscillations of the axial symmetry axis
of the jet accompanied by a slight undulation of the jet surface. We will perform for the first
time atwo-dimensional direct Fourier transform (2D DFT) analysis of the spatiotemporal
variation of the jet diameter and the lateral deflection of the jet in the DST regime. We will
show that the addition of polyamide fibers at different concentrations in $perssion allows

for jet stability and promotes jet fractures. A theoretical explanation for the onset of jet lateral
instability and the stabilizing effect of the fibers will then be developed based on the evaluations
of tensile stresses and the lower apger thresholds of the DST.

Keywords: Rheology; Discontinuous shetrickening; Concentrated suspensions; Calcium
carbonate particlegibers.



Résumé

Le rhéoépaississematiscontinu «<DST » dans les suspensions denses non browniennes est un
phénomene bien documenté dans la recherche scientifique, cependant ses origines et ses effets
sont toujours en discussion aujourd'hui. Ne pas reconnaitre la cause directe du phénomeéne
représente upoint de faiblesse dans de nombreux domaines industriels, en particulier dans le
domaine de la production de béton et de béton renforcé de fibres.

Dans ce travail de these, nous étudierons expérimentalement ainsi que théoriquement le DST
dans une suspesi de microparticules de carbonate de calcium chargée de fibres rigides de
polyamide et de verre. La rhéologie de cette suspension simule le comportement de béton
UHQIRUFp SDU GHV ILEUHV 1RXV UHSURGXLVRQV j OfpFKH
ayant lieu dans le procédé de mise en place du béton, tels que malaxage par double hélice,
pompage au travers des tubes, écoulement du jet en sortie du tube, et nous en tirons des
comportements rhéologiques fondamentales applicables a tout type de s&apbéres

fibres». En utilisant la rhéométrie de typemalaxage» (outils double hélice adapté au
rhéometre rotationnel), nous montrerons d'abord que I'ajout de fibres déplace la transition DST
vers des taux de cisaillement critiques plus faiblesucs'gxplique par une augmentation de

la viscosité de la suspension, de sorte que le taux de cisaillement pour atteindre la contrainte de
début de DST diminue. Cependant, le mélange se bloque a une fraction volumique de fibres
supérieure ou égale a 4% @ qui est interprété en terme du seuil de percolation du réseau de
fibres dans la matrice rhéoépaississante du carbonate de calcium. Nous monterons dans un
deuxiéme temps que le comportement rhéologique dans un écoulement induit par un gradient

de pressin au travers un capillaire reste assez semblable a celui dans un cisaillement simple,
mais uniquement aux faibles concentrations de fifrgsQ s~ “"*ZHW j FRQGLWLRQ GYD¢
correctement la correction de MourBgbinowitch. Audessus de cette condeation les
FRXUEHV GIpFRXOHPHQW GDQV OD UKpRPpWULH FDSLOODLL
en cisaillement simple probablement a cause de la différence microstructurelle dans ces deux
JPRPpWULHV /H PRGqOH WK p R Udnibgéréigafion pétmeéterepriduiseS U R F K
au moins semMT XDQWLWDWLYHPHQW OHV FRXUEHV GIpFRXOHPF
«malaxage» et capillaire a faible fraction volumique des fibres mais ne donne pas de bonnes
prédictions atdela de cette concentrationEnfin, les instabilités du jet sous gravité de la
suspension de carbonate de calcium avec et sans fibres de polyamide seront étudiées. Cette
LQVWDELOLWp VH PDQLIHVWH SDU GH IRUWHV RVFLOODWLI
accompagnées pane légere ondulation de la surface du jet. Nous réaliserons pour la premiére

fois une analyse bidimensionnelle par transformée de Fourier directe (2D DFT) de la variation
spatiotemporelle du diametre du jet et de la déviation latérale du jet en ré§meNDus

montrerons que l'ajout de fibres de polyamide a différentes concentrations dans la suspension
permet la stabilité du jet et favorise les fractures de -celuine explication théorique de
l'apparition de linstabilité latérale du jet et de I'efégabilisateur des fibres sera ensuite
développée a partir des évaluations des contraintes extensionnelles et des seuils inférieur et
supérieur du DST.

Mots clés: Rhéologie;Rhéoépaississement discontinue; Suspensions concentrées; Particules
de Carbonatde calcium; Fibres.
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CHAPTER 1

1 Basic concepts of rheology. Shear thickening. Thesis objectives

In this chapter, we provide an overview of some macroscdmological laws,
suspension rheology, and focus on shear thickening in dense suspensions. In particular, we first
introduce the concept of shear thickening and discuss some of its applications, focusing on the
discontinuous shear thickening (DST) obserwedoncentrated suspensions. We also discuss
on the origin of this physical behavior, providing a detailed history of the different approaches
that can explain its occurrence in dense-Boownian suspensions, from the hydrodynamic
forces approach to frilonal contact forces between particles, and also discuss the differences
between these two approaches. The review of the recent literature on the DST will allow us to
reveal important lacks of rheological understanding of some particular DST systentsjrwhic
its turn, will allow us to formulate the objectives of the present work in view of the new physical
insights and application to cemdrased materials.

1.1 Macroscopic rheological behaviors

1.1.1 Stress tensor
Continuum mechanics expresses the law that defines the behavior of the fluid and its

motion, or in other words the relationship between applied stress fields and deformations
undergone in a tensorial form. The surface forces exerted by the fluid arelgeaprasented

by the Cauchy stress tensdiwritten in component form ag; yThe diagonal term$; are the

normal stresses and are responsible for compression and elongation, whereas the terms
&y v: EM E are the tangential stresses and are responsible for shear within theafhgijdheing
subscripts representing the direction of the stresstandurface of application of the stress,

this means that the stregg s the stress applied in the directioon a surface normal folts

general expression in the (1,2,3) reference frame representing the directions of flow, velocity

gradient, andorticity is given by:
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. S5 86 &y
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Without flow, the stresses are normal, identical, and opposite to the pressure applied on the

fluid (mainly hydrostatic stresses). The stress tensor can then be reduced to a part representing
the exerted pressure L F—? éy(lhere summation over repeataabscripts is performednd a

part representing the viscous stress terisaich appears when the fluid is in motion.

ELIF LY (1.2)
where Yis the Kronecker deltal§yL sif EL Fand U;L rif EMF. By convention, the

negative sign of the pressutendicates that the liquid is in compression

1.1.2 Simple shear and normal stress differences

Figure 11 Simple shear rheology test. The fluid is located between two continuous plates. The upper plate is
driven by a force( and is moving at a spedsl

Simple example of a shear test of a fluid is the flow between two continuous plates
[Figure 1.1]. In such case the upper surface moves with a veloclty an applied force and
drags along the fluid between the plates. This creates a velocity gradient otherwise known as a
shear ratel@vhich is defined as the derivative of the velocity in the nodirattion of the flow
(direction 2) and is equal to the ratio of the maximum velocity (that of the upper surface) to the

distanceD

~ le )
W5 Ly

(1.3)

The fluid being sheared by a forde it naturally undergoes a deformation. The rate of this
deformation is expressed by the deformation tensor

B r

ri (1.4)

;

L

olwn

r
eb r
rr

The stress tensdEis then written as follows:
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FL RGB r
ELIFLWL eB FL r | (1.5)
r r FL

knowing that in the case of a Newtonian fluid the viscous stress tensor is directly related to the

deformation tensor by the fluidscosity (%;

I LtRy (1.6)

In this case only&gsL &sL RUBNd &L &L & ;L FLare noazero applied stresses

values, other stresses; ;&5 788, 5= J @, @are zero.

In the case of neiewtonian fluids, the viscosity can be dependent on the shear rate. The
viscosity expressions are then Aorear, also for such fluids it is not possible to differentiate
the pressurel from the normal viscous stresseg {iL, 2]. We then try to get rid of the
contribution of the isotropic pressurge which is done by estimating the normal stresses

differencesOgfirst normal stress difference) ar@} (second normal stress difference).
Os L &5F &6 (1.7)
O L &6F &7 (1.8)

For a Newtonian fluid the normal stresses differences are nil. The existence of normal stress
differences in certain neNewtonian liquids is the cause of spectacular phenomena such as the
HLVVHQEHUJ HIIHFW DQG WKH 3GLH M\ 2Hean imm&geRkéErvydHU Y H V
in this liquid and make it rotate, the liquid can be seen going up along the rod. On the contrary,

in a Newtonian liquid, it collapses around the rod by in¢Bfia

1.1.3 Non-Newtonian behaviors

In nonNewtonian fluids, the igcosity depends strongly on the applied deformation,
more precisely on the shear rate. Therefore, its value is not constant as in the case of Newtonian
fluids, this is mainly due to the link between the microstructure of the fluid and the flow, which
cau®s the nodinearity. There are three main types of behawee(fkgure 1.2). The first one
is sheatthinning wherehe viscosity of the fluid decreases with the shear rate. Simple examples
of shea#thinning fluids are ketchup or shampoo. The seconditypleear thickening where the
viscosity increases with the shear rate; asxample the famous mixture of cornstarch with
water if stirred at high speed, solidifies. And the tiyok correspond® the yield stress fluids
where below a threshold stresise viscosity is infinite regardless of the applied stress and the

fluid does not flow. Above this value the fluid can flow.
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Figure 12 Flow curves for different types of fluids. (a): Stress vs shear rate. (b): Viscosity vs shear rate.

In our thesis, we are focusing more on the sttéekening type of noiNewtonian fluids.

1.2 Suspension rheology
1.2.1 Viscosity and volume fraction

Consider a suspension of hard particles dispersed in a Newtonian fluid of vidgp#ity
has been reported that when the volume fracliai the particles in the volume is increased,
the rheological behavior of the suspension becomes wenygdy related to it, being able to
change the Newtonian nature of the suspension flow to atsineeening nature. For a simple
shear test of this suspension (see Figure 1.1), the visd®&tg function of the suspending

fluid viscosity [yyand a elative shear viscosity3, a function of the volume fractioi of the

particles.
BL QGReT ; (1.9)

Numerous studies show the dependence of the viscosity on the volume fraction. Einstein in

1906[4] proposed the first theoretical model for a diluted regime.
R.L SEta (1.10)

This law applies to spheal particles whose interactions are neglected. This assumes very low
concentrationsi Qrduto avoid hydrodynamic interactions and above this value, it is
mandatory to consider the interactions between particles. For higher volume fractions, in the
semidilute regimei L r & wBatchelor and Gredh] extended Einstein's theoretical formula

for a rapid increase in viscosity since hydrodynamic interactions and Brownian forces in the
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suspension must be taken into account. The formula found contains a sedenterm? ©
highlighting pairwise hydrodynamic interactions between particles implying a faster increase

in viscosity as a function of volume fraction.
ReL SEtad E xaw © (1.11)

Beyond this volumefraction, viscosity divergence occurs at concentrations close to the
maximum volume fraction and there is no analytical model to well describe the viscosity
divergence. To take into account this divergence it is necessary to consider the contact forces ,
lubrication, possibly colloidal interactiofts-8], and this becomes a very complex matter. Thus,
empirical models along with experimental and numerical studies were involved trying to
determine the rheology of suspensions (Sgere 13) [9-11]. However,the diversity of the
studied systems gives great differences in the different laws. The Eilers[i®logak the first

to predict the divergence of the viscosity for volume fractions near the maximum volume

fraction T 5:
589 °
B.L B E @?_QAI (1.12)
Later, MaronPierce[10], proposed another model in 1956:
26
BL BF—A (1.13)

After that, in 1957 Krieger and Dougheifty/l] developed a model, which teme the most

popular in the rheologistsommunity:
2>? g
Gl BF—A (1.14)
Notice that a small variation iBin the highvolume fraction range can lead to a large variation
in 3 For spherical particles, the maximum packing fractotherandomclosepacking (RCP),
is agreed to ber & uwGr drw7], otherwisefor high aspect raticNof fibers 75 L w& N

corresponding to the upper granular limit of colloidal rgds.

Other viscosity formulas fof3: 1 ; exist, such as the one proposed by Morris et Bodlalyin
1999:

?5 6 26
R.LSEt&i @F—A Erda@A @F—A (1.15)
@ 2 2
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Figure 13 Relative shear viscosity as a function of volume fraction of partietesn [14] with kind permission

1.2.2 Particles migration

The flow of a suspension of hard particles is very complex and does nqihgsical
effects that have been the subject of several studies. In pioneering works on particle migration,
it has been found that when a suspension flows through a channel, particles accumulate in the
center and agglomerate in the low shear zones leadim@lug flow. This heterogeneity leads
to completely blocked zones where the shearing is the weakest. Géatédaand Acrivog15]
observed a decrease in the measured viscosity of the suspension after shear experiments
conducted in a Couette cell withrmentrated suspensions of spheres due to a diffusion of the
particles induced by shear, this is known as particles migration. There are more interactions
between particles near the rotating cylinder than near the fixed cylinder, due to the high shear
rate. Therefore, the particles subjected to this high shear rate move and migrate towards the
regions where the interactions are less frequent. This migration thus generates a gradient of
particle concentration, and this gradient itself generates a flow aflpaithat counterbalances
the migration. Furthermore, since viscosity is related to particle concentration, the concentration
gradient creates a viscosity gradient within the suspen$®h9]. Since then, several studies
have shown similar results infféirent system$20-22]. Lagrée and Lhuillief23], proposed a
theoretical model of a continuous medium of the concentrated suspension subjected to a steady
shear in a Couette cell geometry, in two different situations: constant confining pressure,
constantaverage volume fraction (or constant voluofethe fluid). The model predicts the
profiles of velocity and concentration of the particles. In this model, the pressure exerted along

the radial direction (called granular pressure) is the result of the various particle spatial
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arrangements, the intparticle impacts, and the fluid pressure. Because of Reynolds dilatancy
[24], shearing of the medium at constant average volume fraction leads to an increase in
granular pressure and, shearing of the medium at constant pressure leads to a decrease in
avera@ volume fraction. Therefore, at constant mean volume fraction, the volume fraction near
the rotating inner cylinder decreases while the volume fraction near the fixed outer cylinder
increases. Therefore, whether at constant pressure or constant volaynéjgihlight two
important properties of a volume fraction profile in the Couette cell. The first one is that the
local volume fraction increases toward the fixed outer cylinder because of the low shear rate
zone, and the local volume fraction near thatinog inner cylinder decreases as the shear

increases (sdeégure 14).

Figure 14 (a): Particles volume fraction profile (in arrow direction) for increasing shear stresses and a constant
confining pressure; (b): Velocity profiles for increasing shear stresses of the Couette cell (in arrow direction) and
a constant pressurBrom Lagréeand Lhuillier[23] with kind permission

Other works investigated the particles migration of -Boownian [25] and Brownian
suspensionf6] in channels of rectangular shapes. They found in such case that the particles
tend to migrate to the lowshear zone, which is the center of the channel (see Fidgire 1.

Otherwise,in 1985 Leighton and Acrivog17] confirmedthe clear effect of migration of
particles on the decrease of the effective viscositya aforBrownian suspension. Their
experiment was motivated by the strange observations in the previousnsi@®pconducted

by GadalaMaria and Acrivos[16] when adecrease in the viscosityas observed foa
suspension of large diameter polystyrene sphevas=(w rJe) suspended in silicone ait

high particles volume fractioni( P r &; when the suspension underwent a long period of
shear.The viscosityafter decreang reacheda time independent value after some peonbd
shearing The commertraised by Leighton and Acrivos about gheeviousstudy[16] were
thatfirst the suspending fluid was Newtonian, showing no degradation under the experimental

conditions andsecondthe particles were large enoughi (F wrJe) to rule out significant
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influence ofBrownian and electrwiscous forcesAfter repeating the experiment with their
thin-gap Couette viscometer, Leighton and Acrivos characterized pamigggation by a
variable frequency of interparticle interactions and variable effective viscd$igy. showed

that during shear, particlesigrate to a reservoir containing a stagnant part of the suspension,
thus to a lowshear regionand as in concentrated suspensiting viscosity is a function that
increases very quickly with the particle concentragtit® measured value can be therefor
strongly impacted by even small variations of the particle concentration during migration.

Figure 15 Local particles volume fraction as function of the channel distance for different suspension
concentrationgrom Frank et al[26] with kind permission

1.2.3 Particles sedimentation

In a nonBrownian concentrated suspension, the particles of theessigm sediment
under gravitySedimentation has also an impact on the viscosity of the suspension and the later
may increase considerably with the sedimentation of the particles in the suspension. The
sedimentation is due to three main forces, particles weight (particles density thigher
suspending fluid in the suspension), buoyancy (Archimedes' force) and friction between

particles. For dilute suspensioris,O s ', the sedimentation velocity of a particle in a fluid is

given by[27]:
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F%el—-;k ] P NNOUE- (1.16)
where 4is the particle radiuséyis the density of the fluidgis the density of the particles and
[y, is the suspending fluid viscosity. For more concentrated suspensions, the particle
sedimentation velocity will be strongly affected by the hydrodynamic interactions of
neighboring particles. Richardson and Zgi] considered the impact of the volumectian

in their evaluation of the sedimentation velocity:
RAL RgsF1;8° (1.17)

The sedimentation velocity significantly decreases with the increase of the particles volume

fraction.

1.2.4 Normal stress differences

In the case of simple shear of a Newtonian fluid, the normal stresses remain isotropic and
only the tangential stres§;gis influenced by the flow, however in the case of concentrated
suspensions, the shear induces an anisotropy and leadsadyetd a difference between
normal stresses (see equations 1.7 and 1.8). Numerous $A%#8$ have been conducted on
suspensions to determine the normal stress differedyaasd 0. However, whether the normal
stresses of the particle phase ahafwhole suspension are measured remains open. In previous
works, normal stress differences have been expressed as a function of shear @trassa

function of shear rate

Studies on the measurement f and N2 for suspensions are few compared to those on
polymers. Therefore, recently, various studies have focused on measuring normal stress

differences in suspensiofi#].

Dbouk et al [35], conducted an experimental study to evaluate the first and second normal
stressedDsand Ogfor a suspension of neBrownian hard spheres. In their study, as expected,
the second normal stre€k, is a negative value and is much larger tlBgrThis isin agreement

with other experimental and numerical studi& 31, 36- 38] However in their study, Dbouk

et al. repoda small but positive value of the first normal str@gswhich contrasts with other
experimental studies such as Zarraga et al. and Dai [€0al[38] who reported a negative
value for O It is interesting to note through the previous studies that the sign of the difference
in the first normasktress is elusive and difficult to assign, some have stated that the value is too

small to be identified as positive or negative or even[&(]l The influence of particle volume
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fraction on normal stress differences was also investigated in the wbitkook et al[35] it
was found that, the second normal stress differéhyearies with particle concentration and

its value increases rapidly when the particle concentration is greater #han

1.3 Shearthickening in concentrated suspensions

1.3.1 General framework

Shearthickening behavior of concentrated suspensions has long been the preoccupation of
many studie$39-49]. One of the simplest examples of shiéakening behavior is the mixture

of cornstarch polydisperse particles with water, sbealled cornstarch suspension. At low
concentrations of cornstarch particles, the viscosity of this mixture is Newtonian, which means
that it does not depend on the imposed shear rate or imposed shear stress, but when the particles
are put in the suspesg at high concentrations, the later becomes ghakening. This means

that its viscosity is no longer a constant and increases as a function of the shear rate (or stress).
There are two types of shethickening: CST or continuous shetnickening whee the
viscosity increases gently with the shear rate and DST or discontinuoughstiesring, where

the viscosity of the fluid increases sharply (see Figuse The reason for the transition from

CST to DST is the high concentration of particles ie thixture, when the particles
concentration is sufficiently high, the viscosity of the suspension presents a transition (a
divergence) at a critical shear rate, notgfor shear stres€j. This DST effect has allowed

people to run on a pool of cotasch because the shear is very high and the suspension is enough
concentrated, so the viscosity is large enough to support the weight of the person running. The
DST behavior is universal for various suspensions; however, its physical origin has always bee

an open questiofp0-56].
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Figure 16 Evolution of viscosity as a function of the volume fraction of the particles in a suspension. Curves
extracted from (a): the article by Seto ef%@r], (b): article by Zhongcheng Pan ef%8] and (c): article by Mewis
and Wagne[59],with kind permisins.

1.3.2 Shearthickening in industrial applications

In many applications, producing industries want to prevent shear thickening behavior or
at least reduce its effeds0], especially discontinuous shear thickening. A dramatic viscosity
rises of a fluid or a suspension under shear can cause several gréddelng to damage
tools/materials, like mixers for cement pasts or transportingsdipl]. However, shear
thickening can find many useful applications in various industrial fields, such as protective
body armors which showed promise for enhanced protection and flexibitiy7], as well as
in food industry{68, 69], in smart structures like smart viscoelagstamper to obtain adaptive
stiffness and damping structures/devig&s72]. Shearthickening can also find a major and
important use in the cement industry and reinforced concrete, our thematic work is more related
to this field of use, since our studiethearthickening suspension, which is the calcium
carbonate(CC) suspension, represent a good model for a cementitious paste. It is a great
challenge to obtain a strong dry concrete yet easy to work with in the fresh state due to the high

packing fraction of the particles. Keeping good fluidity in a high compactiatidrahas been
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the subject of vigorous reseaigt3-78], and for a long time, the limited knowledge of concrete
forced engineers to give a building a linear shape to ensure a solid striibeiisgearch into

the physics and chemistry of concrete has enabtiesign sefcompactinghigh-performance
concrete allowing more complex shapes of the structure and more spectacular buildings to be
built. To achieve this, researchers studied the physicochemical nature of conceetalgned

it on a microscopic scal Fresh standard concrete meets all the durability and solidity
requirements, but it is often extremely hard and viscous and difficult to work with. A natural
physical phenomenon lies at the root of this problem, cement particles in concrete are
irreversbly stacked to each other when mixed witiiter andoroduce particles agglomeration.

Thus the viscosity of the concrete will eventually increase and the concrete will be hard to
work with. To produce concrete with great fluidity and workability withowtiagl more water,
researchers have developed technology based on the use of dispersed additives commonly
known as superplasticizefg9]. A superplasticizer ia molecule that physically separate the
cement particles. This molecule temporarily neutralizeddrces of attraction between cement
particles,and this gives the concrete a much more liquid consistency. By taking it in a closer
look, it can be seen that superplasticizer molecules are made up @hlaing graftedo the

cement particle surface @pointing out from the particle surface toward the solvent. Thus, the
superplasticizer adsorli® the cement particles. The quality of the raw material used to
manufacture the cement can influence this adsorption process. The later generations of
superplaticizers take this cement variations into account. They possess high adsarptgpn
andcover all the particles regardless of their type. The superplastitiaers ardong enough

to separate the particles and fluidize the mixture; this known a&s igpulsion. The science of
additives opens up greater opportunities for architects who, thanks-tmsgiacting, solid

and longlasting concertcan desigrmore sophisticated buildings with ever more ambitious

structures [Figre1.7].

Figure 17 Pictures of modern concrete light structurtsthe right : A museum in Marseilel UDQFH 30XV pH
GHV FLYLOLVDWLRQV GH O (At $f THi&SHBikh ZajpedOByiGge W ABu Ditaki.p H ”
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1.3.3 Shearthickening physical origins

In the earlier studief80-82] shear thickening behavior has often been confused with
dilatancy. Described as a characteristic of dense granular flows in which, under shear, particles
attempt to bypass each other but often cannot take a direct path, so their packing volume is
stretched 7], [24], but this misunderstanding soon was dismissed after the confirmation in
Metzner and Whitlock's worf81] that dilatancy can be observed without shihaxkening in
some suspensions. It is important to mention that there are still some studiesarhe after
and reconsidered dilatancy as a mechanism that may lead to discontinuousiskeaing
(DST) [83-88]. Brown and Jagef89] carried out experiments in a rheometer with two
geometries: a parallel plates geometry where the suspensioniieddrdtween the two plates
by the liquidair surface tension and another modified geometry similar to a Couette geometry
where the suspension is completely confined by solid walls all around so that the particles
cannot penetrate this liqualr interface The idea was that when the dense suspension is
sheared, it delates and is soon frustrated by the boundaries of the confining geometry walls.
Normal stresses are therefore generated against the confining walls which in turn generate
opposite reaction foes transmitted fictionally by particles and build a frictional contact chain
proportional to the normal force applied to the confining walls, this allows the shear stress to

increase dramatically with the shear rate associated with the DSIF4Ei]
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Figure 18 Suspension dilation observed in a rheometer shear test using a parallel plate geRmetyytar speed
of the rotating plate. (b): Representation of the evolution of rheology curvéd.irB:1; versus volume fraction.
the shear thickening regime is lted between the stress interva] ;s and i35s @ nonzero slope value
corresponds to shear thickening while a slope value of 1 corresponds to DST. From Brown an@Jaegtr
kind pegmission

We can see that the frictional contact between particles was involved in the first efforts to
explain the sheathickening and DST. However, the mechanism involving hydroclusters

became more popular for some period of time.

1.3.3.1 Hydrodynamic forces approach

After studies that attempted to relate shtbakening to dilatancy, in the last eighties, a
new mechanism was proposed to describe she&kening behavior. This mechanism is based
only on the hydrodynamic forcegigcousdrag friction and lubrication force) exerted between
particles immersed in a Newtonian fluid. Basically, the particles are prevented from collisions
with each other by hydrodynamic lubrication forces that diverge when two particles come very
closeto each other. Brady ar@bssis[90] were the first to introduce this mechanism in 1985.

Due to the large increase in hydrodynamic lubrication forces between the vicinity of the
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particles, at some critical shear, the particles can form what we can caltlwgtier (se€igure

1.9) and when the hydrocluster of the particles become large, this will increase the effective
viscosity producing a shear thickening behavior. However, this mechanism based of
hydrodynamic forces and particlagdroclustering has only been linked to a soft regime of
shear thickening or what we call continuous shear thickening, especially for colloidal
suspensions (suspensions with small size particles between 1 nm andi434) As it can

only rise the viscsity of the suspension to a factor of 2, wayp far from the viscosity

magnitude observed experimentally for discontinuous shezkening.

Figure 19 Observation of different hydroclusters (different colors) in sti@akening regime for a Brownian
suspension. From Cheng et al. (20[EB)], with kind permission

1.3.3.2 Order disorder transition

A mechanism to explain the DST in suspensions kresuthe orderdisorder transition”
was introduced by Hoffmalrs9, 40], where the idea was that the DST is the result of a change
in the microstructure of the suspension. Basically, during shear, thérlogits from a stable
ordered state at low shear rate where it can flow easily to an unstable disordered state that
restricts the flow to high shear rate.

This mechanism was able to predict the onset of DST and has also been viditjatedvevey
other studie$97-99], have shown that DST is not necessarily the result of this transition and
can be observed in other contexts. Therefore, DST may coincide with a change in the

microstructure of a suspension but not necessarily the product of it.

1.3.3.3 Frictional force approach

Until a decade ago, there was no solid evidence of the origin of s$tielagning. the
approach of hydrodynamic lubrication forces with the formation of hydroclusters could only
explain the weak form of shetlrickening or GT, on the other hand this mechanism was far
from explaining the strong form of shehickening or DST. For neBrownian suspensions
the case was even more complex, the models based on hydrodynamic forces all failed to predict
DST [100], Recently the natin of frictional contact has been brought back into consideration
[101], and since then a growing number of works have also highlighted the importance of

frictional contact between particles in suspension rheology in géhéedland for the onset of
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DST in particulaf57], [103-107]. In the following, we will detail some of proposed theoretical

model of frictional transition since it is often compared in our work.
A. General framework

The principle behind the frictional transition model can be explained with a simple
diagram of two spherical solid particles in a suspension with particles volume fraction
T suspended in a Newtonian fluid (dégure 1.10). The relevant parameter of thepension
flow is the repulsive force denote(f, which is the force that allows the particles to remain in
lubricated contact. This force comes for example from a layer of polymer adsorbed on the

surface of the particlg408].

During the flow, the fluil exerts a hydrodynamic force denoteEl the competition between

the two forces allows to define the nature of the flow, either lubricated or frictional:
-If (& (Ythe flow is lubricated and no frictional contact between particles is established.

- If (E< (Uthe repulsion force of the particles cannot counterbalance the hydrodynamic force

and the contact between particles becomes frictional beyond their lubrication layer.

Figure 110 Lubricated contact (left panel) and frictional contact (right panel) between suspension particles.

This shear dependent transition of regimes (lubricated at low shear rate (or shear stress) to a
frictional nonlubricated at high shear rate (or shear shjedlows to introduce a dimensionless

ratio between the two forces which control the transition:

ABL %Z (1.18)
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The viscosity of the suspensiofd however, strongly depend on the flow regime
(frictionless/frictional) and the particles volume fractionTwo case scenarios are then noted

(seeFigure 1.11):

- For low UsThe flow regime is frictionless anB L R that diverge aff &

- For high UsThe flow regime is frictional an® L % P Rsthat diverge aff & 13

We can then notice the different regimes for shiimkening according to particles volume

fraction as the following:

- If T 01§, then for low values off, the sheathickening is qualified as continuous
CST andor high values ofi, the sheathickening is then discontinuous DST.

- If 1§ 01T O73 in that case, continuous stable flow can only occur in the lubricated
regime. Ifthe shear rate is suddenly increighe regime quickly becomes frictional

and the suspension jams.

Figure 111 Lubricated and frictional contact regimes in the suspension. At the left, when the shear rate is increased
the contact regime between particles changes from frictionless to frictional between the twordaptsd fom
[109].

The viscosity of the suspsion is now a function of the particles volume fraction as well as

the shear rate (compared to Eq. 1.9).
RBL RyReT dBK N6 (1.19
B. Simulations studies

Seto et al[57] in 2013, followed by another work of Mari and S¢il®3] in 2014,

proposed a simulation where they consider the frictional contacts bepaeties.In their
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simulation, the flow is governed by the set of hydrodynamic forces digimgeen thearticles,
namely, lubrication force between particles and drag force between the fluid and the particle.
The flow is also governed by the frictional contact forces taking into consideration the repulsion
force (F between two particles. The frictional contact imeit study[57], [103] was
characterized by the microscopic friction coefficiégignd the DST regime is clearly governed

by frictional forces.

As Figure 1.12 shows, the regime is qualified as frictionless at low shear rate (the viscosity

evolution is slow). However, at high shear rates, the viscosity curve diverges at a critical volume

fraction T I“‘(j index stands for jamming)

Figure 112 Relative viscosity against the particles volume fraction, different friction coefficient at different
shear rate. From Mari and Seto 20143], with kind permission

Figure 1.13 shows that during the flow of a suspension a contact network betweeaspiarticl
formed and depends substantially on the shear rate. In fact, in both cases the contact network
increases with the shear rate. In the case of a CST the number of contacts at a given shear rate
is stable in time. In the case of a DST the number ofactévaries with time at the critical

shear rate. It is stable at low and high shear rates.
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Figure 113 Representation of contact network evolution as a function of applied shear rate. Adapted from Mari
and Seto 201#103], with kind permission

C. Theoretical studies

A theoretical model was proposed by Wyart and C@dtes| in 2014. According to this
model for a suspension of n@rownian solid particles, the transition from the CST to the DST
flow regime is established by frictional contact between the particleseokubpension.
Therefore, they introduced a ratio that allows to predict the type of contacts between particles
(lubricated or frictional), this ratio is between two pressures, the particle pr@%amj the
repulsive pressureszE L (E 4% (R is the pdicles radius). This ratio can be resumed in a

dimensionless numbe2 L 2 2E
-If 2 ' s the contact between particles is lubricated.

-If 2 (s the acting pressure on the particles is much higher than the pressure that keeps the

contact betweenapticles lubricated. The contact between particles is then frictional.

Two critical particle volume fractions of viscosity divergence can then be distinguished

according to their model:

- 13when the regime is qualified as totally lubricated and can never be blocked below this

volume fraction, this is for low particle pressurée PL.
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- 71 §when the regime is qualified as totally frictional and will always be blocked above this

volume fracton value, this is for low particle pressure PL.

A formula has been suggested for all intermediate critical volume fractions which represents
the area where the suspension will be able to partially flow at low shear rates and be blocked at
high shear ras. This will capture the volume fractidn,,j jof the transition between CST and

DST.

Tegr ;LB2;18E:sFB:2;;13 (1.20)
where Bis the fraction of frictional contact function &and giving by:

B:2; L sF$§!F2; (1.21)

Figure 114 (a): Sheathickening phase diagram; (b): The prediction of Wyart and Cates model for different flow
regimes depending on the volume fraction of the particles and the dimensionless pressure ratio. From Wyart and
Categ107], with kind permission

For volume fraction lower thaii gthe flow is continuous with a slight curvature between two
straight segments exhibiting two Newtonian plateaus, then at a volume fraction of the particles
11,ii= 0.554, the two straight segments are then connegtadtbrvature characterized by an
infinite slope and the complete curve has an S shape. The suspensions in this case can flow in

either the lower or the upper straight segnwattt low or high viscosity respectively.

The suspension is completely jammed for high pressures applied above a volume fr§ction

The Figure 1.14 represents the different flow phases and the jammed section.
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In contrast to the model based only on hydrodynamic fgeggsthe Wyart and Catewodel

provided a robust explanation of the origin of shibarkening and the transition CST to DST,

which once could not be explained without the involvement of frictional forces between
particles. Several experimentabrks [43, 58, 110, 111] afterwards started to confirm this
transition and observed thissBaped pattern that conneatsthe flow curvea first straight
guastNewtonianline, sign to CST regime to a second straighésiNewtonian line above the
transition, signto DST. Howeverthe contact forces of the particles in the shbakening

phases have not yet been measured, but studies have reported the role of frictional interactions

between particles on the suspension rheol6g¥02].

1.3.4 Shear thickening in particle mixtures

It has already been shown that adding large spherical particles to a concentrated
cornstarch suspension shifts the DST transition to lower shear rates. This can be related to the
two following effects: (a) appearance of highly sheared regiongeletthe large particles in
which the shear thickening matrix (cornstarch suspension) exhibits local DST transition at
lower global shear rates as compared to the cornstarch suspensions without addition of large
particles[112]; (b) local enhancement ofdhcornstarch concentration due to the excluded
volume shell surrounding the large partic/@43]. The first effect can be simply seen as
follows: the addition of large particles increases the viscosity of the bimodal particle mixture,
therefore, the sheaate to reach the onset stress of DST becomes lower, under condition that
this stress is independent (or slightly dependent) of the large particle volume fraction. Such
interpretation, particularly relevant for tkeresscontrolledrheology, stems fromhe seminal
work of Ohl andGleissle[114], who supposed that, at the fixed shear stress, the shear rate in
particulate suspension is reduced by a factor equal to the suspension relative viscosity. More
recently, this approach has been successfully apptiedescribe CST in neBrownian
suspensions of spherical or cubic particles dispersed in shear thickening colloida[Ti&trix
116]. These last works report a possibility of the enhancement of CST by local confinements

of the colloidal matrix in the spas between suspended large particles.

In the case o& particle mixtures suspensjomhen large rodike particles are dispersed in a
shear thickening matrix composed of small isotregiiaped particles dispersed in a Newtonian
liquid, similar effectsaare expectedf the rods on the DST of the composite mixture. However,
the DST transition is believed to be governed not only by the concentration ratio of the large
and small particles but also by orientation state of the rods since it should affeittebloital

shear rates in the space between rods and the excluded volume and local confinement effects
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by tuning the size of the pores formed by the r@@e chapter 3J-rom a general perspective,

the rheology of shear thickening mixtures of isotreghepedparticlesandfibersis expected

to show behaviors reminiscent for shear thickening fluids and fiber suspensions, especially

concerning the effects of the aspect ratio and the fiber orientation distribution on the suspension
viscosity tsee helpful relews by Larsori117]; Petrie[118] and Bulter and Snogk.19]. It is

worth noticing that the DST transition has already been discovered in concentrated suspensions
of relatively short (lengtito-diameter ratios Q . & Q {) nonBrownian polyethylene glycol

rods and has been found to share similar qualitative featuteD®T in spherical particle

suspensions without focusing on the effect of the rod orientation distriglu#oh

1.3.5 Extensional and free surface flows of shear thickening fluids

Extensional flows of the DST fluids have been studied to a lessente Filament
stretching (FISER) and capillary breag (CaBER) extensional rheometry was employed in
experiments and have shown qualitatively similar behavior to those observed in shear
rheometry: a nearly constant extensional viscosity at low strées fallowed by an abrupt
increase above a critical strain rfit81, 122]. However, quantitative comparison between shear
and extensional rheology of DST suspensions remains delicate because of transient character
and complexity of the flows in FISER and CaBER experiments. Viscoelastic-gihch
experiments in the work of Rocleé al.[123] allowed finding the ratio of extensiont-shear
viscosities close to 3 (Trouton ratio for Newtonian fluids) above DST transition at small particle
sizeto-filament diameter ratios (weak confinements). This is consistent with particle level
simulations of the work conducted by Seto efH?4] showing similar energy dissipation in
shear and extensional flows ofdisperse suspensions at a ratio oftoigmall particle size
higher than 1.4. These simulations have revealed an anisotrofiadepanicrostructure under
extension with the contact network (tested through a pair correlation function) somewhat
diffused around the compression axis. In what concerns surface phenomena accompanying
extensional flow experiments, brittle fracture ofriilants reminiscent to glassy states has been
typically observed above the DST transitinrthe works of White et aj121] and the work of
Andrade et al122]. For pinchoff experiments, the authors have reported relatively strong
undulation of the filamensurface before the brealp related to a sequence of jammed and
fluid states, as well as filament bending along its fluid parts after the-bpgdR3, 125] (see
Figure 1.15)




Chapter 1 Basic concepts of rheology. Shear thickening. Thesis objectives

Figure 115 Viscoelastic behavior of: (a). a suspension of cornstaoch [123]. (b). a suspension of PMMfom
[125], with kind permissioa

Free surface phenomena of DST fluitsve been mainly studied for vibrating DST layers
exhibiting surface instabilities in form of holes and fingers, as well as in the context of the
impact resistance with a special accent on propagation of ¢ceachk®portant topic for body
armor applicatiortsee the review by Brown and Jaed€l0]. A recent work of Darbois Texier

et al. [126] reports another type of the surface instability observed in a film flow down an
inclined plane. Surface waves emerging during this flow have visual resemblance gittatlas
roll waves, but they arise without inertia due to th&h8pe of the flow curve of DST fluids.

Falling viscous jets combine extensional and free surface flows and offer an alternative way to
test the extensional rheology. However, only a few recahtigations have considered jet
flows of DST concentrated suspensions. Liard €iidl| has studied a frefalling jet of a DST
agueous silica suspension. At high particle concentrations, the jet is shown to develop a new
type of instability manifested through rapid transverse oscillations (somewhat similar to
filament bending in Rochét al.experimentd123]) accompanied by breakp events above

some critical length. The instability has been fully ascribed to stress oscillations within the jet
above the DST transition. Following the motion of wave maxima, the authors have measured a
distribution of forward and backward wave speeds and found that the waves are not advected
by the falling jet but the average wave speed is close to the one of a vibrating solid string under
gravitational stretching. Wang et &.28, 129 has studied the primafyreakup of aqueous
cornstarch jets by an annular air jet and the secondary-bpeakthe DST drops by a transverse

air jet, in the context of the spray atomization process. The authors reelDSOOHG 3 KDUGHAQ
primary breakup, when, under strong slreimposed by a surrounding air jet, the suspension

jet exhibits lateral oscillations and fractures into large fragments at the inflection points. They
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also observed a hardened secondary drop hrpakanifested through a hemispherical droplet

shape atypial for this phenomenon.

However it is worth mentioning that in the existing literatuverks, direct relationship between
the suspension rheology and transverse jet oscillations is still lacking, while different important
wave characteristics, like dispersion relation, frequency spectra, root mean square (RMS)

amplitude, have notetbeen reorted.

1.4 Unresolved problems and general purpose of the thesis
The analysis of the state of the art of the DST phenomenon presented in section 1.3
reveals a few important aspects that have received little attention and need further and deeper

investigations:

1. The DST transition in mixtures of spherical and-liéé (fibers) particles have been
studied only scarcely and, to the best of our knowledge, the effect of the fiber addition
on the DST transition has never been reported despite opfagtical relevance of this
effect in mixing, pumping and handling of fibexinforced concentrated cement pastes.

2. The effect of flow geometry on the DST response of shear thickening suspensions has
also received a little attention, especially nothingnewn how confinement of fibers
in spherefiber mixtures will affect the suspension rheology in drag shear (simple shear
or mixertype) flows and presswdriven flows though narrow channelshis question

being also of crucial importance for cement indust

3. Finally, little is known about extensional flows and/or free surface flows of DST fluids
without any information about behaviors of sphiéber mixtures in these flows. Free
falling jet flow is an example of high practical relevance for mortar spgagtirtement
jet grouting. Jet flow instabilities that may occur above the DST transition (perturbing
the cement application) should somehow depend on the content of fibers in the sphere

fiber mixture but this remains completely unknown.

The above statddcking knowledge on the DST behavior of sphi@ver mixtures allow us to
formulate the objectives of the present thesis wbhe general aim of this thesiss to study

the phenomenon of DST in the sph@ber mixtures and to analyze the effect of thisef
addition on the suspension rheology. We use a densBnoevnian suspension of the calcium
carbonate CaC£JCC) particles loaded with fibers. The choice of our suspension is dictated by
possible application of ouesults tahe flows of concentrated cement pastes loaded with fibers.




Chapter 1 Basic concepts of rheology. Shear thickening. Thesis objectives

As justified in section 2.1.1.1, the aqueous dispersion of CC particles is an excellent
experimental model of a cement paste before hardening. The reinforcement of cementitious
materials (CM) byfibers improves their mechanical strength and ducfili8o-132], however,

the manufacture of CMs highly loaded with fibers is problematic because of their low fluidity,
heterogeneity, and poor workability. As we have seen, superplasticizers (polynoebedds

the surface of cement particles) improve the fluidity but the fiber content remains very limited
due to the localized shear thickening phenomenon in the vicinity of the contacts between fibers.

In this thesis we will clarify theffect of fibers on the rheology of shethickening ‘particles-

fibers" mixtures both experimentally and theoretically. We will first present in chapter 2 with
detail the ingredients of our suspension, the method of its preparation, and the experimental
egupment that we have used. In three subsequent chaptéjs (& handle the suspension
flows, which simulate different stages of the cement paste processing: mixing, pumping and
spaying. In particular, in chapter 3, we will make a shear rheological studyif suspension

in order to simulate the shear that undergoes a cement paste during its mixing. This will allow
us to make the point on the suspension rheology and analyze the critical parameters that can
influence its DST behavior. In chapter 4, we silidy the flow of our suspension through a
cylindrical channel at imposed pressure, the situasonulating concretepumping in
construction sites. We will compare then the suspension shear rheology against the capillary
one in DST flow regime. Finallyni chapter 5, the jet under gravity of a shear thickening
suspension loaded with fibers will be investigated to evaluate the rheology in extension of this
type of dense and fiber loaded mixtures, DST will be linked to suspension jet instabilities and
the advantage of fibers addition will be discussed. From application perspective, this part of the
study simulates to some extent the concrete or mortar spraying when it flows out of the pumping
lines. Finally, at the end of the manuscript we \pilesent genelaconclusions with some

prospects for future work.
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CHAPTER 2

2 Material used and Methods employed

2.1 Materials used in the preparation of the suspension

In the present work, the suspensions were constituted of calcium carbonate (CC)
particles, polyamide (PA) or glass fibers and a superplasticizerdBCRIl dispersed in a
deionized water at desired proportions. The CC particles and4BGRere extensively
characterized in the previous works of the hosting team at 82 134] Thus, the results of
their characterizations are briefly reviewed in sections 2.1.1 and 2.1.2. Then, PA and glass fibers
are characterized in detail in section 2.1.3, while théopab of the suspension preparation is

provided in section 2.1.4.

2.1.1 Calcium carbonate particles
With the chemical formula CaGQcalcium carbonates (G@reone of the most abundant

nontoxic minerals

There are three allotropic forms@dlcium carbonate summarized in Table 2.1 and depicted in

Figure 2.1.

Table 21 Characteristics of the different allotropes of calcium carbori&te].

CC form Microscopic shape Stability
Calcite Rhombohedral Very stable
Aragonite Orthorhombic Fairly stable, obtained at high temperature a
pressure.
Vaterite Hexagonal Unstable under normal temperature and pres
conditions
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Figure 21 Microphotography of allotropic forms of calcium carbonate, (a): calcite; (b): aragonite; (C): vaterite.
From Kammod136]

2.1.1.1 Why CC-particles suspensions a goodmodel for cement past?

In our doctoral thesis we studied the-8@Gspension as the best representative and closest
model to a cement paste. This point can be justified in the literature by several \W8rks,
143]. We recall the exhaustive work of MikanoViel4]| where the authgrhave experimentally
compared a Portland cement with five minerals that can be used as a model for a cement paste,
among which carbonate calcium. The tests with the cement were all conducted in the handling
phase before hardening, or the workability phadee results were all in favor of calcium
carbonate for a better model to describe the cement paste and this because they have a similarity

in properties:

f The zeta potential in aqueous medium and the isoelectric point (the pH of an aqueous
solution in which a solid exists under a neutral electric potential) are the closest to
cement in case of CC.

f The same packing density was observed withsG€pension in a sedimentation test.

f Rheological conservation and dissipation moduli in rheologisalillation tests were
the closest for CC compared with the cement.
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2.1.1.2 Characterization of CC-particles used in the present work

The CCparticles and the adsorbed superplasticizers used in the present manuscript are
the same that were used in prexsdPHD work of Romain Morinj133]. CCparticles were
supplied by the Swiss company OMYA, a world producer of white minerals. The commercial
name of the product is BL 200 and it is obtained by mechanical crushing. The shape of the CC
microparticles is depted in Figure 2.2 using SEM (Scanning Electron Microscopy) and it is
rhomboidal and considered isotopic insofar as their size is approximately equal in all directions,
(see Figure 2.2). Their size distribution was obtained by the static light scat®i@ywith
the help of the Master Sizer device from Malvern coupled to a Hydro2000S module, this device
allows to determine the intensity of the light that the@2@icles scatter with the help of several
light sensors which are located at different posgi encompassing all the light beam of the
particles and capturing the scattered intensity. Nevertheless, this device has some limitations:
the shape of the particles must be relatively spherical, the size of the particles must not be
smaller tharlO nmbecause the smaller the particle, the more light it scatters with a large angle,

and the volume concentration must not be high in order to avoid a multiple scattering.

Figure 22 SEM picture of C@particlesfrom [134], with kind permission
Figure 2.3 represent the results of the volume size distribution of CC obtained by SLS (empty
triangles) and by direct geometrical measurements of the particles abaweuting SEM
pictures (filled diamondg)L34].

The measurement of the specific surface developed by one gram-par@eles has been
carried out with great precision by BET analysis (adsorption of nitrogen gas on the surface of

the particles]133]. the zeta potential and conductivity of the -S@spesion were estimated

using Malvern Zeta sizer ZS apparatus.
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Figure 23 CC- patrticles size distribution curves usistaticlight scattering $LS) and by classification of particles
above 1 m from SEM pictures from [134], with kind permission

Several physical and physicochemical parameters are summarized in Table 2.2

Table 22 Physical and physicochemical parameters ofpa@icles[133, 134]

Particles Mean Density specific surface| Zeta potential
diameter =] U2 * y[m?g] AmV]
D [ An]

CaCOs 55 2525 0.88 8.3

It is important to notice thave have used two series of the same kind of particles. Both series
corresponded to two different bags containing the particles. Both series had very close
physicochemical parameters with slightly different particle sizelligion (the Table 2.2 show

the characterization results of thiéskries). However, we got quite different rheometric results
for both series: the®Iseries showed loweritical shear rates of the DST onset as compared to
the 29 series. This discrepancy is tentatively explained by the facathety slight difference

in size distribution generate slight difference in the maximum packing fractién of
particles, which is sufficient to provide relatively large rheologidfiéences, provided that

~

the suspension viscosity diverges @s:s F 15 14 ;?®and the CC particle volume fraction

T swas always close td 5 . Unfortunately, we were unable to conduct all the measurements of
this work with the same series of part&l&or this reasqrithe rheometric results obtained in
mixer type and platplate geometriefl® serieschapters 3 and Hannot be safely compared

to those obtained imylindrical Couette and capillary geometries'(2eries, chapter 4).

However, both article series showed very similar qualitative behaviors.
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2.1.2 The superplasticizer

The superplasticizers are organic polyeletrolytes. In the concrete industry, the
superplasticizer plays the role of an additive that is introduced icbm@ete mortar, shortly
before its implementation, ensuring as main function the maximum increase of the workability
of the mixture by allowing to reduce the water amount, which leads to an increase of the strength
and the compactness. This is mainly dbgeneutralizing the electric charges present on the
surface of the cement particles, known as steric repulsion, which makes it possible to separate
the particles from each other, thanks to the very long molecular chains of the superplasticizer
(see Figure2.4). Therefore, the suspending fluid that once was trapped by the particle flocs is
free again for the workability of the concreBeiperplasticizers are also sometimes used to delay
the setting of concrete, but they also depend on the characteristits oément and the

composition of the concrete or mortar.

Figure 24 Effect of superplasticizerdispersant of cement suspension particles

The superplasticizers are of different families and Rioéyoxyethylene Carboxylate family
otherwise known as PCP, was first introduced in the 1990's. It consists of one or more chains
of polyethylene glycols grafted onto carboxylic anionic groups of a polymethacrylate skeleton

and it is the one we are usingaasuperplasticizer in our C§lispension.

2.1.2.1 Characterization of the PCP superplasticizer

Since in our experiments we are working with-€@&pension, which is a good model of
a cement suspension, it is necessary to add superplasticizer to thee miikiel molecules of
the superplasticizer are grafted on the surface of th@&tles separating the particles and

lubricating them by neutralizing the attractive colloidal forces between particles.
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The superplasticizer we are using in our experimeatge been supplied by the French
FRPSDQ\ RI DGGLWLYHV IRU EXLOGLQJ PDWHULDOV &KU\V
abbreviation. PCP are polymethacrylates grafted with polyoxyethylene chains (POE) (see
Figure 2.5). These molecules have P = 45 ethyleneamds in the PEO chain grafted dn L

s rsegments composed Of L wcarboxylate functions.

Figure 25 Sketch of the chemical composition of the PCP polyrimem[134], with kind permission

Table 23 Chemical properties (molar masses) of PIEPSuperplasticizdii33].

Superplasticizer M bac Mech M seg Mpcp
> ? > ? > ? > ?

PCP-45 5.310 18.040 2.335 23.350

The chemical properties of the P@B superplasticizer have been provided by Chryso company
and are summarized in table 2.3, whdigg Mch, Mseg Mpcpare respectively the molar masses

of the whole methacrylate backbone constituting the molecule, thie WIQE chain unit, of a
segment of the molecule having four carboxylic functions and a POE chain and the molar mass
of the PCP45 moleculd133].

The PCP45 is 59.3 wt % aqueous solution of polymers. The zeta potential and conductivity
for the PCP45 soldion are respectivelypL. Fswik s andGL tdxe ...«at’ L xdX

The zeta potential for the superplasticizer is a negative value meaning its charge is negative at
a considered pH, which will provide electrostatic attraction between positihalyged CE
particles and negatively charged R@¥superplasticizer, allowing an easy adsorption of-PCP

45 onto CC surface.

2.1.2.2 Adsorption isotherms of PCR45 on CGmicroparticles
An adsorption isotherm is the curve relating the activity of the adsorbate contained in a
given and known atmosphere to the quantity of adsorbate adsorbed on a solid in equilibrium
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with this atmosphere. It allows to evaluate the adsorption affinity adréift molecules for the

same surface by giving the maximum number of molecules that can be adsorbed. In our case,
it will allow to determine the maximum concentration of molecules of the superplasticizer PCP
45 that can be adsorbed on the surface ofp@cles. By modeling these isotherms, one can

also trace the adsorption energies, thus the intensity of the bonds between the anchoring
functions of the molecules on the surface. It is also possible to identify the difference between
adsorbed and simply cgalated molecules in the presence of certain ions present in the

suspension.

Langmuir isotherm model is the simplest of the adsorption models in which four conditions are

assumed:

- Each free site in the solid surface of the adsorbent can bind only oneutacdé the
adsorbate, so the adsorption takes place in a monomolecular layer.

- All the sites are identical.

- The existence of a dynamic equilibrium between the molecules fixed on the surface of
the adsorbent and those leaving the surface means that there is adsorption and desorption
of molecules at the same time.

- There is no interaction between adsorbent moéscul

The model consists in writing the third condition of equilibrium between the rate of absorption
and desorption of the molecules. At equilibrium, the Langmuir equation is giving by:

Ap ¥Rixaoi

0, 0, A
%6 x - /Qrso(;@'mo]. (2.1)

where: % =% 6 ¢ @ &8 g e03r€ respectively the concentrations of the molecules adsorbed on
the surface, the total concentration of the adsorption sites on the adsorbent surface and the
concentréon of free noradsorbed molecules remaining in the fluidy 4s an equilibrium

reaction constant.

Morini in his PhD work{133] measured the adsorption isotherms of RGRN the surface of

CC particles using the Total Organic Carbon analyzer-MQ@SH from Shimadzu.
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Figure 26 Adsorption isotherm of PGB5 on C microparticleg133].

Figure 2.6 represent the adsorption isotherm of-BR&EBxpressed as the number of adsorbed
PCR45 molecule segments per square nanometer®; of CC surface against the quantities

of PCR45 superplasticizer remaining in the solvesr%,:jsgbz where theblue points are
experimental data, and the red line is the modeling by the Langmuir model. The slope of the
first linear part at the origin of the isotherm gives information on the adsorption affinity of the
PCP molecule for the surface, while the adsorpplateau gives information on the saturation

of the surface of the CC particles and allows to determine the maximum quantity of adsorbed

superplasticizer. We see that the adsorption plateau is approximately achieved at the

emdGT .
Pma v C.pAt adsorption plateau, the free

PCP concentration is close to the total concentration of PCP added to the suspgnsioit

concentration of free (neadsabed) PCP% gz e N I &

% In our CC suspensions ofadensityN trrr %o at particle volume fractip 75 L r& vF

r & zthe amount of PCP that should be added to the suspension by unit mass of CC patrticles is

embpwWGT.

evaluated as™2°N rart P This quantity is used all along the current work for the

suspension preparation.

2.1.3 The fibers

In the current work, we try to model the fiber reinforced concrete by the suspension of
CC-particles mixed with rigid fibers in order to study the D$Menomenon in dense
concentrated suspensions. Since a long time, fibrous substances oftoieridimetric sized
metallic (steel) fibers, omineral @lass or carbon) fibers, or polymeric (polyamide,
polyethylene or polypropylene) fibers have been dddeconcrete in the cement industry in
order to improve its physical and mechanical qualities. Indeed, reinforcements, such as steel
[145], polymer[130], glass[131, 132] or carbon fiber$146], are commonly used to prevent

the occurrence and propagatiof cracks. The addition of fibers to concrete helps to restrain




Chapter2 Material used and Methods employed

cracks and reduce potential problems such deterioration due to water infiltration. Fiber
reinforced concrete also outperforms ordinary concrete in terms of higher tensile strength, and
ductie tensile behavior and it covers areas requiring extreme mechanical and environmental
loads. Several studies have considered the addition of polyamide fibers (PA) as a reinforcement
for concrete and have characterized its physical and mechanical pjjértié49]. PA-fibers

are synthetic fibers are generally derived from the chemical reaction of difunctional monomers
containing amine and carboxylic groups.-Ri#ers have several mechanical properties, first of

all they are light in weight, that is whipedy have been chosen for concrete reinforcement in
order to guarantee a good workability of the reinforced concrete in the construction site. They
also have a low water absorbance, a high resistance to humidity and a good resistance to traction
and abrasio. These and other properties make-fib&rs an ideal choice for fiber reinforced
concrete[150, 151] In our work we considered mainly and most of the part the use -of PA
fibers in the CGsuspension (ithapters 3, 4 and 5) and also the use of glass fibers with CC
suspension in shear rheological testshapter 3, in order to compare the rheological behavior,
especially the DST, in the presence of two types of rigid fibers in a #hekening CC

suspesion of.

Figure 27 Optical microscopy shapshots of: {@he polyamide (PA) fibers and (ylass fibers dispersed in

deionized water. The width of the images (a) and (b) corresponds to 15G0rafd respectively.

Thefibers used in our suspension are considered as anisotropic particles of axisymmetric
geometry, with cylindrical shape, of mean lengthmeandiameterD and mean aspect ratio
NL . & ( s&he physical and geometrical properties are summarized later in Table 2.4. The
PA fibers were supplied by the producer of textile additives, Pinfloc French company. The
fibers were used without any additional treatment, although we checked their morsiyispe
from several collected and analyzed images (see Figure 2.7). The glass fibers (studied only in
chapter 2) were purchased from the Arkema company in France initially supplied with an
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average size of 5 mm and were manually grinded in a ceramic modaeaded through a
series of sieves in order to adapt the average asgtextothat of the PA fibers. Figure 2.7
shows optical microscopy snapshots of the two types of fibers dispersed in deionized water.
The snapshot (a) shows a fairly good monodsipeof the PA fibers, while both snapshots (a)

and (b) do not reveal any strong aggregation of two types of fibers.

From the optical microscopy snapshots, we could measure the length distribution of the fibers,

which is represented as a histogram in Fegzi18.

Figure 28 Histogram of the length distribution of PA and glass fibers.

The PA and glass fibers show a relatively narrow and wide length distribution, respectively,
and a narrow diameter distribution for bdipes of fibers. The measured geometric and
physical properties are summarized in Table 2.4 for both fiber types.

Table 24 Geometrical and physical properties of fibers.

Fibers | Mean Mean Mean fiber to CC Density <RXQ/
length | diameter aspect | part. D/d ratio E B-c | Modulus
XSE“?| p>E“? ratio i q>s|$?
"L xp
PA 800 17 47 3.1 1140 4.56
Glass 300 7.5 40 14 2600 80

It is assumed that we are in the case of a scale separation betwPdnfithers and the CC
suspension. Indeed, the RiBers have a diameter three times larger than the diameter of the

CC-particles (Lwava l) so the fibers see the suspension as an effective medium while the
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diameter ratio is much smalle&( @L s&) and thediameters are almost identical for the glass
fibers and the calcium carbonate. The effective stiffness offibetttypes was estimated based
on the experimental values of characteristic sherof tensile @) stresses developed,
respectively, inlsear or jet flows. The effective stiffness in the shear and jet flow tests is given
by [152, 153]

5L —12x0 N gz AL

< mpgq= a0< mpgq=

(2.2)

where &g . pis the characteristic bending stress cgponding to the buckling instability is

the fiber Young modulus (Table 2.4). Both the PA and glass fibers are considered as rigid in
our study since the effective stiffneSg found to be larger than unity in both conducted shear
and jet flow tests. In particular, for the shear and capillary flows considered in chapters 3 and
4,the values oSare 51 ands& H s ' for PA and glass fibers respectivelythe characteristic
apdied shear stres€ L srr fin most of experiments. However, in the jet flow considered

in chapter 5, the profile of the applied tensile stré&gsdepends on the axial and radial
components of the normal stressg&s and &; 3 For an evaluated teteistress at DST in jet

flow of &, Q svu f, the value of effective stiffnessis 35 for PA fibers.

2.1.4 Suspension preparation

In this section we will mention the steps we followed for the preparation of our CC
suspension with differembncentration of Céparticles and different concentration of PA/glass
fibers. We will also include the step of degassing the suspension to remove the air bubbles
present in the mixture and we will discuss later if this step is necessary and sensiteve in th

preparation of our suspension.

As mentioned above, our suspension consists of a gheleening CC matrix at different GC
particles concentrations, and which contains PA/glass fibers dispersed at different

concentrations. The preparation of the suspenisi carried out in the following steps:

The first step consists of the preparation of the CC suspension without fibers and with a desired

volume fraction of the CC patrticles:

e Lo 2.3)

Iz

where, the concentration of the CC particles is equal to the ratio of the volume of the CC dry

particles & to the volume of the CC aqueous suspension in w@teifter that, the necessary

quantity of superplasticizer P& solution is prepared and retk with the weighed quantity




Chapter2 Material used and Methods employed

of CC particles. For this purpose, the solution of RPGFis mixed with deionized water
UHVLVWLYLW\ RI 0O FP WR UHDFK WKH GHVLUHG FRQFF

(CC dry particles + PGRS5 solution) is quick mixed and weighed in a balance, and the lacking

weight is completed with the necessary amount of dry CC patrticles to reach the final weight of

the CC suspension. The ingredients must be well mixed to ensure adsorption of the

superplasticizer PGB5 on he surface of the CC particles, so we proceed to a 5 min agitation

in a vortex mixer, followed by 5 min treatment in an ultrasonic bath to ensure a better

homogeneity and distribution of particles, followed by another 5 min in the vortex mixer. After

the peparation of CC suspension, we prepare the quantity of the fibers according to the wanted

concentration (0.2 to 4% vol). The concentration of the fibers is defined as the ratio of the fiber

solid phase volumeg;to the whole volume8 of the mixture of CC shedhickening matrix

with the PA or glass fibers,

ToL-"L- N')“.:.g (2.4)
The fibers are added to the CC suspension and the mixture is stirred and sonicated as the same
protccol followed before. Finally, after stirring/sonication, we put the suspension to rest for 3
hours at 4°C to achieve thermodynamic equilibrium of different species (polymers and ions).
Before proceeding to the shear tests the suspension is again well antkesbnicated and
degassed for a 30 min with the use of a vacuum pump which allows to remove the air bubbles
trapped in the suspension. The 30 min degassing is divided in two ramps of 15 min separated

also by mixing and sonication of the suspension.

2.2 Experimental methods employed

2.2.1 Drag flows in shear rotational rheometry

The shear rheology of CC suspensions andfi@&€smixtures was measured mainly by
Anton Paar Physica MCR 301 rheometer using a mixer type geometry and a homemade
cylindrical Couette geometry. In some cases, measurements were performed by Thermo Haake
RheoStress 600 rheometer using plalsge geometry. &nple expulsion from the rheometer
gap at the applied stresses above DST threshold, particle sedimentation and water evaporation
encountered in platplate configuration did not allow reliable and reproducible measurements
of the samples containing rods)lp CC suspensions without rods using a single stress ramp
gave reliable results. On the contrary mixer type and cylindrical Couette configurations was
found to be free of the above artefacts thanks to continuous sample mixing and low sample free

surface £to volume ratio, at the expense of a complex flow field and stress distribution within
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the sample. Below, we describe in detail the three rheometric tools and associated measurement

protocols.

2.2.1.1 Plate-Plate geometry

A. General description

Figure 29 PlatePlate geometry.

The use of a rough geometry (sandpaper glued on the upper and the lower rheometer
plates) allows to limit the problems of sliding on the walls. It consists of two parallel plates
where the rotating plate has a radRysseparated by a variable air gap,atb@(Figure 2.9.

The latter is adjustable depending on the particle size of the used suspensions. The measuring
cell is composed of a fixed bottom part (stator) and un upper rotating part (rotor) linked to the
rotating shaft of the rheometer spinningaatangular speedi . The suspension is confined in

the space between the rotor and the stator (air gap). Moreover, the shear gradient is not uniform.
Indeed, there is no shear rate at the center (close to the axis) and it is maximum at the edges of
thediscs. The relationship between the shear rate at the edge of the disk and the rotational speed

is written as followsg154]:
(B (pL— (2.5)

The equation giving the stress as a function of the todsaplied by the tool during rotation

for a given shear ratépat the periphery of the disks is as follof54]:

xjl 3
xjl &

5xjl8
8xjl &

eLe:(p L BELSCL &HE C (2.6)

with
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A o)
oL 2.7)

being secalled apparent shear stress at the disk edge, i.e. the shear stress that would have been
developed in a Newtonian liquid at a given applied tordu&he righthand side of Eq. (2.6)

allows relating the true shear stress in a-Nemwtonian fluidto the apparent shear stre&s

typically reported by the rheometer. This relationship is known under the name of the Moony

correction.
B. Measuring protocol

The plateplate geometry of the RheoStress 600 rheometer is characterizeduppére
plate diameter of 60 mm and rheometer gap set to 1.8 mm. To decrease wall slip, a sandpaper
of an r.m.s. roughness of 40 um was glued to both rheometer plates. In order to decrease water
evaporation, after placing a sample (CC suspension without 18deries of particlestcf.
note at the end of Section 2.1)ligto the rheometer gap, a hommade water trap (Plexiglas
cylinder with wetted washcloth fitted to inner surface of the cylinder) was placed around the
upper plate and the temperaturenatlevel of the lower plate was fixed to 14°C by a refrigerated
circulating bath. A linearly increasing stress ramp was applied to the sample&grdmr Pa
to &5 L srr fwith arate of the stress increase of 0.33 Pa/s and the measured shear rate was
recorded with a sample rate of 2 points per second. Once the maximum stress was achieved, a
linearly decreasing stress ramp was applied fi@gmL srr fto és L r Pa at the same rate.
In some cases, a second increaslagreasing (anddown) stress ramp was applied to check
how the sample expulsion affected the rheological measurements. Once the flow curves were
measured, the imposed apparent shear ségass converted to the real shear stréssgsing
Mooney correctiorj154]. This correction was subjected to substantial errors above the DST
transition related to the numerical derivation of strongly oscillafggersus (Blependencies.
However it neither changed the qualitative appearance of the flow cunasthe average

amplitude of shear rate oscillations above the DST.
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2.2.1.2 Mixer type geometry

A. General description

Figure 210 Mixer-type rheometric geometry: the double helix rotor (a); streamlines of Newtonian fluid flow
induced by the doublbelix rotation inside a cylindrical cuvette with the arrows showing the direction of possible
flow-induced particle migration (b); cylindal Couette analogy of the mixer type geometry (c).

This geometry prevents problems due to sedimentation efp@gicles by applying a
vertical mixing motion in addition to the classical shear motion. It also has the advantage of
reproducing good measurements and the use of this specific cylindricabcall@its to work
with a large rheometer gap for the longest fibers with a ratio of the gap to the length of the fibers
which is equal or higher than 3. However, this geometry is not a conventional one. Indeed, to
obtain the viscosity of a fluid from thiegmetry, an analogy based on the classical cylindrical

Couette geometry is performed.

The assembly consists of a double helix rotating in a cylindrical cuvette separated by a space
called the air gap, denoted b (see Figur€.10c). The conversions beten the quantities
measured by the rheometer (applied torque & and rotational speedi in rad/s of the

double helix) and the effective rheological quantities (shear s@essl shear ratd)sare

defined according to the work of Aadi et al.[155]. The complex flow in the mixer type
geometry is represented by a simple shear flow between two concentric cylinders of the radii
44(for the real external cylinder) andy(for the imaginary internal cylinder), as shown in
Figure 2.10c. The equivalent radidgof the inner cylinder is evaluated by equating the torque
developed in the concentric cylinder geometry to the torque measured in the mixer type

geometry with a N@tonian calibration liquid of a known viscosity;

. 6
4y 4,8 E22E0C (2.8)

where . is the inner cylinder length, taken to be equal to double helix length Ul

He H9 is the proportionality facr between the torque and the rotational speed
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il experimentally determined for the calibration liquid. The shear rate in the gap between
cylinders depends on the radial positidind on the rheological behavior of the measured non
Newtonian sample. has been shown that for powaw rheological behavioré 3 (8 there

exists a sacalled optimal positiorN L Nwhere the shear rate does not depend on the exponent
J. In original paper of AiKadi et al.[155], this position is defined by equating the shear
rate at two different rheological exponersM sand JL s with the final result forn

being almost independent df In our case, instead of using an arbitrary valug, @fe evaluate

Nin the limit 3 \ J7L sby developing in Taylor series the original result of-Kédi et al.
around vanishing values af F J#

VN gt S F éi“‘é 25

Taking advantage of independency of theagtrate on the powdaw rheological behavior of

(2.9)

(o))

the sample at optimal positioN the stress and the shear rate are evaluated at this position as

for a Newtonian liquid:

A1 AN {
éL &N L—z; L #H (2.10)
(8 (N, |_W L/ HO (2.11)

where 0 is the rotational speed imposed (in turns per second) of the tool such thate Q
then it is only necessary to determine tonversion factoré¢and / using Egs. (2.10), (2.11).
These factors were checked and corrected by calibration using two Newtonian fluids of known

viscosity.

We note that these rheometric conversions are valid for shear thinninglpenbeology but

have not been validated for shear thickening rheology. Thus, the shear stress and shear rate
PHDVXUHG LQ WKH GRXEOH KHOL[ JHRPHWU\ ZLOO EH KHUH
all relevant figures but not in the text for the sake of easidinmgaNotice also that in a complex

flow field, possible extensional components of the-tdtdeformation fields could lead to the
alignment of the rods along the extension axis and that lead to significant stress levels; however,
this effect is believedo be relatively weak because the viscosity of the suspension of fibers
dispersed in a Newtonian solvent perfectly fits to classical shear rheology models. We believe
therefore that the proposed rheometric conversions can be used for at leagpiaeaive
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comparison of rheological response of different bimodal mixtures considered in the present

study.

The double helix rotor tool is made of stainlegsel material (see Figure 2.10a) and has an
inner radius of4y L stee |, the length of the effective working tool is L uyee , the
thickness of the blade is * » , and the radius of the central shaftsi@ve « . The outer radius

of the mixertype geometry (or the inner radius of the cylindrical cuvettedgd. s vdve ¢

(see Figure 2.10c) and the inner surface of the bowl has horizontal and vertical gréoves

wide by deep spaced at a periodr@ive « in order to prevent wall slip on the inner surface of

the bowl. The gap between the bottom surface of the cylindrical cuvette and the bottom part of

the double helix rotor was set ite » .
B. Measuring protocol

The samplegl® series of CC particlegcf. note at the end of Section 2.1. kfhixed or
not with PA or glass fibersyere prepared directly in the brass cylindrical cuvette. Before the
measurements, the double helix tool was gently introduced into the cuvette aitkethwas
placed into the rheometer and the gap of 2 mm was adjusted between the cuvette bottom and
the bottom part of the double helix. A water trap (wetted washcloth) was placed on the top of
the cuvette, the cuvette was thermally isolated from theearhhir and the temperature at the
base of the cuvette was adjusted to 14°C by a Peltier element integrated to the rheometer.
Increasingdecreasing stress ramps were applied to the sample in a similar way than in the case
of plateplate geometry. Each tina least two uganddown stress ramps were applied in order
to check the effect of possible particle migration on the suspension rheology. To obtain the flow
curve from raw rheological data, the applied torque was related to the shear stress and the
measued rotational speed by Egs. (2.10), (2.11).

In some cases, the rheological measurements with double helix geometry were conducted in
shear ratemposed modechapter 3, sectioB.5]. The rate of increase of the shear rate was
adjusted to a value ensuring the same rate of increase of the stress in tvestrelled mode.

All the measurements were repeated a few times in order to check theduapility.
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2.2.1.3 Cylindrical Couette geometry

A. General description

Figure 211 Cylindrical Couette geometry in (a) and its descriptive scheme in (b).

The cylindrical Couette geometry that we used is the same as the conventional geometry,
although, we made some modification on the rotating tool. Indeed, the geometry is constituted
by a cylinder of inner radiug = 12 mm (rotor) rotating at an angulaespl . However, this
tool has a completely flat base (See Figure 2.11b) contrary to the tapered base in the
commercially available Couette tools. The tool is also grooved in order to avoid slipping on its
surface. The height of the Couette rotating t&dl L uyee . The cylindrical cuvette of the
Couette geometry is the same as the one used in the double helix case with an innégradius

SVave » and it is also grooved on its inner surface in order to prevent the fluid from slipping
on the inner sudce of the cuvette.

The torque Aimposed in the rheometer is converted to shear stemsd the corresponding
measured angular speétis converted to shear raiéin the present case of relatively small
rheometer gapAL 44F 4)the stress2and the shear rat88ary only slightly across the gap,

and their representative values can be taken at the inner cylinder surface. At such condition, the
relations between the torque and the shear stress and the angular speed andrtte shad

[154]:

(2.12)

(2.13)
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B. Determination of the gap at the measuring position

Since the cylindrical rotating tool has a circular flat base surface, it is necessary to
calculate a sufficient gapyto apply between the bottom surface of the cuvette and the bottom
surfaceof the rotating cylinder during the shearing of the suspension, this is necessary to
minimize the effect of the flat base surface of the measuring tool on the sheared suspension.

For such a flat surface, the torque applied by the rotating tool is ap@tekyngiving by:

AL A E ¢ (2.14)

where A sis the torque contribution coming from the lateral surface of the rotating cylinder,

and ¢ Ais the torque contribution coming from the bottom flat surface of the rotating cylinder.
For a Newtonian liquid of a viscositf, we get:

) RO gy
i1 b EoA 6 o
AL B CEN—f——O (2.15)
o Eg :5?:EpEp;;
Brax L—<}10A (2.16)

For the following geometrical parameters (see Figure 2.11b):

Internal radius:4¢= 12 mm

External radius 4= 14.5 mm.

Gap between the cuvette bottom and the rotating cylinder bottom sugfac0mm.
Rotating tool lengtht. = 37 mm,

.0
¢
t6A

1&ax

we ge L r& s wThus, the effect of the base surface of the rotating cylinder is of the order

of 1.5% with the chosen gap of,= 10 mm This is considered a very low percentage of the

flat effect compared to éhtorque generated by tlaeral surface of the rotating cylindsuch
that the shear contribution coming from the energy dissipation in the fluid gap between the

cuvette bottom and the rotating cylinder can be neglected.
C. Calibration of the cylindrical Couette tool

The cylindrical Couette measuring tool used is a hamée tool, consequently, it does
not carry a recognition microchip as opposed to the standard tools of the Anton Paar Physica

301 rheometer; for this reason, a calilma before starting the shear tests is required.

For the calibration of the tool two main coefficients must be determined to allow the good

conversion of the data by the rheometer.

The coefficients are:
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- Coefficient of conversion of the applied torquéoi shear stress note# 6
- Coefficient of conversion of the rotation speed of the tool into shear rate Got&d
For a cylindrical Couette tool, the torgawess relationship is given by:

éL #HA (2.17)

where:

5
6 EgA

#L (2.18)

and the rotation speeghear rate conversion is giving by:
B/ HO (2.19)

where:

8

Thevaluesof# L t{@ys f ¢« & and/ L x&vxgvaluated using Egs. (8} (2.20) are
theoretical and are needed to be checked and corrected through the calibration procedure. For
this purpose, shear tests with a Newtonian silicon oil of known viscosity were conducted in the
cylindrical Couette tool and the coefficientsand / were readjusted in order that the slope

value of the measured flow curve coincide with the known value of the calibrating oil viscosity.
D. Measuring protocol

In these experiments, we used thts2ries of CC particlegcf. note at the end of Section
2.1.1.2 £ mixed or not with PA fibersAs mentioned before, the bottom surface of the
homemade Couette measuring tool is a flat geometric shape, therefore the suspension samples
were first prepared ithe cylindrical cuvette and then the Couette tool was slowly introduced
into the cylindrical cuvette to avoid any suspension jamming artifacts, until the gap 10 mm was
adjusted between the Couette tool and the bottom part of the cuvette. The uppeo$tince
cylindrical cuvette was then closed by a cover pierced in its center to allow free rotation of the
Couette tool. The cover allows the insulation of the suspension from the outer atmosphere, thus
avoiding any possible evaporation of the water froendamples and helps to keep the adjusted
temperature within the cuvette d4°C. The applied shear stress profile this time was set just
to an ascending stress ramp fragy L rPatoéy L wrr fwith the same rate of the stress
increase in the case ofafe-Plate and Mixer type geometries experiments of 0.33 Pa/s. Each

time at least two stress ramps for the same sample were applied in order to check the
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reproducibility of the results. To obtain the flow curves, the applied torque was related to the

shearstress and the measured rotational speed by Egs. (2.12), (2.13).

2.2.1.4 Evaluation of the effect of air bubbles presence in C&Suspension

We are interested in this section to see the effects that could have the presence of air
within the suspension in the form of bubbles during the preparation of theuSg@ension on
the rheology of this one. To this purpose, we conducted shear tests in the rheometer using the
mixer type geometry for two samples at 64% of CC volume fraction and withaus fiThe
first sample is degassed according to the protocol mentioned before (see section 2.1.4) and the

other one is tested without degassing.

For this shear tests we have chosen the mixer type geometry described inZ2cti@with

the measuring ptocol described in section 2.2.182

Figure 212 Controlled shear stress test for degassed andlegassed 64% G8uspensions.

The sample of the suspension prepared with degassing shows a rather rerddf&edriee in

results compared to the sample prepared without degassing. The difference shifts to low shear
rate compared to the nategassed suspension; thus, the degassed suspension represents more
sheatthickening behavior and therefore a higher sugpansscosity. Since the removal of air
bubbles in the prepared suspensions was verified with a second degassing of the suspension
(the 30 min degassing is performed in two 15 min ramps in order to ensure that no air is left in
the sample), the differencebserved in the results can be justified by the change in
concentrationi gof the CC particles in the prepared suspension due to the evaporation of the

water during the degassing process.




Chapter2 Material used and Methods employed

In order to verify the variation of CC particles concentratioa gtegassed carbonate calcium
suspension, ai ¢ L xv "~ sample was prepared, degassed and weighed before and after
degassing process to measure the variation of particle concentration due to possible water
evaporation during degassing. The weighing resultskeef®re degassing 5 L X {& Yy Yy %o

after degassingl ¢ L x z&v w {%and the mass differencgl L r& s z ¥%dcorresponding to

the evaporated waterhis allows evaluation of the particle volume fraction ratio before and

after degassing:

L LS L sFE= (2.21)

_j""% i 3

where &, &are intial and final suspension volumesis the volume of the evaporated water,
& Nt % and é& Ns%e are the densities of the initial suspension and of water,

respectively. Evaluation gives= Nrg§z\ 1¢ L xv”™ ~‘ZThe concentration of CG

particles in the suspension increased by 1.3% during degassing due to the evaporation of water
making the suspeim more sheathickening Notice that such an increase of the volume
fraction near the particle packing limit is very significant because the suspension viscosity
diverges as:sF 15 1, ;%as 15 becomes close td 5 evaluated to be about 0.69 in our
experiments (seehapter 3Appendix Q.

To ensure that the difference in behavior observed in the graphs (Figure 2.13) is not due to the
presence of air bubbles in ndegassed suspension and that this difference rssh# of water
evaporation, and consequently to the change in concentrationpéfi€les in the suspension,

a test with degassed &ispension completed with water after degassing (in order to keep the
same concentration of Ggarticles T¢ L xv™ ~'Y was conducted. The same standard
procedures for preparing a €&0spension are followed but with the weighing of the suspension
after degassing and adding water to compensate evaporation during degassing. Also, to avoid

water evaporation, we loaded the saengdry gently but quickly into the measuring cylinder.
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Figure 213 Controlled shear stress test for degassed and water completed 64%ugp€nsion against non
degassed 64% G8uspension.

We can observe from Figure 2.14. a reproduction of the results and a very good agreement
between curves with a very slight differertbat falls within the calculation errors. Completing

the degassed suspension with water just after degassing allows to keep the desired concentration
of CC-particles in the suspension & L xv " ~*ZThe slight difference in measurements
observed irthe graphs is due to errors related to the operation of the experimental equipment
and is within the tolerated error rangedecision to prepare G8uspensions without degassing

was taken, given the results obtained, which confirm the fact that, due deghassing of the
suspension, a quantity of the water in the suspension evaporates, thus changing the particle
concentration. So, the presence of air bubbles in the suspension does not have a major impact

on the obtained results.

2.2.2 Pressuredriven flows in capillary rheometry

A. Generaldescription

The basic principle behind the capillary rheometry used in our tube flow tests is depicted
in Figure 2.15. It consists of a homemade pressnp®sed rheometer recently developed in
the hosting team in UCAL56, 157]and differs from conventional speedposed capillary
rheometers used in literatures4], in which the flow rate is imposed by a moving pistdhe
principle of our homemade capillary rheometry consists of applying a compressed air at a
desired pressuredm an air compressor to a tank containing our suspension, with a pressure
control valve (MDG3 from Selid) and a piezoelectric manometer (LEO 2 from
6HUY YLQVWUXP H Q wWHbat LniRagmaUagplieiprésstireR3bars) connected to a 3
port steeringvalve (SS43GXS4 from Swagelok). The length and diameter of the plexiglass
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tank containing the suspension dfd. srree and @L twee , respectively. A capillary

is connected to the bottom of the tank by a union4&36 for a tube of %2 inch outsidéadneter

or 1/4 x 2.54 cm). The capillary has the lengthL uw.. end a diameter& L r§y....o

Under the action of the applied air pressure, the suspension flows out from the capillary on the
top of the electronic balance measuring its mass flow rate.

B. Measuring protocol

The experiment starts by aspirating the freshly prepared CC suspgigmeries of CC
particles £cf. note at the end of Section 2.1.1a®)a specific PAibers concentration in the
tank by turning the -port steering valve towards the venturi vacuum ejector and using the
venturi aspiration valve connected to a vacuum pressure gauge through a steering two port
valve. Aspirating the suspermi to the tank helps degassing the suspension from any trapped
air bubbles, that can disrupt or block the flow of the suspension through the capillary. The
aspiration pressure was chosen relatively lo&vR r & ,, f,"which corresponds to a wall shear
stressé&; of 62 Pa at capillary walls for 0.33 cm capillary diameter and 150 Pa for 0.77 cm
capillary diameter, in order to avoid suspension jamming due to DST behavior of the suspension
since the critical DST shear stress for-8pension is ranged betweé® Pa for suspension
without fibers and 165 Pa for suspension with 2¥s/PA fibers in shear rheology tests using
cylindrical Couette geometry (see chapter 4, section 4.3.1, Figuréfdg.the suspension is
fully aspirated, a desired giressure is applied to the confined suspension using the pressure
control valve, then the mass flow rate of the suspension flowing out from the capillary is
measured using an electronic balance Ohaus STX 2202, programmed to record the amount of
the colleced suspension every 1 second and store the results in a USB stick.
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Figure 214 Descriptive sketch of the imposed pressure homemade capillary rheometer.
C. Rheometric conversions

By the application of a known and precise pressure vgRi€ GwH s 1’ bar precision)
using pressurized air in a cylindrical plexiglass container where the suspension is located, the
mass in grams of the suspension which is evacuated from a capillaryctszhite this
cylindrical container is measured for each inst&it s « Therefore, by a linear fit of the
amount of suspension evacuated in tifidhe mass flow rate of the suspension at the exit of
the capillary is estimated he applied air pressurg2and the mass flow rat8, are converted

respectively to shear stress and shear rate, both evaluated at the capilldfiysvijall:

~ (¢E> UAE
~ 8E,
(Be L—g, (2.23)

where &; is the shear stress at the capillary walls &§glthe apparent shear rate at the capillary
walls for a Newtonian fluid. In the case of Ablewtonian, it is mandatory to apply the Mooney
Rabinowitch correction, where the apparent shear rate can be related to the real shear rate at

capillary wall of the no-Newtonian fluid[154]:

& &6 L—1," e Be@e (2.24)
and the real shear ratggcan be obtained by deriving equation (2.24) with respedtto
give:
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6L (g BE---Fac (2.25)

8 xjl 4
This expression contains the derivative g with respect toé and gives considerable
numerical errors when convertinggs to (Bfor our fluctuating flow curves obtained in shear
rotationalrheometry in the DST domain, (sefeapter 4, Figure 4.4), therefore we prefer not to
make the conversion of the apparent shear tgjeto the real shear ratéb. However, when

we compare the results of capillary with rotational rheometer tests (using the cylindrical Couette
geometry), we convert the shear raineasured in rotational rheometer tests to the apparent
shear rate at the capillary wallgg using equation (2.24). This will allow to verify to what
extent the rheometric geometry affects the DST behavior of ouP&E@Gixtures. We will
therefore compare the curves G§ L B:é&;obtained in the two geometries, withL & for
capillary geometry.(Bto (Bg conversion in cylindrical Couette geometry is made by first
smoothing the corresponding experimental flow curves in order to reduce the shear rate
fluctuations in the curves, then a higloeder polynomial fit is applied to the curve to get t
corresponding polynomial expressid L B: &;(see Figure 4.7 in chapter 4). Finallys can

be obtained in cylindrical Couette geometry using equation (2.24). Results are then presented

in form of (§ L B:&;curves inchapter 4.

2.2.3 Extensional flows withing a freefalling jet
2.2.3.1 Experimental setup

The experimental setup of the jet flow experiment is presented in Figure 2.15 and
composed by a filling tank, a vertical tube of an internal diamé&tet t4 , L wee and
length DL tswe e | connected coaxially to the bottom of the tank, a collecting Aslriashd
a fast camera Miro C110 (Phantom, US) equipped with a cltang@ed device (CCD) sensor.
About 30 mL of the suspension were first poured in the tank (average diafgeltew re « |
suspension heighy N sws ¢ ). During the filling, the lower tube extréty was maintained
open allowing the suspension to fill the tube under gravity. Then the lower extremity was
mechanically closed, and the suspension was left at rest inside the tank and the tube for 1 min.
At the moment of timd=0, the lower extremity wsaagain opened, the suspension started
flowing through the tube under gravity at nearly constant flow rate during the whole duration
of the experiment (thanks t8, ' & and B ' D. The flow through the tube is laminar and
the wall shear stresé& N &G, t Ntw2 =(with é Ntrrr « % ’ being the suspension
density andC N sre+ <®the gravity acceleratigris believed to be below the DST transition

(1vrPa) revealed in a plafgate PP) shear rheometry (see the blue curve in Figure 3.2 in
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chapter 3). Below DST, the CC suspension experiences nearly Newtonian behavior with the
average lowshear viscosity3, N w f H e corresponding to the linear fit of initial part of the

blue flow curvein defined from shear flow curves [Figure 3.2ccimapter 3]. The velocity

profile inside the tube is expected to be nearly parabolic and the mean velocity averaged over

the tube crossection is given by
UE:
Q N— (2.26)

The measured flow rat® through the tube fits within 13% error to the theoretical vaduke

Q &4{. This correlates with the supposed laminar flow regime below DST transition. The stress
field in the jet is supposed to beostly extensional (at least at axial distances a few tube
diameters downstream the tube outlet) with the stress levels governed by gravitational forces.

All experiments were performed at room temperature of 20° C, controlled by an air conditioner.

Figure 215 Fast camera device for recording jets of the RACmixtures extending from the tube outlet to the
experimental table (a). Geometric notations are introduced in (b).

The dynamics of the G8uspension jet was recorded with a heglieed camera at 336.5 fps
(frames per second) and at spatial resolution of 2.6 pixel/mm. This allowed us to follow the
falling suspension and enabled capturing the jet diam@tV: (supposing preservation of the
MHWYV D[LDO V\PPHWU\RADDtEe jét Kdterihél fromDabtiliie & trajectory
(hereinafter called lateral drift) at the spatial resolution of 0.39 mm and the temporal resolution

of 3.0 ms. To quantify the magnitude® RV, and T: FAV,, we developed an image processing
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script in MATLAB (MathWorks®). Defining the background intensity with graphical user
interface, the script analyzed each frame of the movie. For each frame (each moment of time
I, the script detects the jet using a gaussian fit of the intensity profile, to extract its diameter
@V, and its lateral driftT: V: along the vertical axis. In case of the jet brapkthe script also
guantifies the properties of each jet segment. The script analyses each frame in a parallel

workflow to optimize the computation time (230ms/frameadicore processor).

2.2.3.2 Fourier analysis

Apart from direct analysis of the jet lateral driff: AV, we performed a Two
Dimensional Discrete Fourier Transform (2D DFT) of the measured lateralldR#.. To this
SXUSRVH ZH DSSO LiKfGnctoK of the NATLAB Xdft@ahké to thé H Jmatrix
of thexvalues, whosd L wrrrows andJ L u xeolumns correspond to discrete values of
PandV. UHVSHFWLYHO\ 7KH 311WHJmxt® R \Wflcehplek alves, WwSng D

the following expression:
X325 X3 < 60 6 U
Hassams L Algy ARgr 18 '@ — F IF=- HMRosms (2.27)

where EL 3F sstands for the imaginary unit, L r&& | F sand ML r&& J F s For the

better presentatio(see the results ichapter 5) we shifted the zerfrequency component of

the matrixi WR WKH FHQWHU RI WKH VSHMATUABPfuXcWdnQThiss I TWV KL I
function swaps the first quadrant ofwith the third, andhe second quadrant with the fourth.

The components of the matrixof the Fourier spectrum amplitudes were then calculated as

vg L #gt 1, J;, with the rowsFL s & | and columnsHL s & Jcorresponding to discrete

valuesfiy L teB:FF 1 t; | and GL teB:H J t; Jof the temporal angular frequency

fi and wave numbersG respectively. HereB L uu %o’

5" «is temporal sampling rate
fixed by the camera speed aBdL t &+ ?° (pixel/mm) is the spatial sampling rate fixed by
the image resolution. In this way, we obtained a discret@ & dependency of the Fourier
amplitude on the temporal and spatial frequencies. The final sigieéG allowed evaluation

of dominant frguency and wavelength of the jet lateral oscillations, as well as the dispersion
relation, which was retrieved as a curfie G drawn along the crests of the: i &5 surface

plots. A similar 2D DFT analysis was applied to the jet diame@dfV, with the Fourier

spectrum amplitude denoted By: ii & (see the results of the analysichapter 5).

1RWLFH WKDW WKH 3LQVWUXQHQMﬂbﬁéndVBEZS“oOLQJ U

«+ ?Sappeared to be too large as compared to maximal observable frequenciési®and
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A:A&G-WUDQVIRUPV 7KXV SULRU WR )RXULHU WUDQVIRUP
removing appropriate lines and columns of the®: and @ PaV-matrices and reducing the
I HJmatrix sizg to achieve the sampling rates just slightly larger than twice the maximal

observable frequency. In this way, the Nyquist limit, was still respected.

For quantitative comparison of the intensity of lateral oscillations, a root mean square
(RMS) amplitude Tg £ iof the lateral drift and RMS transverse speRdg jof the jet. These
parameters are directly defined from the Fourier amplitudes usirfgldheherel theorem, as

follows:
Tepil 8A%g Adgs g (2.28)
R zil §A%g Adgk &iiéo (2.29)

with the summation performed over all elements of the Fourier amplitude matrix

Z
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CHAPTER 3

3 Drag flows of spherdiber mixtures in a mixetype geometry

This chapter is devoted to the study of the drag shear flows of catathonate CC
suspension concentrated with rigid glass and polyamide fibers. Special attention is paid to the
effect of fibers on the rheology of the sphéibeer mixtures and to the mix¢ype rheometry
allowing one to mimic mixing processes of the fibeinforced concretes during their
preparation and transport. The physicochemical characterizations, suspension preparation and
rheometric protocols are described in detail in chapter 2.

This chapter is organized as follows. First, we will discuss the abmall behaviors that are
gualitatively similar for the CC suspensions with and without fibers. These are sigmodal shape
of the flow curve $ection3.1] and thixotropic behaviorsgction3.2. Then, we will describe

the effect offiberson the rheology of the mixtures of isotrofsisaped anéiber-like particles,

more precisely the effect of thiker-to-particle diametergection3.3 andfiber concentration
[section 3.4]. After that, the reological response at imposed shear stress is compared to the
response at imposed shear ratesgntion 3.5. On the basis of the experimental findings of
section 3.1+3.5,we propose isection3.6two conceptually similar models allowing prediction

of the flow curves of thdiber-isotropic particles mixtures. These models are based on the

reduced shear rate approach of Ohl and Gle[4dlé¢] and on homogenization approach of

1 The results of this chapter were obtained with théskries of CC particles and can be compared quantitatively

to the results of the Chapter 5.

Main results are published in [Sidaoui, N., Arenas Fernandez, P., Bossis, G., Volkova, O., Meloussi, M., Aguib, S.,
& Kuzhir, P. (2020). Discontinuous shear thigkgrnn concentrated mixtures of isotropghaped and rodike

particles tested through mixer type rheometry. Journal of Rheology, 64(4)38&J
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Chateau et a[158] with a special attention paid to orientation distributiorfiloérs. Finally,

jamming behavior above some critical volume fraction of fibers is considesedtion3.7.

3.1 Sigmodal flow curve

Experimental flow curves of the CC suspensions without fibers obtained from the
increasing branch of the first stress ramp in double helix geometry are shown in Figure 3.1 by
dotted lines for four different CC particle volume fractioris; L r& tad & v & xf « r& z.
The flow curves of the samples containing fibers are qualitatively similar to those shown in
Figure 3.1 and will be discussed in detailsattions 3.3 and 3.4. The flow curve of the CC

suspension of a particle volume fractidn L r & tshowsa monotonic, stronger than linear

increase of the stress with shear rate, which is a signature of continuous shear thickening (CST).

At higher volume fractions 5 R r & ythe flow curves have a sigmodatYShape reminiscent

to DST with irregular oscillégons above the critical stress. Here, we introduce the critical shear
stressésy,and the critical shear rateh, of the DST as, respectively, the stress and the shear rate
at the point where the slope of the flow curve changes from positive onentegiiieve one, as
shown by arrows in Figure 3.1. As expected, the critical shear rates decrease with increasing
particle volume fraction as it approaches some maximal value, called jamming volume fraction.
There exist different possible mechanisms for D& transition listed irchapter 1 gection

1.3.3. Strictly speaking, we cannot directly support any of them without precise microstructural
information on the spatial organization of particles within the suspension and on polymer
conformation on particlsurface affected by the applied stress. In what follows, we briefly
discuss on several possible origins of the DST transition in our specific case.
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Figure 31 Flow curves of isotropic shaped particle (CC) suspensions at different volume fratfjafisCC

particles measured for the ascending branch of the 1st stress ramp in mixer type geometry. The arrows show
definition of the critical shear rate and she@ess in the stresE RQWUROOHG UKHRPHWU\ /DEHOV
tittes of axes recall that the reported shear rate and shear stress values stem from approximate rheometric
conversions of the raw rheological dagadtion 2.2.1.2].

As stated irchapter 1, the DST is often believed to arise due to transition between lubricated
and frictional intesparticle contacts building percolated contact network of particles as the
applied stress increases. Recent measurements on sliding tetwoeen compressed polymer
layers adsorbed on the particle surface find a direct correlation between bettrdary
hydrodynamic lubrication transition on the nanoscale and the DST transition at the macroscopic
scalg[159]. The macroscopic physics of suctransition is qualitatively captured by the model

of Wyart and Cates (WCJL07], which interpolates the suspension rheology between two
Newtonian states: the low viscosity state at fully lubricated contacts and high viscosity state at
fully frictional confacts. The WC model is detailed in Appendix E of this chapter, and the fit of
the flow curves by this model is shown in Figure 3.10 Using different versions of the WC model
[106, 160, 161]we did not succeed to reliably fit our flow curves above the alisitessé,.

The discrepancy is very likely related to the WC assumption of the Newtonian rheology in
frictional regime. This assumption likely does not apply to our specific system where attractive
colloidal interactions could in principle arise aba@me critical compression of adsorbed

polymer layers, as point out below.

From the microscopic perspective, the DST transition could be related to the collapse of the
polymer layers on the particle surface as a result of the compression of these lagers w
increasing applied shear stress pushes neighboring particles together. This scenario has been
considered in more details in the wqfll34] and seems to not contradict to the macroscopic

picture of the WC frictional transition scenario. Nevertheless,alove hypotheses on the
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origins of the DST need to be checked by microscale measurements. The value of the critical
stressé, related to the polymer layer collapse can be evaluated by balancing the compressive
force stemming from the applied shear str@sd the repulsive steric force between compressed
brushes at critical distance between solid particle surfaces taken to be on the order of
equilibrium thickness of the neseformed polymer layer) N wé « « . This gives the following
scaling behaviof134]:

Y
A (= -1
e41 !

(3.1)

where G 61v Hsr’%5 is the thermal agitation energy at ambient temperatul@N
ravee ’%is the grafting density of the PEG brushes on the CC particle surfacedPi]
and @N wavAl is the average CC partichiameter [cfsection2.1.]. Evaluation givesé, L
1:sr® f; which is consistent with the order of magnitude of the critical stéggsf the DST

transition, (see Figure 3.1 for graphical definition&gj).

3.2 Thixotropic behavior

Experimental flow curves of the CC suspensions without fibers obtained from ascending
and descending branches of several (up to four) consequestrsings were analyzed. For the
sake of brevity, only the ascending branches of the first and the second stress ramps are shown
in Figure 3.2 for the CC suspension at volume fracfignL r & zmeasured in double helix
(Figure 3.2a) and platelate (Figure3.2b) geometries. Remarkably, the sigmodal shape of the
flow curve already disappears at the decreasing branch of the first stress ramp in double helix
geometry. After that, increasing and decreasing branches of the second stress ramp collapse on
the decrasing branch of the first ramp and distinguishable flow curve hysteresis is no longer
observed. The same data collapse without hysteresis is observed for the third and the fourth
stress ramps (not shown here). On the contrary, the sigmodal shape is pless# in
increasing and decreasing branches of the first, the second and subsequent (not shown here)
ramps in the platplate geometry but a noticeable and reproducible flow curve hysteresis is
observed for each ramp (Figure 3.2b).

Since evaporation, piacle sedimentation and sample expulsion are minimized in double helix
geometry, the change of the flow curve shape frofikéSto monotonous one could be
associated to the particle migration. In previous studie8|, the particle migration has been
qualitatively observed using a high torque rheometer with a large diameter double helix

geometry. Removing the double helix rotor from the flow cell, one observed dikelwaxial
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plug confined by the internal face thie double helix, while the rest of the suspension (situated
between the double helix rotor and cylinder) showed {liliel behavior. This observation
suggests the particle migration towards the cylinder axis, along the radial direction (shown by
arrows inFigure 2.10). The suspension experiences lowest shear rates in the central region of
the flow cell. Thus, our observation seems to be consistent with particle migration towards the
regions of small shear rates (and consequently smaller normal stresseg)gested both by
sheafrinduced and normadtress induced scenarifis3, 16] These migration mechanisms do

not contradict to the stres®ntrolled rheology or stressctivated percolated network of
particles, as long as the coaxial plug can rotatesmdid body together with the double helix

being subjected to lower stress levels than those expected in the gap between double helix and
external wall. The particle migration changes the concentration and local stress distributions in
the double helixgeod WU\ DQG WKLV FHUWDLQO\ DIIHFWV WKH 3HII
the torque versus rotational speed relationship) measured by the rheometer. However, without
direct access to concentration distribution and local rheological properties, it issilsipdo

predict how the effective flow curve changes as a consequence of particle migration.

Figure 32 Effect of the flow history on the shape of experimental flow curves of the isotropic shape particle (CC)
suspensions &C particle volume fraction 5 L r & zmeasured in mixer type (a) and plpiate (b) geometries.

All the reported flow curves correspond to the ascending branch of either the 1st'®sties ramp. Flow curves
obtained during the 1st ramp in both rheometric geometries are compared in figure (c).

Conservation of the -Shape of the flow curves in plaptate geometry remains poorly
understood. On the one hand, this can point out to irfisignt particle migration as typically
observed for noishear thickening suspensions in this specific geoné&®, 178] On the
other hand, the particle migration could likely induce unsteady locally oscillating vorticity

bands in platglate geometry111, 163] Such vorticity banding probably slows down the
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variation of particle concentration on the scale of the rheometer plate. However, only local

concentration measurements under shear can affirm or rule out the above hypotheses.

It is also noticeala that the flow curves measured in both geometries are mainly different in
the vicinity of the DST transition which occurs at higher critical shear rates in thepfdtae
geometry, as compared to double helix geometry, as is seen in Figure 3.2c wiea®ngc
branches of the first ramp are compared fgrL r& z However, below the DST transition
increasing branches of the first ramps of the flow curves seem to collapse for both geometries
within the statistical error of the measurements. These braochespond to the beginning of

the measurements when the particle concentration is expected to be roughly homogeneous. The

same conclusions hold for two other volume fractidgsL r & vand 0.66 exhibiting DST.

In what follows, we will consider the quatatiive effects of théibers on the rheology diber-
isotropic particles mixtures starting with the effect of fiber-to-particle diameter ratio. We

will consider only the results obtained in mixer type geometry (because thelpletgeometry
generates numerous artefacts in mixtures filitbrs tseesection 2.2.1in chapter 2 and using
either increasing branch of tHest stress ramp (to access thesi®&ped flow curves) or
increasing branch of the second ramp (to access monotonic flow curves not showing any

hysteresis).

3.3 Effect of fiber-to-particle diameter ratio

The effect of the ratic& @f thefiber diameter &to the CC particle diamete@can be
monitored by comparing the rheology of the mixtures containing PA or glass fibers of different
diameters but roughly similar aspect ratio, recalling that both are considered as rigid in the
considered s#iss range according to the evaluation of the effective stiffnesshapeer 2,
section2.1.3. Physically, the size rati& @ogether with thdiber volume fractioni yaffects
the average size of the pores formed by the fiber network. For the temexorientation states
of the fibers, the average distance between aligned fibers and the mean pore size of randomly

oriented fibers are both roughly equal to
D N—l/2 — 3.2

under the high aspect ratic]NP P 9 and low concentration? ; OO 9 limits [164, 165] At

the highesfiber volume fraction,1 L r &y for which the yield stress is still absent, the ratio
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D @f the average pore size to the CC patrticle diameter is on the order of 16 for PA fibers and

7 for the glass fibers.

The flow curves of the CC particlébers mixtures with addition of either PA or glass fibers

are presented in Figure 3.3 for the CC volume fractignL r & vand for different volume
fractions 1 (yof fibers (including O corresponding to the CC suspension without fithtbtack

curve). Firstly, the flow curves obtained from the ascending branches of the first (Figure 3.3a)
and second (Figure 3.3b) stress ramps are qualitatively similar to those alreatiydrapor
Figure 3.2a for the suspension without additiorfiloérs. Second, we observe that the flow
curves of the suspensions containing PA and glass fibers (respectively, red and blue curves in
Figure 3.3) are quite close to each other and the differexteeén them falls into the range of

the statistical error arising because of flow instability above DST transition. Sucfcqliagse

of flow curves for two types of rigid fibers at nearly similar average aspect fdtio\ yfor

PA and NL v rfor glass fbers) is also observed for other fiber volume fractions (not shown
here) and indicates that the DST behavior offlb€rs mixtures is not considerably affected by

the pore £to tparticle size ratio, at least in the rangeD D @O s x This result does not
support the hypothesis of Cwalina et[dll6] that the shear thickening enhancement by addition

of large particles to a shear thickening matrix composed of small particles comes in part from
the confinement of small particles in the space between the targe. Quantitatively,
numerical simulations of Bian et al.66] predict a mild enhancement of shear thickening at

D @L sx(.; L zin their paper) but a substantial enhancemerd &L z as inferred from
Figure 5 of their paper. This is apparently notdhse for our system because the hydrocluster

model employed in their simulations is likely less relevant for the DST behavior of our system.
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Figure 33 Effect of the ratio& @f fiber £to CC particle diameter on the experimental flow curves of mixtures

of isotropiecshaped (CC) particles and PA fibers (red curves) or glass fibers (blue curves) measured in mixer type
geometry for CC particle volume fractidrny L r & vand at different fier volume fractiond  The & @atio is

3.1 for PA fibers and 1.4 for glass fibers. Figures (a) and (b) correspond to the ascending branch of the flow curve
during the 1st and the 2nd stress ramps, respectively. The black curves on both grapbgretdiav curves of

CC suspensions withofibers.

Since both types of fibers with different size ratios give quantitatively similar behavior, in what
follows, we rule out the confinement effects induced by additidibefs and, unless otherwise

specifed, focus our attention on the behavior of suspensions containing PA fibers.

3.4 Effect of fibers concentration

The flow curves of the C®A mixtures measured in double helix geometry are shown
in Figure 3.4 for three CC volume fractiofigand for the ascending branch of the first stress
ramp. For the sake of completeness, the flow curves for the second stipss the CCPA
fiber mixtures are presented in Figure 3.11, while the flow curves for the both ramps on CC
glass fiber mixturesxin Figure 3.12 in Appendix F. Thick solid black lines represent
predictions of the reduced shear rate (left column in Fi§ueand the homogenization (right
column in Figure 3.4) models that will be presentesktion3.6. Extensive discussion on the
degree of agreement between the models and experiments will also be pressutohid.6.

As is seen in Figure 3.4, thie curves shift to the left with increasing fiber concentration. As
a consequence, the critical shear rgg®f the DST transition is progressively shifted to lower
values, while the critical shear stre&s(see Figure 3.1 for definition of botgand &) remains
roughly constant up to fiber volume fractiofg, L r @t but increases significantly &t L
rét for all CC concentration$ 5. The flow curve and(shift to lower shear rates points out
to enhanced energy dissipation with addition offthers. As stated in chapter 1, the addition

of fibers increases the viscosity of the @Ber mixture, therefore, the shear rate to reach the
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critical stress of DST becomes lower, provided that thesstis nearly independent of fiteer

volume fraction afi ;; O r d@t. This shift can also be interpreted in terms of local shear rates, as
specified below, keeping in mind that both interpretations are essentially similar and consistent
with thestresscontolled rheology. In fact, at the fixed shear stress, the local sheatBaig

the shear thickening matrix betwefipers is by definition higher than the global shear rébe
(measured by the rheometer through the rotational speed of the douwbl®di@l The global

shear rate in the G@iber mixture is consequently lower than in the CC suspension without
fibers at the same applied stress. Applied to the DST threshold, this reasoning stipulates that, if
the DST occurs at the same shear stres$ (aD r d@t), it should be shifted to lower global
shear rates. A variation of the critical stress iltler concentration afi ; P r & t, does not
change this qualitative conclusion. The quantitative dependencies of the critical shear rate and
shear stressmothefibers concentration will be analyzed in detaikattion 3.6in comparison

with the models.

The increasing branch of the second stress ramp (Figure 3.11) gives oscillating but, in average,
monotonous flow curves in agreement with the findingseofion3.2 Again, the flow curves

are shifted to the left when tligers concentration increases. Despite an average monotonic
increase of these flow curves, they seem to become very steep at the applied stress on the order
of é L srr f, and the slopaeicreases with thigber concentration. It is therefore important to

check whether or not the suspension stress will diverge at some critical shear rate in rheological
experiments conducted at controlled shear rate at the second shear rate ramp. Int@dgition

the definition of the critical shear ratgand critical shear stresiof the DST at the controlled

stress experiment (Figure 3.1) is sometimes subjected to uncertainties related to intermittent
oscillations of the flow curve below the poinhere the sign of the flow curve slope changes

to negative. It is therefore desirable to get a supplementary definitiggaofl &sin controlled

rate experiments. These two aspects impose a separate study of the rheological response in

controlledrate mode.




Chapter3 Drag flows of spherdéiber mixtures in a mixetype geometry

Figure 34 Effect of the fiber volume fraction on the flow curves of the mixtures of isotrsipaped (CC) particles

and PA fibers measured in the mixer type geometry for the ascending branch of the 1st stress ramp at different CC
volume fractions. The first, thes@nd and the third rows correspond to the CC volume fradtijporl. r & var & x

and r & z respectively. Experimental flow curves on the left and right columns are identical for each row.
Simulated flow curves using RSR andnkbdel and assuming isotropic fiberientation {#;55¢L S S Ware

plotted on the left and right columns, respectively. Thin dashed color curves correspond to experimental flow
curves; thick solid black lines to predictions of both modsadstjon 3.6], thick solid green lineto cubic sphe

interpolation of the experimental flow curve ayLr /DEHOV 3DSSDUHQW ™ LQ WKH WLWOHYV
reported shear rate and shear stress values stem from approximate rheometric conversions of the raw rheological
data fhapter 2, section 2.2.2A]
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3.5 Controlled-rate versus controlledstress response

Figure 3.5 compares the flow curves measured at applied shear stress (red curves) and
applied shear rate (blue curves) for the suspensions containing PA fibers at volume fraction
Ty L rdtand CC particles at volume fractidry L r & vor r & z First of all the rheological
response stemming from the first and the second shear rate ramp (respectively left and right
columns of Figure 3.5) are qualitatively similar and holds for subsequent ramps (not shown
here). In particular, starting from some critical shede, the mixture exhibits either strong
shear stress oscillatiofat 15 L r & v Figures 3.5(a,b) or an abrupt increase above the value
of 3000 Pa at which the rheometer was ordered to stop the measuremepgts (e z Figure
3.5¢d). Both these behaviors point out to the DST transition in thecoatiolled mode
observed for the first and the sad shear rate ramps. Notice that the contreaitdd
experiments allowed only ascending branch of the flow curve because strong stress oscillations
above the DST transition caused the rheometer to stop once the maximal allowable stress of
3000 Pa was aockved.
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Figure 35 Effect of the rheometric mode (stresw ratecontrolled) on the experimental flow curves of the
mixtures of isotropic (CC) particles and PA fibers measured in the mixer type geometry for PA volume fraction
Ty L ratand for the CC particle volume fractidry L r & \(a, b) andr & Zc, d). The left and the right columns

of figures correspond to the ascending branches of the flow curve during dinel the 2 stress or rate ramps,
respectively. The insetsiceach graph show the flow curves in extended stress scale. The arrows in (a) and (c)
show the definition of the critical shear rate and critical shear stress for theondtelled mode.

We define the critical shear rat@and the critical shear stegsfor the straircontrolled mode

at the point of the first abrupt increase of the shear stress (see arrowsres Big§a and 5c),
while (§and é&sfor the stress controlled mode are defined, as previously, at the point of the
change of the sign of the flow curve slope (see arrows in Figure 3.1). Interestingly, the flow
curves measured in the stress eatdcontrolledmodes coincide at low shear sséshear rates,
below the DST transition, while the critical valuésand Ugseem to rather weakly depend on
whether the stress or the rate are imposed. A quantitative analysis of the &gdmels(as
function of CC and fiber concentrations Mille presented isection 3.6. At this point, it is
important to stress that the Anton Paar Physica MCR 301 rheometer is unable to reliably control
the shear rate at fast dynamics of the samples. This results-terimal fluctuations of the
shear stresabove DST, as observed in inset&iglres 5(ab). Even though the stress values
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above the DST cannot be considered safely, the onset of the DST transition is still reliably

measured in thstraincontrolledmode.

3.6 Reduced shear rate versus homogenizat approach. Comparison with
experiments
On the basis of the main experimental findingseation3.3andsection 3.4 we can now
develop models allowing a better and more quantitative understanding of the effect of fiber
concentration on the DST transition of the mixture$ilwérs with isotropic shaped particles.
The objective of the models is to predict the flow cur/éhe CGfiber mixtures on the basis

of the experimental flow curves for the CC suspensions wiffitwers.

Assuming a perfect scale separation between CC pasditteBberswe consider that tHéers

are dispersed in a shear thickening mattbaqueus CC suspensiorx considered as a

continuum with the rheology independent of the presencibefs. Independence (within

statistical errors) of the flow curves on fileer o particle diameter rati& @s an argument

in favor of the scale sepdi@n hypothesis, which however will be revisitedsattion3.7 in

conjunction to the jamming behavior. This hypothesis allows us to adapt the reduced shear rate

(RSR) approach of Ohl and Gleis§ld 4] and the homogenization (H) approach of Chateau et

al. [158], both developed for hard spheres dispersed in aNawvtonian solvent. Both

approaches employ essentially similar basic idea that the addition of particles te a non

Newtonian matrix induces highdocal shear rates in the matrix at the same stress, and,

consequently lower global shear rates in the suspension. Both models determine the local shear

rate as function of the relative viscosif:1 ; of a suspension of the same solid particles but

dispersed in a Newtonian matrix at a given volume fractiiomhe models mainly differ in the

way how these relationships are postulated. Furthermore, in the present casdiludrCC

mixtures, the relative shear viscosity is the function of both volumednatt,and orientation

of fibers, described by the shear componéhys s of the fourthorder orientation tensor
VXEVFULSWYV 3" DQG 3 VWDQG IRU GLUHFWLRQV DORQJ

qguantity #s ¢ 5 is hereinafter called the orietitan parameter.

The RSRPRGHO UHODWHYV WKH JORED (Bé; rPtReFsudpansionSd.thé VKHD
SUHGXFHG® VKHDU Um&yH & W K;HhréuphAalptoportionality factor

(shift factor) is simply equal to the relative viscogit{4]:

. B
CBe: L——2— (3.3)
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The Hmodel relates(Bé; to (5:é; through the condition that the energy dissipation in the
whole suspension is equal to the energy dissipation in the suspending [ia®iix This
approach initially developed for the ratentrolled rheology is adapted to the present case of
the stresgontrolled rheology. The details of derivation are provided in Appendix A, and the

model predicts the following relationship:

o 57 x
é; L Lﬁierséb@T_N___; (3.4)

Y-

5)

&rad (3.5)

¥:5? [ v oRA--

where éz ¢s the local root mean square (RMS) shear stress in the suspending matrix, which is
different form the macroscopic stregsapplied to the suspension boundaries because the
applied stress is not uniformly distributed between the solid phase aogsistigidfibers and

the suspending matrix. The principal difference betwéggpgnd €is discussed in detail in
Appendix. G.The definition of the local shear stress is exact iffihers are dispersed in a
Newtonian matrix. Therefore, it is agximately valid for the C@&ibers mixtures below the
critical stress of the DST transition, i.e.&@Q &3 where the matrix (pure CC suspension) shows
approximately Newtonian behavior, as inferred from Figure 3.1. However, as shown in
Appendix B, equatio (3.5) remains approximately valid for the shear thickening matrix even

above the DST transition, @& P éswhere the flow curve becomes nearly vertical.

The relative viscosityi : T y&;s g 5 50f the suspension @ibers dispersed in a Newtonian matrix
(glycerol) was measured in the double helix geometry [Appendix A, Figure 3.9]. The
concentration behavior ofyy agrees relatively well with the phenomenological equation of
PhanThien and Grahail67] [Eq. (3.14)] withow adjustable parameters and with the fiber
orientation nearly aligned with the flow and corresponding to the orientation para#éégedN

rdas sas evaluated by Leal and Hinch modé8] [Eq. (3.15)].

The flow curves of C@iber mixtures can be corsicted in parametric form (6&; &; using

Eq. (3.3) for the RSRnodel and Eg. (3.4) for the-Bpproach. To plot the flow curves predicted

by the RSR model, we proceed as follows. Firstly, we smooth the fluctuations of the
experimental flow curves of tHeC suspensionsi y L r;shown in Figure 3.1 using a median
smoothing algorithm. Then, we interpolate the smoothed data by a continuous fuigctén
using a cubic spline interpolation. Finally, we inséfi:&; to Eq. (3.3) that allows us to

construt theoretical flow curves of G@ber mixtures on the basis of an experimental flow
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curve of the CC suspension withdilers. A similar procedure is used for thenkbdel, except
that the argumenéin the interpolated functio : &; should be replaceoly &; 5 fEq. (3.5)] in

order to get a continuous functidg : &; 5 s which is used in Eq. (3.4).

As an example, in Figure 3.6, we plot experimental and computed flow curves (olfitamed
the ascending branch of the first stress ramp) of th&&@nixture at the CC volume fraction

15 L r&xand thefiber volume fractioni; L rat. The predictions of the RSRind H

models are presented in Figures@,6) respectively. In both figures, the thin dashed red curve
represents experimental flow curve of the CC suspension witibeut at 75 L r & xand the

thick black curve is its cubic spline interpolation. The thin dashed blue curve represents the
experimenthflow curve of the CEfiber mixture, while the thick solid red curve corresponds

to the prediction of both models. The simulated flow curves appear to be far from the
experimental ones but relatively close to the flow curve of the shear thickening mhtsix.
indicates that in the present form, both models strongly underestimate the viscous dissipation

in the CGfiber mixture.

Figure 36 Comparison of experimental (thin dashed blue line) and simulated (thick solid red, blue and green lines)

flow curves of the mixtures of isotropic (CC) particles and PA fibers for the ascending branch of the 1st stress

ramp in the mixer type geometry foARolume fractioni ; L r &t and for the CC particle volume fractidny L

r & x The predictions of the RSRnd HPRGHOV DUH SUHVHQWHG LQ D DQG E UHVSH
3,VR DQG 3&%$" LQ WKH ILIXUH OHJHQ @ne¢dwdhQhe floR @5 My K iHa Ll3F&htdorR UL HQ W D\
(#5656 S s Wand aligned along the compression axig {5 L S \), respectively. Thin dashed red and thick

black solid curves are respectively experimental flow cunigat r* RKH; L r& x “vol and its cubispline

interpolation. The shaded region in (a) and (b) corresponds to the domain between the lower and upper bounds of

the prediction of each model.

The most intuitive reason for this discrepancy is that the orientation distributionfifetfsein
the dearthickening matrix is likely very different from the nearly aligned state observed in the

Newtonian matrix (like in our experiments with PA fibers suspended in glycerol, cf. Figure 3.9)
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and described by Eqg. (3.15). It is highly possihigt the formation of transient clusters of CC

particles below DST and the flow instability above DST strongly affect fiber dynamics and
induce more isotropic fiber orientation. In the same vein, the network of frictional contacts
between CC particles camake thdibers aligned along the main axis of this network, which is

the compression axis of the shear flow, making the afglevwith the flow direction[57].

The orientation parametef;s g5 gdakes the following values for these two particular cases:

#AZA s swand #556L S \ where superscripté+ Qond #% 8VWDQG IRU 3LVRWUR S
SFRPSUHVVLRQ D[LV" 7KH RULHQWDWLRQ VWDWH DORQJ \
denoted by CAorientation for brevity.

To take into account a gect orientation distribution dfbers in sheathickening matrix, an
appropriate value of#s¢5eshould be used in Eq. (3.14) for thelative viscosity [ L

B:T y&#s5 656 While computing the Cdiber flow curve. The simulated flow curves of the CC
fibermixture corresponding to both isotropic and CA orientatiditbefs are added to Figures.

3.6a and 3.6b by thick solid blue and green lines, respectively. Theafigmed orientation
provides the lowest relative viscosify and predicts the smablt shift of the flow curve with
addition offibers (thick solid red line), while the GArientation provides the highest relative
viscosity and the largest flow curve shift (thick solid green line). If the models are correct, the
experimental flow curvetljin dashed blue line) should fit into the shaded space between lower
and upper bounds of the models corresponding to the two limiting simulated flow curves. This
is the case for the RSRodel but not completely true for the-raiodel (for which the
experimatal flow curve leaves the shaded region at intermediate stresses), at least for the
particular set of volume fractionsi 5 L r& xand 1 L r&t) of the data presented in Figure

3.6.

To ensure the best agreement between the models and experiments, it would be possible to fit
the experimental flow curves by adjusting the orientation parantetgsgalues in Eq. (3.14)

for the relative viscosityl3: 1 &#s5¢55 However, we prefer coparing experimental flow

curves with the model flow curves all calculated for a single fixed and physically relevant value
of the orientation parameter#sgsel #égeséGL s sw corresponding to random fiber
orientation, without necessity of any adjustaparameter. All the experimental flow curves of

the CGPA fiber mixtures shown in Figure 3.4 and Figure 3.11 are compared with the simulated
ones (solid black lines), using the R&#del (left columns) and the-kodel (right columns).

Thick solid green hes fitted to the experimental black flow curves of pure CC suspensions
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stand for the cubic spline interpolation. The qualitative difference between predictions of both
models is that the RSRodel leads to the same critical shear stress of the DST iwansit
independently of the volume fraction fidbers, which is mainly supported by experiments for

fiber volume fractions up to 0.02. In general, the RB8&Jel agrees better with experiments

than the Hmodel ati; Qrat. However, at higher volume fractipi ; L r & uit fails to

predict substantial increase of the critical shear stress with respect to the one of the shear
thickening matrix, while the Hnodel capture this increase, at least qualitatively. Furthermore,

at each particle andiber concentration, the Hmodel provides better prediction of the

monotonously growing flow curves measured at tHestess ramp [Figure 3.11].

Let us now focus on the critical values of the shear stress and shear rate at the DST transition.
Let &y and (g, *critical shear stress and shear rate of the CC suspension witherat The

critical value of (gfor both models is obtained from Egs. (3.3) and (3.4) by repladig (&

and (pby (B, The critical shear stress for the R8Rdel is equal to that tfie shear thickening

matrix, since this model postulates only a horizontal shift of the flow curves. The critical shear
stress for the Hnodel is obtained from Eq. (3.5) by expressing the appmlefal stress
éthrough the local streséz ; @nd then replacinggz 3 8y €x and éby &y The final set of

expressions covering both models read:

ALJC& Re:l g gs6a IRU 5BRGHO .

‘6 BY SFiy, Relodsesed IRURMRGHO (3:6)
By IRU 5BRGHO

oL 3 (3.7)

b Jéc")4¥ZSFT0;f%:TUé#565éé IRUPRGHO

Thus, using the last two equations, the valuegsaind Uscan be calculated as function of the
fiber volume fraction1 ;using experimental values d&, and (g, obtained from controlled
stress gection 3.1 or controlled straindection3.4] experiments on pure CC suspensions for a
given CC volume fractiorf 5. Simulated and experimental dependendigs (; and &x:1 ;

are shown in Figures 3&b) respectively. Triangles and squares correspond to experimental
values on CEPA susperisns measured for the ascending branch of fheafinp in stress
controlled mode [Figure 3.4] and straiantrolled mode [Figure 3.5], respectively. Continuous
and dashed black lines correspond to the prediction of the &&RHmodels, respectively,

for a single value of the orientation parametggs ¢l #égeséGL s swcorresponding to the

isotropicfiber orientation.
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Firstly, a relatively good agreement, within the experimental statistical errors, is observed
between two experimental modes of definitafrthe critical valuesésand (§ Secondly, the

RSR and Hmodels give reasonable agreement with experimental values of the critical shear
rate. The RSRnodel systematically underestimates experimekfialues and the hodel
overestimates them. Adready mentioned, the RSRodel reproduces the independence of the
critical stress on the fiber volume fraction af; Qréat, while the Hmodel predicts a
continuous growth oféswith 1 because it differentiate the average stress in the suspending
matrix (local stres$; 5)from the macroscopic applied stredand shifts the flow curves both
vertically and horizontally, as clearly seen on the right column of Figure 3.4. Howleiger
trend reverses at the highest considered fiber volume fradtiph réu for which the
experimental values ofsare noticeably larger that the corresponding vakggs the absence

of fibers. The Hmodel seems to follow this increase, while thdRRfBodel is unable to capture

it. The discrepancy between experiments and RR®eel becomes more dramatic at higher
volume fractions,1 ¢ P réu for which we observe the behaviors qualitatively different from
those reported above. They cannot be reprodatal by the RSRnodel and need a separate

analysis.

Figure 37 Simulated and experimental dependencies of the critical shear rate (a) and the critical shear stress (b)
of the DST transition on thier volume fraction. Experimental data are drawn from the ascending branch of the
1st ramp of CEPA mixtures, measureith stress controlled (triangles) and strain controlled (squares) modes.
Continuous and dashed black lines correspond to the prediction of theaR&Rmodels, respectively, for the
isotropic orientation distribution in all mixtures#{¢s¢L S sW The eror bars correspond to the standard
deviation of a few measurements realized for each given valigarid 7




Chapter3 Drag flows of spherdéiber mixtures in a mixetype geometry

3.7 Jamming behavior

Experimental flow curves of the GRA mixtures at fiber volume fractioiny L r@auw
and at different CC particle volume fractioig are shown in Figure 3.8a for the ascending
branch of the % (thin lines) and the™ (thick lines) stress ramps. During thiéramp, the flow
curves show decreasing slope with increasing stress resmhigca shear thinning behavior
(except fori 5 L r& 3, followed by an increasing slope with oscillations (shear thickening).
The 29 ramp is characterized by a threshold stress below which the mixture does not flow,
referred to as a yield stress, andsiypnger fluctuations above the yield stress as compared to
the flow curve fluctuations of thes'Iramp. The subsequent stress ramps show the similar
behavior to that of the"®ramp. As stated isection3.2, the difference in behaviors of th& 1
and the2"9stress ramps could be attributed to CC particle migration which changes the rheology
on local scale. Notice that, at the fiber volume fraction abigyeR r &\, it was impossible to
make the CE&PA mixtures flow below the maximal achievable stres$& urrr fin our
experiments with mixer type geometry. This indicates a jamming transition of tHeACC
mixtures at a critical fiber concentratiofiy N rav independent of the CC particle
concentration within the range& vQ 15 Q r & zat which the shear thiening matrix (CC
suspension alone) exhibits the DST transition. It is therefore believed that the combination of
the yield stress and shear thickening gtL r & u weflects a transient behavior between purely
shear thickening behavior &ty Q r & uand jamming behavior @ty R r & v Notice that the
WHUP 3MDPPLQJ WUDQVLWLRQ " VKRXOG QRW EH FRQIRXQG
first one is hereinafter agwed to the liquiesolid transition at any small applied stress for
particle concentrations near the compaction limit, while the second one is related to the liquid
solid transition above some naero critical stress at concentrations that can be welhhe

compaction limit.
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Figure 38 Experimental flow curves of the GBA mixtures at fiber volume fractiony L r & u vand at different

CC particle volume fractions 5 for the ascending branch of th&(thin lines) and the™ (thick lines) stress ramps

(a). To explain jamming behavior of the @Ber mixtures at thdiber volumefractions 1 R r & v a hypothetical

flow curve of the C&fiber mixture is schematically presented in (b) by a solid line.fidve curve of the pure CC
suspension at the same CC volume fraction is schematically presented by a dashed line in (b). The critical shear
rate (§n the concentrated GBA mixture is evaluated to be much lower than thigt,in the pure CC suspensio

while the yield stres$y[Eq. (3.27)] of the CEPA mixture is related to a specific value of the local stress in the

gap between fibers, tentatively assigned to the upper critical &testhe DST transition in pure CC suspension.

At this point, we try to find a physical mechanism for the jamming behaviog & r & v First,

the jamming in a bimodal mixture of particles can simply occur due to a compaction limit
imposed by geometrical constraints. Second, since the perfect sgatatem between CC
particles and PA fibers is not really fulfilled (even though confinement effects seem to be ruled
out *cf. section 3.3, the jamming could arise as a result of excluded volume effects, as
suggested by Madraki et al.13] for bidisperg mixtures of spheres. These two effects are
analyzed in detail in Appendix C. It is shown that the two scenarios predict that the jamming of
the mixture strongly depends both on the particle volume fradtipsmnd on the fiber volume
fraction T i while in experiments it only depends ©gand independent off 3 within the range
r&vQ 15 Qr&zThe jamming scenario respecting this experimental condition is related to
the percolation threshold of the fiber network, which, to the first approximaierpected to

be independent of 5

In more detail, when the fiber concentration achieves the percolation thréshgldhe force
applied at the boundary is transmitted through the small gaps befitvexsn(filled with shear
thickening matrix). Due to small effective volumes of these gaps, and their small density in the
suspensions dibers as compared to spheres, tbeal stress in these gaps is expected to be
much higher than the global (macroscopic) applied stress, as typically observed for the force
chains in granular medja69]. Consequently, the shear thickening matrix can undergo the DST

transition locally neathe contact points at very small critical values of the global shear stress
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ésand the global shear ratgthat are probably close to zero, as shown schematically on Figure
3.8b. At € P &y N r, extremely strong local viscosity of the shear thickenirdriz between
contact points solidifies the percolated fiber network, which hinders any flow. To fluidize the
bridges between fibers and therefore to make the mixture flow, the stress level in shear
thickening matrix near the intdiber contacts should &ast overcome the upper critical stress

of the DST, &7 which is the upper stress value corresponding to the critical shed§fatehe

shear thickening matrix [Figure 3.8b]. Thus, for the flow onset, one has to apply some
(presumably high) globadtress &5 (which can be considered as an apparent yield stress)
corresponding to the local stress! Below percolation threshold] y; O 7T 542adhe fiber
network does not span the rheometer gap facilitating the flow of the shear thickening matrix,
while above the percolation thresholidy P 1 5 g 5 ghe fiber network is solidified by the shear

thickening matrix leading to the jamming.

Evaluations of the percolation threshald 4 sand of the stress levelg; éyare presented in
Appendx D. Firstly, our experimental value of the jamming thresholgN r & vfits to the
predicted percolation threshold intervaiswQ 1 543 & r & s wSecondly, the RSiRodel

does not differentiate the local and macroscopic stresses and pigict8” é; L &y and the
values of (ggoing up toz V®at T ¢ L r &V, thus it cannot capture jamming behaviori gt L

r & v On the contrary, thedmodel is successfully extended to the case when the local stress is
mainly concentrated within the gaps between fibers. Thirdly, the modifieddel shows that

the critical shear rate and critical shear stress of the DST vang irangesr &v O (§Oray
V5and r& O &y O s& 3 Within the range of CC volume fractiomsx vQ T 5 Qr & zand at

PA volume fractioni ;j L r & v At such small values of the lower bound of the jammed state,
the mixture behaves as a solid with the apparent gieéss éyestimated to be abouww™ of

the upper critical stresé”of the DST in the CC matrixés N r & we" Unfortunately, we do not
have access to experimental values28fFigure 3.8b] because in most of the cases, the shear
rate does not overate the critical value(g, at the maximal achievable stre8sL urrr f.

Using a high torque rheomeféi70] it has been shown that the stress jump at the DST transition

can achieve the values on the order of55 9 p. If S0, the apparent yield stress can easily

2The upper DST threshold in the flows with free surface is usually defined through a capillary stresg jeshin
microparticles through the fluid/air interface, as will be explained in chapter 5. However, in the present case of
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reach the values above the maximal achievable stress of the Anton Paar rhe@mé&ter:
urrr f Detailed experimental and theoretical studies on the mixture behavior near the fiber

percolation threshold are néiged to confirm the above stated trends.

3.8 Conclusion

In this chapter, we have studied the effect of fibers on the DST transition in the
mixtures of isotropieshaped CC particles and rigid (PA or gldgsgrs The chosen mixer type
rheometric geometry provides only approximate conversions of the raw rheological data (torque
and angular speed) to the shear stress and the shear rate; both latter quantities are considered as
apparent. The mixtures are preparedrbying thefibers at a desired volume fractidnywith
the shear thickening matrix, which presents the suspension of rsizexh CC particles
dispersed in water at a volume fractidbgand coated by a polymer brush of superplasticizer
molecules. Th®ST behavior of the matrix is observed at CC volume fractiopnsR r & vand
is accompanied by irregular oscillations of the shear rate above the critical applied shear
stress,éy. The DST in the considered matrix is believed to be governed by the tionpe
between the applied stress and the repulsive steric forces of the compressed polymer brushes.
In mixer type rheometric geometry, the matrix exhibits thixotropic behavior manifested through
evolution of the flow curve shape from thdil& to monotoous one likely due to CC particle
migration towards the axis of symmetry of the mixer type geometry. Nevertheless, irregular

shear rate oscillations persist even on monotonous branches of the flow curve.

The effect of the addition of rigifibers to the shear thickening matrix can be summarized as

follows:

1. Within the concentration rangeds Q1 Qrauy the CCfibers mixtures exhibit
gualitatively similar rheological behavior as pure CC suspensiosldfeof the flow curve,
irregular oscillations, thixotropy). However, the DST is shifted to lower values of the critical
shear ratel§ while the critical shear stresggremains essentially the sameiag Q r & t. This
effect is explained by the fact thiie addition ofibers increases the viscosity of the @er
mixture, therefore, the shear rate to reach the critical stress of DST decreases. Such behavior is
satisfactorily reproduced by the reduced shear rate (RSR) approach of Ohl and Gleigsle

At thefiber volume fraction,T L réuy the critical shear stress exhibits a noticeable increase

local DST transition in the vicinity of fib@per contact there is no really free surface through which the particles
wouldtend to escape, so the definition of the upper DST threshold from physical grounds remains complicated
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with respect to its value for the shear thickening matrix. This effect seems to be correctly
reproduced by the homogenization (H) approach of Chateau[&ba].adapted here for the
stresscontrolled rheology. However, more experimental points in the vicinity of the volume
fraction 1 y L r d@ uneed to be compared with the predictions of thadtlel in order to confirm
its performance. The 4hodel distinguishe the average local stress in the shear thickening
matrix from the macroscopic shear stress applied on the suspension boundaries.

2. At higher concentrations dibers, 1 L r & u wthe behavior of the G@iber mixtures
qualitatively changes and a yield stre§g N tr 3 Dappears at the descending branch of the 1
stress ramp and persists during ascending and descending branches of subsequent ramps. At

Ty L ray the suspension is completely blocked and no any distinguishable shear was detected
until the uppestress limit,é L urrr f of the rheometer. These behaviors (yielding gtL
rduwand complete jamming ai y L r&\) are independent of the volume fraction of
isotropiecshaped particles within the rangex vQ i 5 Q r & z where the matrix exhibits the
DST. At such circumstances, the jamming is expected to arise at the percolation threshold of
the fiber network,T gy L Tsgadvith r& NQTs5a& | EX W&y Nax & wcf. Appendix D],
nearly independent of the CC ceamdration 75 At percolation, any distinguishable global
motion of the mixture is expected to lead to the levels of the local stress sufficient to produce
DST localized in the vicinity of the contacts between fibers, thus solidifying the percolated fiber
network. This idea is qualitatively supported by modifiednddel, assuming that viscous
dissipation mostly occurs in the vicinity of the contacts, while the-R®Rel fails to capture
jamming. Similar jamming behavior could be anticipated in bidispergtiras of spherical
particles at the percolation threshold of large sphergs; ¢ay & yv However, the percolation
network of spheres is likely more fragile than that of fibers because the network of spheres
could be more or less easily layered by #pplied stress.

3. Comparing predictive capabilities of the RSR and thedtlels, it can be summarized
that for the 1 stress ramp, the RSiRodel gives much better predictions at fiber volume
fractions well below the percolation threshold of the fibetwork, and the Hnodel performs
much better near the percolation threshold. For tffe aAd subsequent stress ramps
characterized by monotonous flow curves, thmbtlel gives closer predictions to experiments
in the wholestudied range diber volume fiactions. We believe that the predictive capability
of the Hmodel can be further improved by interpolating between two proposed definitions of

the local stress [Egs. (3.5) and (3.25)] at two different scales. However, we have to bear in mind
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that none ofltese definitions, nor their combinatimexact because of complex rheology of
the shear thickening matrix.

4. It is difficult to conclude about the role of the fiber orientation without being able to
control and visualize it. The floomduced orientation ahthe DST behavior are expected to
mutually affect each other. At this stage, on the basis of two proposed models, it can be
anticipated that the critical shear rate of DST can vary in a wide interval depending on the
orientation parametet ¢ 5,6as longas the later strongly affects the relative viscosity of the
mixture. All the calculations in the present work were conducted for the random orientation
state, ensuring semguantitative agreement with experiments without adjustable parameters.

5. Within statstical measurement errors and within the rasgeQ & @Q ud thefiber-
to-particle diameter ratioc @eems not to affect the rheological response of the mixtures at
nearly similar aspect ratio of PANN v y;and glass. NN v r; fibers. This allows us to rule out
possible scenario of the DST enhancement by confinement of CC particles within the pores

formedby the fiber network as the fiber volume fraction increases, as suggegtéd]in

From the practical point of view, we have learned about physical limitations of the
fluidity in bimodal mixtures. On the basis of the obtained results, standard ratibe of
isotropicshaped particles and fibers in cementitious composites could be revisited. In
perspective, sheanduced microstructure of the considered bimodal mixtures has to be
extensively studied through-»y microtomography and particle level simutats. This will
allow assessing the real fiber orientation distribution in shear thickening matrix, the spatial
distribution of the contact network between isotreghi@ped particles and will allow checking
the percolatiordriven jamming scenario on the ernoscopic scale.

3.9 Appendices

Appendix A. Homogenization approach for the stresgontrolled rheology

According to the original work of Chateau et[a58], the suspension viscositfy: (Bis
assumed to be a product of the fidewtonian matrix viscosity3, : (p; staken at some local
shear rate(p; @nd the relative viscosity?:1 ; of a suspension of the considered particles
dispersed in a Newtonian solvent at particle volumetifsa 7. In our case of the stress
controlled rheology, the shelrickening matrix viscosity should be taken at a local shear stress

& s,dVhich results in

B:&; L R &agd:Tu; (3.8)
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where %:1 (y;is the relative viscosity of a sumpsion of fibers dispersed in a Newtonian solvent

at a given volume fractiof

By analogy with (§; @efined in[158, 171] the local shear stres 5 gan be evaluated as a root
mean square (RMS) stress arising in a Newtonian solvent wheartigepsuspensiorfibers
dispersed in a Newtonian solvent) is subjected to flow of a given shear field. For the sake of
simplicity, we assume a simple shear flow at a global shear(e a global applied shear
stressé and suppose that the interactions betwdsns are solely defined by the rheology of

the suspending matrix, while direct contact interactions betviibens are absent. As a
consequence, the energy dissipation mole volume8 of the suspension is equal to the

viscous dissipation in the volum®& of the Newtonian matrix, or rather:

eB L1 iy & \6@ 8 (3.9)
where subscriptE @Glenote the components of the local stress and the Hateebf-strain
tensors along the coordinate axes s& ailand GL s & The global and local shear ratds
and (§pin a Newtonian suspensionfidfers can be related to the corresponding streéses

& pthrough the following obvious formulas:

BL—L——a B 6@—" Leon AL 20 (3.10)

e LY R

where [y and - L [ %:7; are viscosities of the Newtonian solvent and the Newtonian

suspension dibers, respectively. Substituting Eq. (3.10) into Eq. (3.9), and dividing, bye

get the following equation:

L

I_ST . _2% @&M (3.11)

;YN

which gives us the final expression for the local (RMI$9ar stress, as follows:
(3.12)

where we have used the following relationsh: 8 L s F 1,

By putting the global shear stress in Eq. (3.12) equa 1o ISCCH_ R, Rs: 7 o; Was inferred

from Eq. (3.10)), we easily check that the local RMS shear stress redugestoR, (§; avith
the local RMS shear rate given by the follownetationship derived ifiL71]:

Bad BR:Ty; SF1g; (3.13)
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Thus, as expected, we obtain the local shear rate larger that the glob&jgge (6 However,
according to Eq. (3.12), the local stress is lower than the global @&@ne €. This can be
explained by the fact that viscosif§ appears to increase stronger with the volume fraction
i yof fibers than the local shear rat@,such thaté; s d- R Badf o; O € L R :Ty; iBNotice
that the tendency reverses for the local shear stress defined on the scale of tigasnall

between fibers in the vicinity of their contact poin&g;; s c 6 B £[cf. Eq. (3.25)].

The relative viscosityf : 1 y; of the suspension dibers dispersed in a Newtonian matrix can
be found both experimentally and theoretically. To thippse, using the mixéype geometry,

we have measured the viscositlf;, of the suspension of PAbers dispersed at different
volume fractionsi y in a glycerol: 3, L t& s fue;. In the range of the applied stresséd.

r Fsrr f, both glycerol and glycerdiber suspensions exhibited a Newtonian behavior and
the concentration dependency of the relative viscoBifyi y; L [&::1y; Ry is reported in

Figure 3.9.

Figure 39 Relative viscosity[}0f the suspension of PA fibers dispersed in a Newtonian solvent (glycerin) as
function of the fiber volume fractiofi ;, Points correspond to the experiment using in the mixer type geometry,
solid lines to the predictions of Pharhien & Graham model [E(3.14)] and Batchelanodel.

The experimental data were well described by the phenomenological equation -dfhirdran

and Grahanil67] without adjustable parameters:

- A 6?7 N Re U
B:Ty; LSEtigE :';? NNN;? e N#s5656 (3.14)

where BAAN L :sEr&wW: :sF saw: E s&w¥is a correction factor in the slender body

theory of Batchelof172]; YL s ZstN; 755 L w& Nis the maximum packing fraction of

fibers taken at the upper concentration limit of granular suspensiiveds [12]; #5¢ 5 ¢S the
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orientation parameter, whose value is taken from the seminal work of Leal and[Hig¢h
predicting the fiber orientation distribution nearly aligned with tresasifiow under vanishing
rotary diffusivity of fibers,& OO BN (caused by intefiber collisions) and at the high aspect
ratio limit NPP s

#obe oN T dl'S Wiy (3.15)

ZKHUH WKH \LXSNUWOFQUE® WRU /HiidQy B iGN HJIO NKequivalent

fiber aspect ratio introduced to account for an effect of the blunt shape of the fibers to their
dynamics under applied sheHr73]. Notice that the original Phadi KLHQ DQG *UDKDP
equation can berecovered replacq the factor BAAN :uHJtN; in Eq. (3.14) by

s :t:ZstN F sdv. The original Phas7 KLHQ DQG *UDKDPfV HTXDWLRQ K
modified in order to recover the dilute limit viscosity given by Batchgl@2] when keeping

only the linear term on in Eqg. (3.14). For the sake of completeness, predictions of these t

models are shown in Figure 3.9.

Substituting Eq. (3.14) into Eg. (3.12), we get a complete definition of the local kregs

After that, the shedhickening matrix viscosity can be calculated®s &; 1L €20 &6

where (B:&;;5is the local RMS shear rate in a shésdckening matrix. Substituting this
expression into Eq. (3.8) and making use of Eg. (3.12) allows us to evaluate the global shear

rate of the Cdiber mixture as function of(f: &; 58

RA- B xuj “noa .o 9?7 R
We, L— L—————L———— L B &ass—— (3.16)
L] @- xUl Y- N» xUIlY: N Y- N

Notice that the last equation can be easily obtained from Eq. (3.13) by replggiray

WB:&ap
Appendix B. Local stress above the DST transition in frames of the #hodel

Above the DST transition, the shear rate in the shear thickening matrix usually exhibits
relatively small variations, as the experimental flow curves in Figure 3.1 become nearly vertical,
at least in the range of the local stress rageO &; 5 & &7 with &being the upper critical
stress of the DST in the matrix [Figure 3.8b]. Therefore, within the considered stress range, the
local shear rate in the space between fibers is assummdalmost constant and equal to the
critical value (g, while the global shear rate in the whole mixture is also taken to be constant
and equal to its critical valueBN (g The dissipated power at nearly constant levels of the rate

of-strain tensor, (§ N (g, in the space between fibers, can be very roughly evaluated as
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follows: 1 i & L6 @ 8&; 15,8 The dissipated power in the whole mixture at nearly

constant global shear ratdN U§is roughly equal toé (8. Equating both gwer dissipations,

we arrive to the approximate evaluation of the local stress above the DST transition:

& a N5 5 D WP & (3.17)

recalling that8, 8 L sF 7 Replacing now the critical shear raigby Eq. (3.6), we arrive

at the final approximate expression for the local shear stress above DST transition:

N 4D WP & (3.18)

¥:5? & v R&- .-
which is similar to Egs. (3.5) ar{@.12) derived for the Newtonian matrix.

Appendix C. Geometric compaction limit and excluded volumeeffect in bimodal

mixtures.

In this Appendix we evaluate the two following possible reasons of the jamming behavior in

mixtures ofisotropicshaped particleand fibers

(@  The geometric constraints in bimodal mixtures lead to the compaction limit depending
on volume fractions zandT g RI ERWK W\SHV RI SDUWLFOHV 7KH 3JHRPI

a bimodal mixture is characterizby a compaction parametdy, which is the volume fraction
of the whole solid phase in the mixture. Under hypothesis of perfect scale separation and using
our definition of the volume fraction$ 5 [Eq. (2.4)] and 1  [Eqg. (2.5)] this parameter is

evduated as follow$175]:

A LlEJﬁﬁh L!;LFNSON %L%’)S,,NN (3.19)
where 1 55 is the maximum packing fraction of isotropic shaped CC particles taken as the
packing fraction dr frictional contactsi ;3L r & { (as evaluated by fits of the CC suspension
rheology to WC modeltsee Figure 3.10 and Appendix. E for details) angd, L W& Ns the
maximum packing fraction of PAbers taken at the upper concentration limit of granular
suspension dfibers [Appendix A]. The compaction parametéy has to be compared to the

experimental values of the concentration paraméteér T 5 E 1 5:S F 1 ;. Itis shown that our

experimental vales A are always below (at least by a value of 0.01) the valiyesf the

compaction parameter. Thus, the jamming in our case arises at lower concentrations than those

predicted by geometric effects.
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Another concentration parameter was formulated bytiNlar[174] for mixtures of cement
particles with fibers:A L 1y Tus ET5:SF 1(; 144 It was experimentally shown that high
yield stress appeared in fresh cementitious materialy & r & while the material did not
exhibit yield behavior aty O r & In our experimental case, the concentration parameter fits to
the rangesd Q A Q séfor the CGPA mixtures not exhibiting any yield stress. It can thus be
concluded that the critical value of the parameigior our shear thickening mixtures is well
above the value 0.8 for shear thinning cementitious materials. In any case the empirical

parameterd does not inform us about the nature of the jamming behavior.

(b)  The excluded volume effects. They could arise as a result of finite size ratio of isotropic
shaped particleand fibers(imperfect scale separation). In fact, our bimodal mixture can be
seen as the fiber network whose pores are filled by the suspension of smaller isbiapeid
particles. Since the Ggarticle size, @is not infinitely smakr than the PA fiber diameteg,

a part of the pores presents acatled dead volume neoccupied by CC particles. Thus, the
true volume fractioni §2¢ 8f CC particles in the accessible zones of the pores will be higher
than the apparent onég, evaluated by Eq. (2.5). Volume fraction, 4 5Qf the dead zones can

be evaluated using the dilute limit { OO 9 expansion of the model of Chatterjéé5]:

6 X
Txgo,NTUd@zA Et-h (3.20)
while the true volume fraction @C-particles reads:
. 6
T.c4eqg U NT. T =
156884 — e N7z ETyl @A Etsph (3.21)
Evaluation shows that the true volume fraction of CC particles in accessible zones is by

a factor 1.03 larger than the apparent one for fiber volume frattipb rdv At T4 L r& z
the true volumédraction 7§22 2N r & rrises above the packing limit of frictional contagiss N
r & {(see Appendix. E), however a L r & \and 0.66, the true volume fraction is respectively
Tgaedq r&xf e fr & z thus renains well below the packing limit 0.69. Thus, the excluded

volume effect introduced by Eqgs. (3.20) and (3.21) cannot fully explain the jamming behavior

atigLrav
Appendix D. Percolation threshold and stress levels for the percolated fiber network

The percolation threshold of the fiber network depends on the fiber orientation

distribution. Since this distribution is unknown in our case, we consider two limiting cases of
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isotropic and aligned fiber orientation. The minimal numkesf contacs per fiber at the
percolation threshold has been evaluated by Balberg[éal.and is equal tocA®{ saand
<" Nt &for isotropic and aligned orientation, respectively. An adequate relationship between

<and 1 ghas been proposed by T@ll76]:
<Lvig@PERESA (3.22)

where B L a0 EaJ@and B L &? K ®cre the scalar invariants depending on faréntation
distribution andais the angle between fibers. For the two considered limiting cases, we get
%Aae?_ e\ QA‘%?_ s tand Bgo L, %0 L s This allows finding the following expressions

for the percolation threshold, the first of whishvialid for the high aspect ratio imKPP s

|5

Ta@éAoaeN 4» (3.23)

Q

TagaoNraiw (3.24)

Notice that Eq. (3.23) is the same as obtained by Philipse and Wiéflengawhile, for our
fibers with aspect ratidNN v ythe concentration threshold given by Eq. (3.24) is higher than
the upper concentration limit of granulsmspension ofibers Ty L w& N[12]. Thus, the
percolation threshold is expected to fit to the intemvdl NQ T 345 & | E X W&v N &l wy that

in our case gives @swWQ 1 5438 r& swOur experimental value of the jamming threshold

Ty N ravfits to thisinterval.

The lowver and upper stressé&sand éxof the suspension jamming at the percolation threshold
can be evaluated using a modifiedntbdel. It is considered that, above the percolation
threshold, the most important local stress and-o&tdrain levels ariseni some small
characteristic volumes 5 5 . sQuUNd contact points between fibers called hereinafter contact
region volumes, while they are almost zero outside these volumes. The local rheology of the
shear thickening matrix is supposed to be governed by a local 8§gg$ cayeraged ovethe
contact region volumes rather than by the stregégggveraged over the whole matrix volume,

nor by the macroscopic applied streddJnder these assumptions, the viscous dissipation is
mostly concentrated in the contact regions and the edésgyation equality takes the form of

Eqg. (3.9), in which the integration domaéj has to be replaced b§; 5 5 . o $his allows us to

immediately define the local stress by replacing in Eq. (3.5) the fra&io® L :sF 1 y; of

the whole mixtue volume filled with the shedinickening matrix by the fractio® 3 4 o 8L

Oy aac &% the whole volume of the mixture occupied by the contact regions:
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é@éég@b& A (3.25)

;o TouRiie

Similar reasoimg, as the one developed in Appendix B, allows showing that Eq. (3.25) remains
approximately valid even above the DST transition within the local stress ragag®
&raac0O&"

Since the CC particles are expected to migrate from highly sheamed near the solid contact
between fibers to the periphery, the DST transition is expected to extend over the space between
two fibers delimited by the projected ar&8 a0 EaJof one fiber onto the longitudinal cress
section of the second fiber. Tlawerage volume of a single contact region8isN &’:s F

e v; a0 B¢ while the volume fraction of all contactégéég@@gy be evaluated by
multiplying the volume& by the number density of contaclg 4 5.0 b g,JUS&. 6280 Ealqwith

Jy L voy :e&°8. ;being the number density of fibers) taken at high aspect ratio NRiP s

[176], which gives.
A 5: a RN
O@éég(‘)wr @F_SAI 06 NI’&IWL‘J6 (326)

As expected, the volume fractioBy aa ¢ d¥ gontact regions is proportional to the fiber volume
fraction squared,i® similarly to the contact densitydy a 5 ¢ 6 Fdowever, C)oéégéﬁ-jg
independent of the fiber orientation distribution because lower contact dégsity. Jeygmore
aligned orientation is compensated by higher volur@gsf the single contact region, at least
in high aspect ratio limitNPP s The prefactor afi ,° could be different from 0.35 and its

exact value depends on the length scale of the stagisgion near the contact point.

Finally, the lower and upper boundgand éof the suspension jamming can be evaluated
from Eq. (3.25) upon replacingys 4 4 ¢ dy¢ € or & respectively, while the critical shear rate
(gof the DST transition is obtained by dividingsby the viscosity of the mixture. The final
expressions fotgand éxare given by Egs. (3.6) and (3.7) upon replaciad 1 y;by Oy a4ac®0O¢

while the expression foéytakes the following form:

&L 8 R T yds65600aac00¢ (3.27)
where the relative viscosity of the fiber suspendigni & ¢ 5 ¢is evaluated using Eq. (3.14)

with the values of the @ntation parametertsgs el #ég%%L s swecorresponding to the

random orientation of fibers.
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Appendix E. Wyart and Cates model

According to Wyart and Caté07], the fractionf of frictional contacts is supposed to
be a growing function of the shear stress. Various functional f@réshave been reported in
literature and our analysis is not restricted to any of them. For the sake of demonstration, we
choose the following enmpcal function B:é; that has been shown to correctly fit the
rheological data of CC suspensions [Bossis éi.a0]):

?5
B:é; L BEATEFa® F sAGd (3.28)

where dand &, are two adjustable parameters, the latter of which being a té@stc stress
above which the frictional contacts dominate over the lubricated ones. Typi€aiyof the
same order of magnitude that the critical str&s The jamming volume fraction yis
supposed to be a sum of the packing fractions of particles in purely lubridategor purely
frictional :T, 3 OT ¢ gregimes, weighed by the fractions B;and Bof the lubricated and

frictional contacts, respectively:

Ta:é; L1 ,sBé, ETa:3SF B:é;; (3.29)

<

The suspension viscosity is given by an empirical Ma@nce lawj10], in which the jamming

volume fraction is a function of the applied stress:

. 26
R:é; L RIsF—p (3.30)

3

where R%is some characteristic viscosity, which is not compulsorily equal to the solvent
viscosity [y because Eq. (3.30) is only valid for the particle volume fractioreatively close

to the lowest packing fractioh , 4 thus RYis taken as another adjustable parameter.

The shear rate as a function of the applied stress is finally obtaing@as & R:é; allowing
simulation of the flow curvesé versus (Bé; The experimental flow curves of pure CC
suspensions shown in Figu8.10 by dotted lines are fitted to the WC model using the following
set of adjustable parameter&L s T, 3L r&{ Taeel ryt RUL srFt 2 =uQaken the
same for all the particle volume fractiofig, while distinct values of the characteristicess
were used for each particle volume fractia: L wruvewf e ftr ffor 15 L r&t 0.64,

0.66 and 0.68, respectively. Notice that the packing fractions as highsds r & {and T 4 ¢ L
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r & tstem from a polydispersity of the CC particles. The fitted flow curves are shown in Figure
3.10 by solid lines.

First, the model predicts thatag O T , 4 in the whole range of the applied stre&8s) > & » |,

the flow curve must fit to an envelope aeiied by two straight lines (branches) corresponding

to the Newtonian viscosities of the suspension with purely lubricait r; and purely
frictional :BL s; inter-particle contacts, as shown by thick dashed lines in Figure 3.10 for
15 L r&xSecond, théheoretical flow curves fit reasonably well the experimental ones only
below the DST transition. Above this transition, the WC model qualitatively captures a
sigmodal shape of the flow curve but fails to predict the slope of the curve at high stress if a
single set of paramete& 1 , 3 T 4. @nd RYis used for all volume fractionks In other words,

the experimental flow curves always cross the upper branch of the model. Such disagreement
persists for any other tested shapes of Bhé; Ffunctons[107,161]and using other variants

of the WC mode]106, 160] The discrepancy likely comes from the fact that the granular flow

at high shear stress is no longer Newtonian as supposed in the WC model.

Figure 310 Flow curves of isotropic shaped particle (CC) suspensions at different volume frati@fisCC
particles measured in mixer type geometry. Dotted curves correspond to experiments; solidttuthiedit of
the experimetal flow curves by the WC model applied i¢ L r & x Notice that the black dashed line partially
masks the upper branch (solid green curve) of the theoretical fit of the flow cuige latr & x
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Appendix F. Complementary data on the rheology of the C@iber mixtures

Figure 311 Effect of the fiber volume fraction on the flow curves of the mixtures of isotrsipaped (CC) particles

and PA fibers measured in the mixer type geometry for the ascending branch"8stresg&amp at different CC

volume fractions. The first, the second and the third rows correspond to the CC volume frgctioni v 0.66

and 0.68, respectively. Experimental flow curves on the left and right columns are identical for each row. Simulated

flow curves using RSR and-riodel and assuming isotropic fiber orientatiohh; 5L S s ware plotted on the

left and right columngespectively. Thin dashed color curves correspond to experimental flow curves; thick solid

black lines tto predictions of both modelsdction 3.6], thick solid green lineto cubic spline interpolation of

the experimental flow curve @&ty L. r /DEHDB\SPUHQW™ LQ WKH WLWOHV RI D[HV UHFDO
and shear stress values stem from approximate rheometric conversions of the raw rheological data (see Chapter 2,
section 2.2.1.2A)
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Figure 312 Effect of the fiber volume fractiori yon the flow curves of the mixtures of isotrosicaped (CC)
particles and glass fibers at CC volume fraction L r & v The flow curves were measured in the mitygre

geometry in thestresscontrolled mode and both ascending branch of theirgéss ramp (a) or th&%amp (b) are
presented.

Appendix G. Local versus global shear rate and shear stress

In this Appendix, we show a principal difference between local and global shear rate as
well as between local and global shear stress. To this purpose we would like first to clarify the
strict definition of both the local shear rate and local shear strésigendently of whether the
VWUHVV RU WKH UDWH DUH LPSRVHG DW WKH ERXQGDULHYV
work [172] as a basis considering the stress levels in a suspension efrémaegid particles
of an arbitrary shape disperseda Newtonian solvent at an arbitrary particle volume fraction
T (with allowance for hydrodynamic interactions between particles). The volume average of

the rateof-strain tensor(f {global shear rate) is given by
LT BOLTI BB ET A h Rt RIa® 511, 50863

@IRU ULJLG SDUWLFOHV
DW QR VOLS DW SDUWLFOH VXUIDFH

where §, and 8 stand for the space domains occupied by the solvent and by the whole
suspension respectively, the summation is conducted over all particles and the surface integral
is taken over the surfacg, of the JiFDparticle with being the outward unit veateormal to

the particle surface and tthe velocity vector (with respect to the laboratory reference frame)

at the particle surface.

One may introduce the local shear rate in different ways. One possibility (not employed in the

H-model,section3.6) isthe average shear rate over the solvent volume:
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(B, B & =2f (3.32)
g IR 57
Here we have made us€Eq. (3.31) and of the evident formu8y 8 L s F 1.

The volumeaveraged (global) stress is definedag ¢ LTT% i; &y @,8nd in simple shear flow

(axes 1 and 2 stand for the velocity and velocity gradient directions) is found to be of the form
[154]:

856G L t RyaBets: T ; (3.33)

with a8BscL (Bt and R4:1 ;- the relative viscosity depending on particle volume fraction. The
exact correspondence of the volume average quangiggnd t &85owith the global stress

é L ( 5and global ratdl8. R Dapplied through the tangential for¢end tangential @locity

Ron a surface5of a flat channel of a thicknesSis easily checked by transformation of the
volume integrals into surface integrals and integrating over the closed surface including channel

walls.

Let us firstdefine the local shear stresglas average stress over the solvent volume. Using the

definition of the global shear rate [Eq. (3.31)], and using Eq. (3.33), we get:

@EOLT N tRE@ 8 L — (3.34)
The formulas (3.32) and (3.Bdre exact for Newtonian solvents and for arbitrary particle shape
and concentration, under condition of particle infinite rigidity. These formulas clearly show
that, for given definitions, the local shear rate is different form the global one and @he loc
shear stress is different form the global one, independently of whbthetressé L &&; gQor
the rate (AL t aBgcare applied on the suspension boundaries. The same conclusion is expected

to hold for a nofNewtonian solvent and in the presence of-hgdrodynamic interactions.

Conversely, if the local average stre[ﬁé‘éL t &{EB%QNGI’G equal to the global stress; 4¢

the relative viscosity of a Newtonian suspension would be always equigtig L s :sF

1 ;, for any particle shapes and concentrations, as it can be easily shown with the help of Egs.
(3.32) and (3.33).

Other definitions of local shear rate and strespassible. In particular, in their original paper,

Chateau et a[158] argue that root mean square (RMS) values are more relevant for describing
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the local rheology in frames of the-rHodel. The RMS local shear stress and shear rate are

formulatedthroudh Egs. (3.12) and (3.13) and are also different from their global counterparts.

Notice that in many numerical simulations of stresatrolled rheology of shear thickening
suspensions, the homogeneous shear stress is applied across the whole suspension and the shear
field is retrieved from the relationship between the shear stresstérd over the simulation

box) and its spatially varying components corresponding to frictional, hydrodynamic and
repulsive interactiong106, 178] The simulations provide a considerable insight into
microscopic physics of the DST transition without reatessity of further improvement.
However, from the experimental point of view, a constant (over time) tangential force (or
torque) applied at one of the suspension boundaries would be a more relevant boundary
condition that would allow for variations dfoth stress and shear rate over the suspension

volume and would conduct to some difference between the local and global shear stress.

104



Chapterd Pressure driven flow of sphefdver mixtures throgh a capillary

CHAPTER 4

4 Pressure driven flow of sphefiber mixtures through a capillaty

In this chapter, the DSTransition of a C&PA mixture is experimentally studied in a
homemade capillary rheometer under a pressure imposed by compressed air. The description
of the capillary geometry used is given in chapter 2 (se@i@r?), while the suspension
characterizatin and preparation protocol are provided in section 2.1. First, we inspect in section
4.1 whether the flow through a capillary is enough slow for the stetadly regime to be
established during the suspension travel time along the capillary. Thenuiteisnquitive to
gualitatively compare the rheological results obtained in the capillary rheometer with those
previously obtained in a mixer type rheometrycirapter 3. However, as already stated, the
flow fields are quite complicated in the double h€DH) geometry, so comparison with the
capillary rheometry results could become delicate (recall that the DH tool was used to avoid
various artefacts and mimic the mixing process in cement industry). On the contrary,
standardized cylindric&ouette geomey with roughened walls can be a good compromise for
the quantitative rheological comparison, since the stress and the shear rate fields are simple and
well characterized [seehapter 2, Egs. (2.12), (2.13)], at the expense of possible particle
sedimentatin, which is completely ruled out in the DH mixer type geometry. In this context,
we present the results of the cylindrical Couette rheometsection 4.2, followed by the
presentation of the capillary rheometry results in section 4.3 completed byntipareson
between rheological responses in both rheometric configurations. The comparison of

rheological responses in two different geometries allows an implicit check of the difference

3 Theresults of this chaptewere obtained using CC particles of tH¥ Qeries and can be compared with the
results of the chapters 3 and 5 only qualitatively.

These resulta@re included into the manuscript: [Meloussi et alPressuredriven pipe flow of discontinously
shear thickening suspensions of isotropic shaped dagimixed with rigid fibers under preparation]
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between flowinduced microstructures developed in these geometries. éwpter 3, we pay

a special attention to the effects of the fiber volume fraction and orientation distribution on the
DST transition of the sphefidber mixtures. Again, the fiber orientation effect is tested only
implicitly through theoretical modelingf the flow curves using the homogenization approach

(H-model described in detail in chapter 3) assuming different orientation distributions.

4.1 Transient behavior in capillary flow

In this section, we have to inspect whether at the constant @dgwessure difference
the flow rate remam constant or gradually changing with time because of possible water
evaporation / filtration / particle migration, or even more fluctuating with time because of the

flow instabilities expected above the DST titina.

From the technical point of view, when the suspension is aspirated into the plexiglass cuvette
of our imposed pressure capillary rheometer, the suspension is degassed due to the vacuum
produced in the cuvette by the air suction process. In thi#dhe cylindrical cuvette of the

system is well isolated from the external atmosphere, there would be no evaporation of water
from the suspension and therefore no change in the concentration of-fret€{@s within the
suspension tested in the capyla®n the other hand, we have already seen that when degassing
the carbonate calcium suspension with a vacuum pdmapter 2, section 2.2.1.2), an important
amount of the water of the suspension evaporated, and this impacted the concentration of the
particles in the suspension which increased after degassing and changed the rheology of the

prepared suspension.

In our ests conducted in the capillaflgeometerat imposed pressure, we have observed an
increase of the slope of the collected mass versus time curves for@&8Uspension without
PA-fibers (see Figure 4.1). This means that there is an increase of thdownassd through

the capillary after a certain moment of time from the beginning of the experiment. This effect
is frequently reproduced in the curves with the exception of few.chisisseffect has also been
observed for low as well as for high pressypplied in the capillary, like in the case represented

in Figure 4.1, whergg2 L r& , f Ts equivalent to the wall shear stress of 62 Pa (see Eq. (2.22)
in chapter 2). Therefore, this shear stress is well below the critical €4éss t tPa for DST
obsenred in rotational rheometry using the cylindrical Couette geometry (see Figure 4.2). Also,
applied air pressure of2 L r§ , f I's equivalent to the wall shear stress of 222nRd,above

the critical value & L122 Pa. This observed effect of increasingsgniow rate with time

cannot in any way be explained by water evaporation, which would increase the particle volume

106



Chapterd Pressure driven flow of sphefdver mixtures throgh a capillary

fraction along with the suspension viscosity and would consequently conduct to a decreasing

flow rate with time at a fixed applied pressure

The first scenario behind an increasing flow rate would suggest a-fqliciphase separation

in the suspension at some point of the experiment where the particles are pressed into the bottom
of the cylindrical tank, and the liquid phase of the susipenfiltrates through a porous plug
formed by the particles immobilized in the tank at the capillary inlet. This is a rather extreme
scenario suggesting that only a liquid phase (water) flows out from the capillary. In reality, we
would expect a twgphaseflow with the liquid phase developing higher average velocity
through the capillary than the solid particle phase that is somehow slowed down by geometrical
constriction at the capillary outlet (as often reported for granular flows through a funap!

Because of slower convection of particles through the capillary inlet, some particle
accumulation would be expected at the tank, which would be compensated by a decrease of the
particle concentration in the capillary resulting in a progressive incrédéise mass flow rate,

as observed in Figure 4.1. Another possible scenario is related to particle migration towards the
axis of symmetry of the capillary in the direction opposed to the shear rate gradient, as

commonly observed for the sheaduced migraon (cf. Sec. 1.2.2).

Figure 41 Mass versus time experimental dependencies for a flaheo€Gsuspension at CC volume fraction
of 68% vol and without PAibers.

To check the first (phase separation) scenario, we tried first to determine the particle
concentration of the suspension flowing out from the capillary through drying it in an oven and
weighing the dried particles. Unfortunately, this method was subjdatde errors. So, we

conducted a rheological experiment with the cylindrical Couette geometry forsaspeénsion
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at 68%vol without PAfibers that had just been flowed out from the capillary and collected on

the top of a beaker placed onto the electronic balance.

Figure 42 Rotational rheometry test of G€lispensions at 5 L xz" ~* Zvithout PA-fibers: freshly prepared
suspension against the suspension previously tested in the capillary rheometer.

The concentration test has demonstrated a coincidence (within statistical errors related to flow
fluctuations) of both flow curves meaning that tbencentration of the CGuspension
previously tested in the capillary rheometer did not change when compared to a freshly prepared
one. This presumably excludes the ipltase flow scenario with a decelerated particle
convection with the main flow alongehube. Indeed, by comparing two flow curves in Figure

4.2, we can claim that the suspension tested in rotational rheometer after the capillary test at
imposed pressurg2 L sav, f and equivalent wall shear streés L uxr f, is still of the

same particles concentration despite we are well above the critical DST shear stress of 122 Pa.

Unfortunately, we cannot check experimentally the last scenario related to the particle
migration. From the theoretical background, Bossisle{4®], have shown that particle
migration toward the capillary axis could significantly increase the flow rate at a constant

applied pressure. The typical timescale of the shelrced migration is on the order of
15 6 . . .
Tavvuaoe d\gf’ @ A, where &and @are respectively the capillary diameter and the length
Q‘)@ 1

scale of the floninduced patrticle clusters (or rather a space correlation length of the particle
structures formed under shear in shibarkening suspensions). The cluster size eeied to
continuously grow with the proportioBof frictional contacts (introduced into the Wyart and
Cates model, cthapter 3, Appendix E) starting from the individual particle si@g,L &; L

wavAl at BL rup to the capillary diameter@ L &at B L smeaning complete percolation

of the channel in the granular flow regime above DST. Since the proportion of frictional
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contacs can already be nenegligible below the DST critical stress (as long as-zeno f
values result in continuous shear thickening below the DST transit@g, expected to be
comparable with&at any applied pressures (except the zero one), and it can be claimed that

the characteristic migration time scale can become comparabig¢heitravel time,i; s o ¢ dg

v A
8Ey

N urF s u peof the suspension along the capillary tube.

From the first glance, such a physics is expected to produce a stronger migration at higher
stresses that would result in a stronger increase of therditer(and stronger deviation from
linear massrersustime dependence) 82 L r§ , f ascomparedtg2 L rd , f."Thisis in

stark contradiction with experimental results presented in Figure 4.1. The discrepancy could be
tentatively explained through thecfahat the particle migration is likely strongly damped if the
particles are gathered to fully percolated contact network, as expected well above the DST
transition (¢,2 L rd , f) as opposed to negmercolated network below the DST (fg2 L

rd , fJ. Numercal simulations and Xay microtomography should be conducted in future to
further elucidate the suspension microstructure and better explain the origins of the unsteady

flow.

To avoid any artefacts in interpretation of rheologitatia, we decided to allate the mass

flow rate (and consequently the apparent wall shear rate [see Eq. (ZB&pier 2]) as a slope

at the origin of the mass versus time experimental curves, precisely fastHé collected
measurement points corresponding to the first 10s of the experiment (the balance recording
time is 1s), assuming a homogeneous particle concentration within the capillary at the beginning
of the flow (at timePL r). Flow rate definitiorat short times (a few seconds) since the moment

of the pressure application should not be affected by neither transient rheological response of
the suspensionrdlated tothe relaxation time of the frictionatontacts notice that the
suspension was degasl excluding the transients related to the air butdmepression), nor

the time response of the pressure incre@asmir capillary rheometebeing equal or slightly

less then 1s. The time respomsehe suspensioto the stress application was estingaby a
supplementaryheometry testonducted in the cylindrical Couette geometry witie CG
suspension at 68%ol. The suspensiowas subjected to an instantaneous shassncrease

from 0 Pa t8B00 Pathevalue above the critical stregg L stt f)and thecharacteristicime

for the shear rat® reach a steady state valissevaluated to be about {see Figure 4.3).
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Figure 43 Time response to an applied stress of asi€pension at 68%ol without PAfibers.

If the increase of the flow rate observed in Figure 4.1, is related to particles migration scenario,
we can deduce that the characteristic time of migration (severalslokzeaconds, see Figure

4.1) remains rather higher than the tifdess)to reach stationary flow regime (kig4.3). So,

by taking the first 10 seconds (measurement points) of the mass versus time curves in our
experiments, we already eliminate the aditransient artifactbut do not reach the migration
process yet.

Noteworthy, whatever the applied pressure, the mass versus time dependencies never show any
irregular fluctuation that are expected above the DST transition. However, thisispriging

taking into account the discrete nature of these measurements: the mass increment caused by
each falling suspension drop (or even a part of a broken unstabtsget chapter 5 for the
GHWDLOV RI WKH MHW IORZV IsiYileWow Rat©fDdiuntibnB. Qi Q W H J U |
measured mass flow rate and the apparent wall shear rate are some effective magnitudes likely

corresponding to their time averaged fluctuating counterparts.

4.2 Shear rheometry in cylindrical Couette geometry

4.2.1 Flow curves

Flow curves of C@PA fiber mixtures measured using cylindrical Couette geometry in
rotational rheometer are depicted in Figures 4.4 (Bloy curvesé L B: (Bshow a first regime
of shear thickening of the suspension, where the slope iesrstsadily with the shear rate,
this is called continuous shear thickening. Here the interparticle contacts of the suspension
remain mostly lubricated and direct frictional contacts between particles are less present. The

DST regime occurs above a criticaalue ofthe shear rateUjand the shear stres®y the
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viscosity of the suspension suddefynpsto much higher values indicating that frictional
contacts between suspension particles become dominant. In tribological studies, it is argued
that fridional contacts do not always imply dry friction between particles but rather the very
local proximity between the particles whose asperities are separated by the lublayeing

The latter is strongly squeezexhd it loses its Newtonian character at nanoscale and develops
a yield stress blocking tangential sliding motion of parti¢le¥]. Thus, the partickiquid-

particle assembly forms an almost solid contact. This DST onset can be also a signature of the
formation of a percolated network of particles and fibers, significantly increasing the viscosity
of the suspension. After the establishment of the DST, the shear rate of the sudpeseion
nonzero value that constantly oscillates between a range @& cédges that can be explained

by the effects of inertia of the rotating part of the rheon{é&; or, to a lesser extent, by the
inertia of the fluid itself181].

These flow curves also show an important progressive decrease of the critical shatr rate
controlled shear stress with the increase offiB&r concentration in the G8uspension. On
the other hand, the critical shear stress slightly increases until the fiber volume fliagtion
t™ ~*Zand considerably increases betwekgL t” ~‘Zand Ty L téav "~ ~‘ZAs already

mentioned irsection 3.4 inchapter 3, the shift of the critical shear rai§to lower values can

be interpreted by the fact that at the fixed shear stress, the local she&§y@iethe shear
thickening matrix (agueous G€lispension) between the Hibers is higher than the global
shear rate(related to the rotational speed of Couette inner cylinder). The global she&brate
in the CCGPA fiber mixture is consequently lower than that of the<ti€pension without PA
fibers at the same applied shear stress, as already reportedtwsirtifferent rhreometric

geometries (double helix and t#alate, cf. chapter 3).
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Figure 44 Experimental flow curves of GEA fiber mixtures in comparison with the theoretical predictions of
the Hmodel: (a): Isotropic fibersrientation#5 5L S s W(b) #5 65 being adjustable parameter (see Table 4.1).
The solid yellow line is the fit of thexperimental flow curve of the G8uspension without P#bers, the solid
black lines correspond to the theoretical predictions by tineodel to every corresponding fiber concentration.
The horizontal and vertical black arrows indicate the critical stetarand the critical stress of the experimental
flow curve of the CC suspension without RBers.

Table 41 Adjustable values of the fiber orientation parametgrg s gorresponding to eadiber concentration.

Fiber 1% 2% 2.5%
concentration, :BDg
olcte S S S
Myouo Wi r Wy Wy

4.2.2 H-model predictions

We will now use a theoretical approach to predict the flow curves of thBACfibers
mixtures and compare them to the experimental curves conducted in the rheometer with the
cylindrical Couette geometry. The-iHodel is based on the homogenization appraafch
Chateau et dl158], which has been adapted to the present case of-streslled rheology
and rodlike particle shape, as detailed in section 3.6 and Appendix A of chapter 3. Recall that
the model predicts the flow curves of && fiber mixtures from the flow curve of¢hCG
suspension without PA fibers, assuming a perfect scale separation between CC particles and
PA fibers. PA fibers are considered to be dispersed in an aqueous CC suspension whose shear

thickening rheology is independent of the presence of the fibers.

To plot the curves predicted by themibdel we proceeded by thellowing steps. First, we

smoothed the experimental shear flow curve of the s0€pension without PAibers, by
FDOFXODWLQJ WKH DULWKPHWLF DYHUDJH XMdr@udcé gXPS\ PH
much as possible the sheate fluctuations in the curves above the DST transition. With the

data obtained from the smoothing, we made a segmental fit to the experimental curve using
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polynomial functions and splitting the curve into thrag@according to the applied shear stress
profile in Figures 4.4 (a, b)The first region corresponds to the continuous stteekening

where the suspension exhibits nearly Newtonian behavior; the second region corresponds to a
narrow stress rangesy O € O sd wégin the vicinity of the DST transition, within which an

abrupt decrease of the shear rate is observed; and the third region corresponds to the stresses
€ P sd wéyvithin which a smooth variation of the time averaged shear rate is obserted. |

way, we obtain a continuous smoothed functighL B:é:.

We established thenliaear ramp of the stress fro@ L rto &€ L wrr fto deduce the local
stresség 3 @s a function of the applied ste8see Eq. (3.5) ichapter 3]. Finally, by estimating

the matrix shear rate as a function of the local shear stfgs&; 5 5 we can find the global
shear rate(B&; [Eq. (3.4)] and therefore we can plot the curves corresponding to the
theoretical prediction (solid les in Figure 4.4). As already stated in chapter 3, the fiber
orientation distribution is unknown, because we are unable to neither méasuopaque
suspensions, nor predict it through the solution of the FeRkamck equation, in which the
term correponding to the interactions betweébers and the frictional contact network of
CC particles is undefined. So, the orientation parametgys {introduced in section 3.6 of
chapter 3) is strictly speaking unknown. In this chapter, we will proceed by two following
approachedFirst, we will impose an isotropic fiber distribution withs 55 L. S S Winspired

from chapter 3 with the main argumentttttee complex flow field within the shear thickening
matrix may randomize the fiber orientation. Second, we will fit the experimental flow curves
using #5¢5 @S an adjustable parameter, chosen within the rardge why Q #5556Q S V
whose limits corrgsond to the nearly aligned orientation with the flow as giveihdgl and
Hinch [168] and the orientation along the compression axis of the shear flow, as suggested in

section 3.6 of chapter 3. Recall tHgtL s&vN Z3 ®Ns the equivalent fiber aspect ratio.

The experimental flow curves are compared to the theoretical ones obtained in Figure 4.4a
for a fixed value of#sg56L S S wvand in Figure 4.4b for adjustablé; ¢ 5 yalues (see Table

4.1). We see that thEl-Model predictions are in agreement with the experidiaw curves

of CC-PA mixtures However, an important difference can be noticed between the @edict
curves where the fibers orientation is isotropic [F&4.4a] and the prediet curves where

the orientation of the fibers is adjusted [&ig4.4Db].First, an isotropic orientation of the fibers
#:656L S Swgives a higher relative viscosity in the CST as well as the DST regimes
compared to the adjusted orientations and thus induces a shifttbetretical curves to the

left compared to the experimental curves. Secondly, from the observations in Figure 4.4a, it is
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obvious that the isotropic orientation of the fibers fails to properly predict the transition zone
between the CST and DST regimes avhin contrary is not the case with the adjusted
orientations Therefore we deduce that in our case, the-fl#er orientation that best §ithe

experimental flow curves lies between nearly aligned with the #gws gL %QN rdssand

nearlyisotropic orientation s g5gL S@S W

Now, we are interested in the variations of the critical shear rate and shear stress of the DST
transition as a function of the fibers volume fraction. These variations are shown in Figure 4.5.
The critical shear ratdfand shear stresésare evaluated using Eq€.6) and (3.7)(See
chapter 3) The critical shear ratdh, and critical shear stres&s, of the DST transition for a

CC- suspension without PAbers are depicted by horizontal avettical arrows in Figure 4.4.

Figure 45 Variation of the critical shear rate and the critical stress as a function of fiber volume fraction. The red
markers correspond to the experimental results. The blue markers (triangles) and the black dotted line represent
the theoretical predictions of éhH-model with respect to fiber orientation parametéyss.s The error bars
correspond to the standard deviatadrexperimental results

The experimental findings in Figure 4.5 are in relative agreement with the theory-rbde

seems to underestimatee values of the critical shear rate and overestimates the critical shear
stress for an isotropic fiber orientatiohy g 5 L S©s wvithin the CGPA mixtures. However,

the adjustment of thés 5 5 parameter according to previous mentioned values for the different
fiber volume fractions gives a relatively good match with the experimental results. One can
notice that in both cases of the experiment and theory, we do have nearly the same progressive
decrease of the critical shear rate when increasing fiber volume fraction, in agreement with the
interpretation given in sectigh2.1.In the case of the critical shear stress, thadtlel predicts

a faster increase with the fiber volume fraction, anddisisrepancy with experiments is likely

due to the very rough effective medium approach of #meddel.
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4.3 Capillary rheometry

4.3.1 Flow curves

In this section, we present the results of the capillary rheometry experiments and compare
them with theresults of the rotational rheometry performed with the cylindrical Couette
geometry both using the samé¥eries sample of CC particl&@he results are shown in Figure
4.6. Figures 4.6 (d) shows the experimental results of the-§&iGpension withoutra with
PA-fibers; these results are represented by solid blue points (diamond &irathe)capillary
rheometry and by thin gray lines for the Couette geomehg.solid red line is a polynomial
fit of the experimental shear flow curve (gray line) ofeal in the cylindrical Couette geometry.
In the experimental points of the capillary rheometry, the represented shear rate is the apparent
wall shear rate (§; [see Eq (2.23)in chapter 2], so in order to compare with the rotational
Couette rheometry, we had apply the Moony correction, i.e. ttonvert the real shear rate
(Bbtained in experiment using the cylindrical Couette geometry to the appaikstear rate
for the capillary geometry using E@2.24) See chapter 2). Therefore, the solid green line in
Figures 4.6 (al) corresponds to the cun@& L B: (§; ;in the capillary rheometry obtained by
integration of the smoothed experimental flow curve measured itior@hshear rheometry
test [see Eq. (2.26n chapter 2]. This curve is expected to coincide with the experimental flow
curve of the capillary rheometry in the case when the capillary geometry does not induce a
suspension microstructure different from tme observed in simple shear rheometry with the
cylindrical Couette geometry. In what follows, this approach [quantified throug(224.) in
FKDSWHU @ ZLOO EH UHIHUUHG WR DV WKH 3PDFURVFRSLF

Figure 4.6ecombinesthe experimental points of theapillary rheometry of CCPA fiber
mixtures at different volume fractions (from 0% to 2.5% vol) in comparison with the

macroscopic model.
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Figure 46 (a-d): Capillary rheometry in comparison with sheglindrical Couetteheometry results and with the macroscopic
model for CGsuspensions at different Pifbers concentrations. (e): Capillary rheometry results in comparison with the
macroscopic model faall fiber volune fractions.

The flow curve of the C&uspension without RAbers in capillary rheometry exhibits a
relatively similar rheology to that observed in shear rheometry [the sigmestedf®, Figure
4.6a)]. Before the DST transitidwhere theegime is qualified as closed to a Newtonian)pne

the experimental pointsf the capillary rheometry are in a reasonable agreewidgnthe shear
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flow curve. Then we note a DST transition with critical shear stresses and critical shear rates
values relatrely close for both capillary and shear rheometry. Above the DST transition, strong
fluctuations in shear rate are observed in both cases. Due to the very complex aspect of the CC
shearthickening suspension after reaching DST domain, diffgult to predict the behavior

of the suspension in two different geometries, but still, it can be seen that the flow curve
obtained in the capillary rheometry & L r ™ (blue experimental poinis Figure 4.6astill

fits to the fluctuation range dfi¢ shear rheometry curve (grey curve). The same statement holds
for the fiber volume fractiori ; L s~ vol, for which the experimental points of the capillary
rheometryand the flow curve of the shear rheometry are also close below the DST transition
and werlap above the DST transiti@tress [Figure 4.6b]. Furthermore, the curves of €C
suspension without PAbers and of CE&PA suspension d@ty L s~ vol are close to the curves
predicted by the macroscopic model (green lines) withaively small offsé below the DST
[Figures 4.6 (a, b, e)]. These observations suggest that fd#ACRixtures ati ; Q s the
suspension microstructure (in terms of the geometric and statistical characteristics of the CC
particle contact network and spatial and orientationganization of PAibers) likely remains

similar in a pressurdriven flow through the capillary and in the drag shear flow between

concentric cylinders.

The situation becomes completely different for the-RAC mixtures at higher fiber volume
fractions Ty Rt™ ~*ZMoreover, for the flow curves dty L t~ voland Ty L tav  vol,

we have a rather different rheology [see Figures 4.6 (c,d)]: sigmodal shapes are not very
apparent anymore and a significant difference between the capillary rheometrgnexpeand

the prediction of the macroscopic model can be observed [Figure 4.6€], this difference can even
be observed below the DST transition. Furthermore, the DST transition in capillary rheometry
happened at a lower critical shear stress and sheahaat¢hat predicted by the macroscopic
model and, equivalently in shear rotational rheometry with small fluctuations in shear rate
values above the DST transition as the curves appdmrabnostvertical. At Ty Q s~ ~'Z

the difference between capillargeometry and shear rheometry is rather small and noticeable
however, ati ; Rt" ~* Zthis difference becomes very significant. This shift indicates that at

a higher fiber volume fraction, the two different geometries imply two different rheological
behaviors. Indeed, starting from fiber volume fractiop Rt~ ~* Zthe microstructure dhe
suspension (C{article distribution, fiber orientation distribution) is differentle capillary

flow compared tdhe shear flow. It is rather difficult to give a direct and clear explanation of
the observable differences, but it is also likelyt théh increasing fiber volume fraction the
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size and cohesive strength of the flowuced cluster in the suspension is expected to increase.
Large solid clusters are likely convected through the capillary along its axis of symmetry, their
spinning under Ieear field is obstructed and they give a larger contribution to the energy
dissipation as compared to the clusters that have better ability to rotate in the simple shear flow
in the Couette geometryn order to get more information about this observatgostructural
difference as well as the fleimduced microstructure in the two considered geometries-an X

ray microtomography experiments for these mixtures must be involved in future works.

4.3.2 H-model predictions

We are going now to apply the mogenization approach to predict the flow curves of
the CGPA fiber mixtures in capillary rheometry from the experimental flow curve obtained in
capillary rheometry with CC-suspension without P#ibers. The same computational
procedures described $ection 4.2.2 were performed to plot the flow curves, and the obtained

results are depicted in Figure 4.7

Figure 47 Flow curves in capillary geometry of CRA fiber mixtures predicted by the-tdodel in comparison

with experinents. (a)#5¢56L S S Wisotropic fiber orientation. (b): The values#{ ¢ 5 is adjustable and reported
in Table 4.1 for each P#iber concentration. The diamonds represent the capiflavwy experiments, and the
colored solid lines are the theoretical predictions by thaddlel.

The results of the #hodel predictions are dividemto two main parts, predictions with
isotropic PA fiberorientationdistribution :#555¢L S S win Figure 4.7a and predictions with
adjusted PA fibeorientationdistribution @istribution between almost aligned with the flow

and isotropicin Figure 4.7b (see Table 4.1 for adjustablg; 5 yalues). The curves with the
isotropic orientation parameters g6l S S ware smoother and capture the DST transition
zone better this time compared to the curves with the adjusted fiber orientatiorepervalues

(see Table 4.1) also the prediction curves with isotropic orientation are the closest to the

experimental pointsf the capillary rheometry
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The theory succeeded very well in predicting the flow curve in the caseyof s~ both

before theDST and after the DST transition as we can clearly see that the capillary experimental
points are close to the predicted curve in the DST region [Figures 4.7 (a, b)], however a very
significant difference can be seen for the casé R t ", the theory dils to predict the flow
curves at the DST regime in the case of an isotropic fiber distribution [Figure 4.7a] as well as
for an adjustable orientation [Figure 4.7klhile the experimental pointsef the capillary
rheometryfor iy R t” are scattered to the left of the predicted flow curves. This seems to
indicate that the effective medium approach is not able to capture the changes in suspension
structure in capillary rheometry induced by the addition offiBArs. Note that a strong
disagreement of the flow curves with thentbdel predictions for a PAiber concentration
above a critical value ofi ; has already been observed for simple shear in mixing type
rheometry ¢hapter 3, Figre 3.4]. It was explained by the percolation of fiteer network
beyond the critical concentration; the shisdeckening matrix experienced strong local stresses

in the vicinity of the fiber contact and solidified the fiBer network even at low global
stresses. This percolation threshold viags s §l V' ~* 4n simple shear. If for some reason

the percolation threshold becomes lower in capillary flow, this could in principle explain the

nearvertical appearance of the experimental curvasat. t~ volandiy L ta “vol. We
can assume that the orientation of the fibers could be more random in capillaryflgws(N

s s Wthan in simple shear flon#; 56N s u ), this would lead to the percolation threshold
To Nr& NL raswl.5% vol). This alternative scemaralthough does not contradict to
the abrupt change in the rheology betwégnlL s andi L t™, butleadsto very small

wall shear rates above the DST transitimteed, combining Egs. (3.6), (3.7) and (3.26),

evaluate the critical shear ratedahe critical shear stress for the fiber percolation scenario, as

4a 6,

fgL E&g "TL;JUI'SHG N _"Z NF (41)
vK R&.... 0 § vk R&. . o
€oL En80paacdak vdfses @ N Ir&i €y 8K (#5658 (4.2)
that gives the critical value§§N ra «’>and &Nt fat gL t° ~*ZThese evaluated

values appear to be well below the experimental ohks. discrepancy could come from
underestimation of the volume fractidhy 5084 WKH VXVSHQVLRQ LQYROYHG L
of neighboring fibers At this point, it is therefore difficult to affirm any of both scenarios, i.e.

whether tle abruptchange of the flow curves ai ; R t* ~‘Zcomes from microstructural
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changes in CC particle network or in PA fiber network. It is very likely that the conformation
of both networks is highly correlated &, R t™ ~* ZAt such condition, it is not suriging

that neither macroscopic model, nor themddel (assuming scale separation) are unable to
correctly predict the rheological response of the mixture.

Let us now inspedhe variations of the critical stre®and critical shear raté€fof the DST
transition as a function of Rf\ber volume fraction in the case tife capillary rheometry. The
results are presented in Figure 4.8 along with the theoretical predictions ofithdé for two

cases: an isotroputistribution : #5 g5 6L S@s wof the fibers in the mixture and a distribution
intermediate between the one almost aligned with the flow and the isotropic orientation. In this
second casetfs g 5 yalues are taken equal to those presented in Table 4.1 foothedtves

obtained in the Couette geometry.

Figure 48 Critical shear rat@)and critical stresg) as a function of fiber volume fraction obtainedhecapillary
rheometry versus theoretical predictions by Hwnodel. The error bars correspond to standard deviation of
experimental data.

A correspondence can be observed between the capillary rheometry experiments and the
predictions by the Hnodel for the fiber volume fractiony L s vol. However, the Hnodd
overestimates the critical shear rafgand critical stres$xat fiber volume fractiong ; L t~
volandiy L tav vol. Asindicated above, this abrupt changegand between the two
PA-fiber volume fractionsi ; L s vol and 2% vol may be related to a considerable change

of the microstructure of the interpenetrated CC particles and PA fibers networks. We also see
the adjusted#s ¢ 5 yalues do not significantly altéhe correspondence between thenddel

and experiments at; L s” ~*Zas compared to the single valdgsscL S Swsed for

isotropic fiber orientation.
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4.4 Conclusion
In this chapter we have evaluated first the effect offiBérs on the DST trasition in
CC-PA mixtures, in a pressudriven flow through a capillary and compared it to rotational

rheometry using the classical cylindrical Couette geometry.

Qualitatively, inthese botltheometric configuratics) we have noticed that an increase in the
volume fraction of PAfibers induces a shift in the shear stress vs. shear rate flow curves of the
CC-PA fiber mixtures with the critical shear rate of the DST transition decreasing and the
critical shear stress éneasing with the increase of Hiber volume fraction. Quantitatively,

the flow curves obtained in the capillary and cylindrical Cougttemetriesvere quite close to

each otheat zero and low fiber volume fractiphy L s” ~* Zwhich was interpreteid terms

of a similar flowinduced microstructure in both geometries. On the contrary, at higher fiber
volume fractions,iy L t* ~*Zand t& " ~‘ Zthe flow curves of the capillary rheometry
showed a much strongeriscosity (lower shear rates at a givehear stress) than in the drag

flow in cylindrical Couette geometry. This difference suggests a strong difference of the
suspension microstructure that can be assigned to stronger cohesive strength of the
interpenetrated fiber and CC particle networks witissible percolation phenomena. The
homogenization approach {iodel) and the macroscopic model (simply based on the
integration of the local rheological relationship across the capdtagssectior) gave a correct
prediction of the flow curves only at ; L s~ ~*Zthe case for which the suspension
microstructure was assumed to be independent of the flow geometry. However, both models
failed, to a larger extent, to reproduce the experimental flow curvég & t~, without

considering microstructural aspects.

For a deeper understanding of the rheological differences observed in both rotational and
capillary geometries, it would be necessary to visualize the structure of the suspension under
flow. This could in prigiple be achieved by -Xay microtomography at appropriately chosen
spatial and temporal resolutions. A Stokesian dynamics modeling would also be useful to

understand the system behavior.

Recall that unfortunately, we cannot provide a quantitative comparison ohebégical
results obtained icapillary and Couette geometries (present chapter) tiwiitbe obtained in
double helix and platplate geometries (cpger 3) because different series of CC particles were
usedfor these two rheometric pairslowever, the qualitative rheological behaviors remain

similar in all the four geometries: thesBape of the flow curves; shear rate fluctuations above
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the DST; the shift of the critical DST shear rate to lower values with addition of fibers; much
stronger jamming above a critical volume fraction of fibers tentatively explained in terms of

the percolation of the fiber network.
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CHAPTER 5

5 Jetflow and jet instability of spheriber mixture$

Shear rheological response of ®@ mixtures has been reported in detail in chapters 3
and 4. It is time now to inspect the rheological behavior in extensional flow that is done in the
presenthapter on an example of the fiiedling jet of the CEPA mixtures flowing out from a
cylindrical capillary under gravity. We warrant the reader that, in contrast to previous chapters,
in the present chapter, we will mostly focus our attention on fluithohycs aspects of the
IDOOLQJ MHW MHW LQVWDELOLW\ ZDYH SURSDJDWLRQ
suspension rheology (especially DST transition) and allow, at least, qualitative evaluation of
the rheological behavior under extensionjlevetrieving stresstrain rate relations from the
jet flows remains qu& uncommon (we present however the concept of the jet extensional
rheometry in Appendixtsection 5.5). From the application point of view, the jet flow described
in this chapter mimics to some extent the flow of the cement paste out of pumping lines and

can therefore be important for mortar spraying or cement jet grouting.

Thus, in the present chapter, we conduct a detailed experimental analysis of the jet dynamics
of CC-PA mixtures based on qualitative observations of the recorded jet flows (sectiomdb.1) a

on spatiotemporal diagrams of the jet lateral drift and jet surface undulation, as well as on two
dimensional (2D) Fourier spectra of these both quantities giving access to the dispersion
relations, wave speeds and RMS amplitude and RMS speed ofetfa thift of the unstable

jet (section 5.2). Suspension characterizations, the experimental setup and protocols, as well as

4 The results were obtained using th& deries of CC particles, so they can be safely compared to the results of
the chapter 3, while only qualitative comparison with the results of chapter 4 is possible.

Main results of this chapteare published in [M. Meloussi, S. Schaub, A. Ciffreog8bAP. Kuzhidet

instability of suspensions of different shaped particles exhibiting discontinsioearthickeningJournal of
Rheology, 66, 1005 (2022)]
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the data processing routines are detailed in chapter 2. As in previous chapters, we inspect the
effect of rigid polyamide (PA) fibs addition on the jet dynamics. Finally, theoretical
evaluation of the stress profile along the jet provides, if not complete understanding, a physical
insight into the origin of the jet instability without fibers and the effect of the fiber addition on
the jet dynamics (section 5.3). As in the previously studied case of shear flow in chapters 3 and
4, the fiber orientation distribution is expected to play an important role on the rheology of CC
PA mixtures in extensional flows within the falling jets whiee flow-induced fiber alignment

could considerably enhance the extensional visc¢siy] and somehow influence the DST

transition and thus the jet instabilitsthis effect will be discussed in the present chapter.

5.1 Qualitative observations

In this section, we report the visualization experiments conducted on the jet of-the CC
suspension or GBA mixtures. First, we consider the CC mixtures without PA fibers and
evaluate the effect of the jet length on the jet dynamics [segtidh Secondwe consider CE
PA mixtures and evaluate the effect of PA fiber addition on the behavior of the jet [subsection
5.1.9.

5.1.1 Effect of the jet length

In this section, we inspect the jets of the CC suspension without addition of PA fibers. At
a givenflow rate, depending on the jet length different behaviors are observed, as shown on
snapshots of Figure 5.At the jet length. O vcm, the jet remains strictly vertical and cannot
be distinguished from a Newtonian viscous thread [Figure 5.1a]. Viscoelastic coiling instability
(typically reported for honelike fluids [182]) then takes place at ... «O . O x ... ,swhen the
jet extremity desribes circular motion on the experimental table, while the whole jet exhibits
precession motion around the tube axis [Figure 5.1b]. These two first regimes have been
extensively studied in literature and are out of scope of the present work. Increasing th
suspension jet length aboveP x ... suddenly gives place to another form of instability. The
falling jet no longer follows a straight vertical trajectory but undergoes lateral drifts
(oscillations) with well distinguishable running waves in both dowastreand upstream
directions [Figure 5.1c]. At P sw... and at axial positiond3/P s w... swe notice periodic
rupturing of the jet into solitike segments, which after falling on the experimental table keep
their cylindrical shape for a few seconds beforetimglto become liquid again. As it was
reported, DST state for a shear thickening fluid keeps for a few seconds after applied shear
stress removdlL83], +duration long enough for the jet to stay in DST state after it breaks and
until it hits the experimatal table. These observations on the lateral oscillations and
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solidification effects agree with previous work of Liard e{A27] on the jets of silica particle

suspension.

Figure 51 Snapshots of falling CSuspension jet without PA fibers: stable viscous jet (a); jet subject to coiling
instability (b); jet subject to lateral oscillations (c). The average lemgthameter ratio is. & Nvéda

z& = J @ for the jets shown in (ajb c). The average length-diameter ratio is. & N va&aza =J @ rfor the

jets shown in (a), (b)

5.1.2 Effect of the PA volume fraction

Addition of PA fibers to the CC suspension qualitatively changes the jet behavior, and
these changes depmkon the PA volume fraction. In Figure 5.2, the jet of-§iSpension
without PA fibers is compared with jets of €&Qspension with three different concentrations
of PA fibers. The jet length is fixed to 15 cm. The jet of-&Gpension without PA fibers
[Figure 5.2a] is continuous (with only some rare fracture events), and laterally oscillating all
along its length. The generation of these oscillations may be due to stress fluctuations in the jet
above a critical stress of DST transition, as typically oleskima confined C&uspension in
sheasrheological measuremerts)0]. Addition of the PA fibers globally decreases the lateral
oscillations [Figures 5.2 ¢d)] and stops them completely (i.e. the jet becomes completely
vertical) atT gy Nr& Fr& ™ ~*ZThis effect will be explained and quantitatively evaluated
later insecion 5.3.2 However, with increasing fiber concentration, the breplevents become
more frequent and occur at shorter distangsfsom the tube outlet called hereinafter the break
up length. It is possible that with increasing PA volume fraction, Bérdi form larger flocs
inside the jet, whose size likely becomes comparable to the jet diameter leading to the-jet break
up, as it occurs with the jet of concentrated suspension of sghé&rds This point will be

inspected irsection5.3.3along with quatitative evaluation of the brealp length.
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Figure 52 Snapshots of the suspension jets at different PA fiber concentrations. (a) CC suspension without PA
fibers. The jet is completely unstable showing a wavy pattern along its length. {BA@Gxture ati g L r&”

vol. The jet is still unstable and presestame fractures in the bottom section. (c)-B& mixture atT L

s& " R KFhe jet is stable against lateral oscillations with frequent fractures occurring at the bottom section of
the jet. (d) CEGPA mixture ati y L t° R KTFhe jet is completely stablgainst lateral oscillations with frequent
fractures all along the jet length.

5.2 Quantitative analyses of jet dynamics
We analyze in this section, the dynamics of the jets 6P@Cnixtures through different
guantitative features, such as fjaediameter, lateral drift, Fourier spectra, dispersion relation,

wave speed.

5.2.1 Variation of the jet diameter

The suspension jet shows some fluctuations of its diameter along its length and during
time. For quantitative analysis of these fluctoasi, we evaluated first the mean jet diameter,
AghAL B:V; averaged over time as function of the axial position, as plotted in Figure 5.3a for
the CGPA mixtures ati g L r& &&a f«tt ™ ~*Zwith 7y L r corresponding to the CC
suspension without fibersh€& average jet diameter was evaluated excluding zero values of the
instantaneous jet diameter during possible jet ruptures. For all the curves, we observe an initial
rather strong decrease of the diameter in the downstream direction attributed to gnavitati
stretching, as typically observed for free falling jé32]. This decrease is followed by a slight
increase of the average diameter at the bottom part of the jet due to jet flow deceleration near
the point where the jet hits the experimental talMe.also notice that the average jet diameter
is a growing function of the fiber volume fraction. This is expected from higher viscosity of the
CC-PA mixtures with higheri yvalues; the jet of a more viscous fluid exhibits less thinning
diameter when sttehed by gravity. For example, in viscous regime at short axial distances, the
Newtonian jet radius scales 44 Q' ° 61 R,:é C?° 8\?5(with Qbeing the jet speed at a given
axial positionY zsee, for instancgl85]. To quantify jet breakip eventghat happen at some

conditions, we introduce the breag probability +at a given axial position/as a ratio of the
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time 6, gy interval, for which zero instantaneous jet diameter was detected, to the observation
time interval g namely+ L :6.gy 6; Hsrr :" ;. Experimental+:V-dependency is plotted

in Figure 5.3b for varioud yvalues. As inferred from this figure, the bregk probability is

zero all along the jet of the CC suspension without fibers, in agreement with observations of
the jetswith the length. O sw...ecf. section5.1.1 The breakup probability increases

dramatically with the fiber volume fraction and achieves 80% at the jet lower sectignlat
t © ~* ZThe axial probability profile has a sigmodal shapeé@l sd f 1t = ~* Zwith zero

breakup probability until some critical breakp length . 5 followed by a gradual increase at
VP . g The effect of the PA fiber volume fraction on the brapkength will be inspected in

section5.3.3in conjunction with theoretical @stations.

Then, we evaluated the deviatigg@ R, L @R F AGh V of the instantaneous jet diameter
@PRaV, from its average value; the spatiotemporal maps (colormaps) of @BV, function

are plotted in Figure 5.4 a, c, e, g for the observation lapse of 5 s and for the same range

of the fiber volume fractioni yas in Figure 5.3 The colormapsiag L r f « fr& "~ * Zclearly

show a periodic sequence of the yellow (thicker diameter) and blue (thinner diameter) bands
corresponding to the blobs and necks along the jet length. The amplitude of these surface
undulations is relatively smallGr &imm) with respect to the walengthslsr F s wmm and

the jet mean diameter of3 mm. Such surface undulations have not been detected in jet
instability experiments of Liard et al.27] likely because of space resolution limits, as opposed

to relatively strong undulation of the filaant surfacen pinchoff experiments of Roché et al.

[123]. A negative slope of the color bands in thiB/-space [Figure 5.4] points out to the
downstream propagation of the blefsdnecks sequence along the jet flow direction. An
enlarged view of theolormap in Figure 5.4a is provided in the inset of Figure 5.4 and reveals
complex dynamics of the surface undulations with two kinds of blobs. On the one hand, thick
bands clearly visible in nemoomed views correspond to relatively long blobs travekiogg

the jet with a relatively low speed gradually increasing in downward direction. On the other
hand, in the lower half of the jet, we detect a sequence of thin yellow and blue bands,
corresponding to shorter and faster blobs and necks, each traaélirggh constant speed of
about 0.9 m/s, as inferred from the slope of the thin yellow baie of these slopes being
shown in Figure 5.4a. The speed of two kinds of blobs appears to be much higher than the jet
speed, which increases froiniz Hsr’8 « «to 1rat « ealong the jetln addition to it, one

can easily observe the jet ruptures designated by black colored sections. The ruptures are absent

atTyL r~ ~*Zsome rare brealip events appear at the jet lower sectionifgrL r& ™ ~*Z
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the rupturebecome frequent and appear closer to the tube outl@tfdr sd f« 1t = ~* Zin
agreement with observations in secttoh.2and with the breakip probability plotted in Figure
5.3b.

Figure 53 Jet diameterA@faveraged over observation time (a) and the jet bupaprobability (b) as function of
the axial position z for C®A mixtures at different PA volume fractions listed in the figure legend.
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Figure 54 Spatiotemporal diagramg the jet diameter deviatiog @PaV; (in mm, parts (a), (c), (e), (g)) and jet
lateral drift T: RV, (in mm, parts (b), (d), (), (h)) for GEA mixtures at different PA fiber volume fractions:
Ty L r(CC suspension in absence of fibers) (a) anddBfo vol (c) and (d), 1.2 % vol (e) and (f), 2% vol (g)
and (h). The inset on the right of (a) and (b) shows an enlarged view of a rectangular regiop@Pavemap
(a) delimited by the dashed line. Thin yellow bands and thick baeldsited by inclined dashed curves are
distinguished on this inset.

For a deeper analysis of the blabdneck propagation, we perform a 2D DFT analysis of the

jet diameter@PRaV, as specified in sectidh2.3 ofchapter 2. The contour plots of the aiyale

A A & of the Fourier spectrum in the frequency domairéG, are presented in Figure 5.5 for

the CGPA mixtures at different fiber volume fractions. Aty L r f+frd "~ Z we observe

an elongated pattern extended from the second to the fawatitant [Figure 5.5 (a,b)], which
looks like a mountain crest in a surface 3D plot (not shown here for brevity). This crest
corresponds to surface undulation waves propagating downstream the flow. In general, the
projection of the crest onto the horizondl &G-plane is described by some functiénL B: G,

which is nothing but a wave dispersion relation. In Figure 5.5 (a,b), the crests have a linear
shape (denoted by a dashed line in Figure 5.5a) corresponding-tiispersive waves on the

jet surface wh a linear dispersion relation L R{GThe wave speeds defined as an average

slope of experimentafi L B: G dependencies.
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Figure 55 Contourplots of the Fourier amplitudé&:: fi & (in mm) of the jet instantaneous diamet@®aV, of the

CC-PA mixtures at different PA volume fractionsy L r © R K(@&), 0.2 % vol (b), 0.5% vol (c) and 0.7% vol

(d). The dashed lines in (a) and (c) are guides for eye to follow either a singlspead (a) or two different wave
speeds (c). The color bars of (a) and (c) are similar to those of (b) and (d). The sampling rates were fixed to the
valuesfizz NsrxrN=@uand G5 Nutrrl ?Sslightly larger than twice the highest observafiland Gralues

(cf. section 2.2.3). The lowest na@ero fi and Gvalues are fixed by the film duration (14.86 s) and the observed

jet length (445 mm) that givesi, sas Nr& tuN=@and G 34N v Uil 75

Interestingly, fort y R rav”~‘ Zwe observe two separate amplitude crests (highlighted by
dashed lines in Figure 5.5c¢), still having a linear shape associated to two different wave speeds
for the same propagation direction. This situation is expected to reflect a more complex
dispersion relation that may physically correspond to the wave propagation through
heterogeneous and/or anisotropic media, which may admit different wave speeds, as often
reported for elastic waves in granular me(di&6], porous medial87] or fibrous mataals
[188]. In our case, addition of PA fibers likely brings some anisotropy (in case eandom
orientation distribution of fibers along the jet flow) and/or lasgale heterogeneity (in case of
formation of flocs perceived at the rough jet surfasee Figure 5.2 (c,d); this probably results

in two wave speeds. Further investigations are required to clarify this point. Notice however
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WKDW WZR FUHVWYV YLVLEOH LQ )LJXUH F G VKRXOG QR
blobs detected in thepatiotemporal maps in Figure 54,9 EHFDXVH WKH 3VORZ’
propagated with a speed varying along the jet, while the wave speeds assigned to the wave
crests in Figure 5.6c,d DUH FRQVWDQW DQG WKHUHIRUH PRUH UHOHY
blobs dynamics is likely masked by relatively broad central spot of the Fourier spectra in Figure

5.5. In addition to it, we do not have a clear explanation for the thin horizonal bands appearing

ati N Guyr” f t+?°in all contour plots of Figure 5.5. It is netpected to come from acoustic

wave resonance of the suspensditiad tube (with fundamental frequencyt Hs r® «?9) but

is probably caused by the resonance with the mechanical support of the fluid tankZHiglire

In what concerns the wavelength range, for all fiber volume fractions, the Fourier amplitude is
significant at relatively small wavenumbers and decays abGygs Nwrre 7 This
corresponds to the surface undulation wavelengths ranging befiygei. té Gagslsree

and the observable jet lengt#, 1. NSvwe . Let us now evaluate two characteristic
wavelengths of the RayleigPlateau (RP) instability, which are the critical wavelength of the

instability onse{182], 5L té4, N sw ¢ and themost amplified wavelengti82], & L

téd,d EuR,:é @, t;?° 695 ® which is equal to 96124 mmfor our CGPA samples,
whereUNrdyt o isthe surface tensioAs we see, both RP wavelengths enter the interval
of the surface undulation waeglgths observed in our experiments. Howeagrye will see in
section5.2.2 the wave speed in our case is much larger than that of the RP instability, which is

equal to the jet speed.

As it will be seen in sectios.2.2 the blobandneck propagation ahg the jet atiy O

rg "~ Zis accompanied by lateral oscillations of the jet centerline. So, the fluctuations of the
jet diameter and jet centerline seem to be governed by the same physics related to the DST

transition in extensional flow along the jag will be inspected in section 5.3.

5.2.2 Lateral oscillations

The spatiotemporal maps of the jet lateral drift are presented in Figuresd.6lt(ks
well observed that the jet of C&lispension without PA fibers is continuous and represents no
ruptures [Figure 5.6b], as has been shown in the same figure in tmeteliadeviation
colormaps [Figures 5.4a] and agrees with zero bugagrobability shown by the red line in
Figure 5.3b. The sequence of blue and red bands in the lateral drift colormaps corresponds to
negative (to the left from the tube axis) and positieehe right from the tube axis) drift of the

jet during time, thus indicates that the jet is strongly oscillating. The color bands appear to be
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nearly vertical meaning that mostly the whole jet displaces to the left or to the right with respect
to the tibe axis. We also note that the color intensity varies (and sometimes fluctuates) vertically
along the bands becoming more intense in downstream direction. This means that, as expected,
the lateral drift is more pronounced at higher axial positions, wblt& intensity fluctuations

reflect jet centerline undulations along the jet, as observed in the experimental snapshots [Figure
5.2 (a, b)].

The jet is not totally continuous and the ruptures along its length sometimes occur when adding
PA fibers at 0.6%vol [Figure 5.4d], but the rupture events are still seldom at this PA volume
fraction, in agreement with weak (a few %) values of the bupagrobability +see the purple

line in Figure 5.3b. In the lateral drift colormap, the rare rupture events appeafeav
relatively thin black bands or spots. The ruptures become more pronounced when increasing
the PA fiber concentration, as inferred from increasing number of black bands in colormaps for
Ty L1.2% vol [Figure 5.4f] and 2% vol [Figure 5.4h]. This ebates with the increasing break

up probability revealed from Figure 5.3b. However, the jet becomes completely stable at fiber
volume fractioni y Rr& ~ ~* And lateral oscillations disappear. For example, the lateral drift
colormaps fori ; L sd * ~* ZFigure 5.4f] and 2% vol [Figure 5.4h] are rather homogeneous
(with nearly zero lateral drift), except for the black bands at the lower part of the jet standing
for the jet ruptures.

For a finer analysis of the jet lateral drift R\, 2D DFT analysis waperformed onT: R

signal, as detailed in section 2.2.3. The obtained surface plot of the Fourier specfid®

at Ty L r ™ ~*4s shown in Figure 5.6a and the contour plotsi &G, for different PA fiber

volume fractions are shown in Figuré %c-f). We observe two main crests in the surface plot

of Figure 5.6a, one spanning the odd quadrants and corresponding to the forward propagation
of the jet lateral drift, and another one spanning the even quadrants and assigned to the backward
wave progation. A secondary crest at the middle plane of the surface plot (perceived in the
contour plots as a horizontal band centered &t r) likely corresponds to some slow dynamics
occurring at the jet spee@N z Hsr’8 F rédt «  The contour plots in Figure@(c-f) allow

RQH WR DSSUHFLDWH WKH 3ZLGWK’ ™ R WAikEdémaid ¥nd/ e W KHL U
difference between the forward and backward wave crests. The shape and the height of the

crests deserve a detailed analysis.
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Figure 56 Fourieramplitude : : fi &5 (in mm) of the jet lateral driffT: V&P, of the CCGPA mixtures at different PA
volume fractions: surface plot (a), 3D scatter plot of the second quadia@tr &GR r ; after sign inversion of

fi (b) and contour plot (c) fof y L r (CC suspension without PA fibers); contour plots forL r& ™~ RK ),

0.7% vol (e) and 0.8% vol (f). The red lines in (b) correspond to the gaussian fit of each vertical slice (along the
lines GL ? K Q #fthe 3D scatter plot. The black dashed lines in (c) are guides for eye helping one to follow the
forward and backward wave crests. The sampling rates were fixed to the vajuesl wu N = @and G 5 N

z x rl ?Sslightly larger than twice the highest observafiland Gralues (cf. section 2.2.3). The lowest raero

fi and Gralues are fixed by the filduration (14.86 s) and the observed jet lenglf1b mm) that givesi, 354 N
ratuN=@and Gaes N VUil 75

The projection of crests [Figure 8a] onto a horizonfa&s - plane, gives a dispersion relation
i L B:G corresponding to the wave propagation of lateral oscillations. The dashed lines in

Figure 8c indicate an approximate position of both main wave crests. Strictly speaking, the
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dispersion relation can be exgo#istablished for infinitely thin (and infinitely high) crests with

the Fourier amplitude along the crests respecting the Dirac delta furetibypothetical case

of zero damping (e.g. inviscid fluid) and infinitely long jet. In our case of highly vsscou
suspension, the crests are much more diffuse, so, we have defined the dispersion relation in the
following way. First, we isolated a single quadrant of the Fourier spectrum corresponding to
either the forward or backward wave. Second, the residual ahgditcorresponding to the
secondary (low frequency) crest were manually eliminated, and the rest of fhé5 data

lower than some threshold were set to zero (filtered) in order to reduce the noise. Third, the 3D
scatter plot of the prFeated: : i &5-signal was generated [Figure 5.6b] and sliced by vertical
planes parallel to thé-axis and corresponding to fixed discrete values of the wavenuf@ber
Each slice contained a point cloug,: i ; that was fitted by a gaussian function shown by red
solid lines in Figure 5.6b. The location of peaks of each gaussian curve was assigned to the
crest position in the: i &-plane that allows a clear definition of the dispersion relation.
Remarkably, the discrete points of the dispersion relation alwaysegathieng a straight line

and therefore were fitted by a linear functiGnL RGSuch a linear dispersion relation (found

for forward and backward waves at all fiber volume fractions) corresponds {dispersive

waves and the slop&;standsfor the wave speedNotice that for the present case of non

dispersive waves, the phase spéedsL Rsis the same ahe group speed@ @ G R

From the theoretical perspective, Liard et[aR7] has supposed that the wave propagation
along theshear thickening jet is equivalent to vibration of a solid taut string with the gravity
playing the role of the tensile force. Following this idea, the wave speed squared is given by
R L i & whereiis the tensile force by unit jet cressction. Irideal string model, the tensile
force is constant along the string, while in our case of the gravitational stretching, it varies
linearly with the axial positioni L é C,Vesulting inR§: V¢ L C Mt can be shown that the last
expression is valid im shortwave limit &' . and under assumptions of nearly constant jet
crosssection and high wave speeds ( Q Notice that our Fourier analysis provides some
effective wave speed likely related to the RMS valueRgfV;, which, in the frames of the

vibrating string model, is given by
UA
6

R L §—§ifﬁ§:v,@V§— (5.1)

recalling that. N r & wn is the total jet length.
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Experimental and theoretical [EQ. (5.1)] dependencies of the wave speed on the fiber volume
fraction are shown in Figure 5.7 for forward (black squares) and backward (blue triangles)
waves. The error bars correspond to the confidence interval of theflireddine gaussian peak
locations (cf. Figure 5.6b). Experimental values show some fluctuation with the fiber volume
fraction without deserving any clear tendency. One can obseeae similar (within
experimental errors) speeds of the forward and backweves. This suggests the single
dispersion relation for both propagation directions. Noteworthy, the wave $pektthe blob
andneck propagation (green diamonds) is the same (within the error bars) as the wave speed
Ryof the lateral oscillationsFor the CEPA samples with two bleandneck wave speeds
[Figure 5.5 (c,d)] we use the highest of tigvalues for comparison witli Quantitatively,

we find the average value of these spe&l®l Re:Nrd Grd « <independent of the fiber
volume I DFWLRQ 7KLV YDOXH LV LQ H[FHOOHQW DJUHHPHQW 2
blobs, 1rd « ¢ directly revealed from the spatiotemporal maps in FigureThd similarity
between Rzand Rzvaluescould point out to the same origin of both afstities coming from
fluctuating stresses above DST transition. On the other hand, the jet surface undulations are
typically observed for the RP instability, occurring due to capillary forces. However, the speed
of the surface undulation propagation iabthe jet speed for the RP instability. In our
experiments the jet speed varies frdm Hs r’8 « eat the tube outlettd. rdt « eat the jet

lower extremity and remains much lower than the wave spgéd « < This could be an

argument for ruling out #1RP instability in our case.

Figure 57 Effectof the fiber volume fraction on the forward/backward wave spégofthe jet lateral oscillation
and on the blolandneck propagation spedg. Here, we use the highest of tWvalues for comparison witlk

7KH 3YLEUDWLQJ VWULQJ" PRGHO GRHV QRW GLVWLQJXLVK

provides a single wave speelg Nra&yes e independently of the fiber volume fraction
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KRULIJRQWDO EODFN OLQH LQ )LIJXUH LG YWWRDW. B HDGE RWKHD W
critical stress. Despite data dispersion, our experiments seem to confirm this tendency and show
a very good gquantitative agreement with the modél Grd  e<in experimentsvs & ye e

in theory). Ignoring the tensile force varat along the jet, Liard et gl127] has obtained the
expressionR; L ¥ C .for the wave speed, which differs from our one [Equation. (5.1)] by a

factor of % Nsa& In their experiments, they usea completely different DST fluid
(concentrated suspensiongsilica particles) at a different jet lengthN rd@z ¢ as compared

to our experimental value N r & wn. They have found similar average values of the forward
and backward wave speeds, both about half of their theoretical value.afthibyte this
differene to the phase lag between the forward and upward waves. However, their
experimental valueRs N r& w < is relatively close (within large statistical errors) to the
prediction of Equation. (5.1) that give N r& ue <« More data have to be collected for
establishing exact scaling of the wave speed as function of the jet length. At this stage, we can
constate that the vibrating string model [Equation. (5.1)] provides a good wave speed prediction
for two different experimental systems.

Surprisingly, the wave speed&and R.are also similar for unstable (&t; Or& " ~* Yand
stable (ati ;y Rr& " ~* ¥jets. This correlates with the vibrating string model: both kind of jets
exhibit the same wave speeds independently of the orighmeofvibration, whether it comes
from selfexcitation in unstable jets or external random vibrations (sound, small mechanical
shocks) of stable jets. The difference is in the oscillation amplitude, which is of course

significantly lower (if not vanishingfor stable jets, as it will be shown below.

It is instructive to inspect now the intensity of different harmonics of the jet lateral drift. The

most relevant magnitude for this purpose is the Fourier amplitude measured along the crests of
the Fourierspe¢ UD KHUHLQDIWHU FDOOHG 3FUHVW KHLJKW ™ :H G
. ¢- G of the gaussian peaks associated to each discrete value of the wave@teurves

in Figure 5.6b). Theonfidence interval of the gaussian fit was assignéuetoncertainty (error

bar) of the crest height determination. The magnitugeG L ¥fi6:G E :RG° L RG¥ is
FRQVLGHUHG DV D GLPHQVLRQDOO\ FRUUHFW PHDEXUH RI
values being taken from experiments [Figure 5f@] each distinct CE&PA mixture.
Experimental: .. s-dependencies obtained in a parametric forg G & ¢ G “Zare shown on

Figure 5.8(a,b) for forward and backward waves, respectively and for different PA fiber

volume fractions. Zero frequency valueg: r ; of the crest height corresponds to a lateral offset
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of the jet centerline are excluded from the plots because they may change between different

experimental runs and must vanish when averaged over a large number of runs.

Figure 58 Dependency of the crest height on the crest length for the lateral oscillations at different PA fibers
volume fractions (indicated in the legends) and for forward waves (a) or backward waves (b).

We see that, the crest heigytedually decreases with the crest length. The maxirgaklue
(excluding zero frequency) corresponds to the lowestzeoo discrete wavenumber value

G aes N vuum?®imposed by the observable jet length. Thus, for both propagation directions,
the dominant wavelength corresponds to the jet len@iilis L té GizeaN. Nr&w . On
the opposite limit, the shortest distinguishable wavelength can be arbitrarilyemssigthat
having an amplitude about 10% of the maximal amplitud&at G 3 4 This givesG ge N

tzre ?%48,94L t& GasNtr e forthe forward waves an@, as Nsvre 2248, 4N

v ree for backward wavesThis corroborates with a shorextension of the backward wave
crests observed in the contour plots of Figure 5.6. In general, the crest height of the backward
waves is lower than that of the forward ones. On the other hand, we can concldbe jbat
surface undulation and forward wes/of jet lateral oscillationsxhibit near similar wavelength
range,aL rdas:rédt; Fr&w. It can also be seen that the oscillation amplitude is high for
CC-PA mixtures at the fiber volume fractiong, Q r& ~ ~* dut abruptly decreases at; L

rg” ~‘Zin agreement with the direct observations showing that jet lateral oscillations
disappear atiy 0 r& "~ ~‘Z[section 5.1.9. Thus, at higher fiber concentration$,; L

s fetsd ™ ~*Zthe Fourier amplitudes are no longer discernable from the errors of the data

processing, especially taking into account strong artefacts related to the jetipreak

The possible reasons for the jet lateral oscillations, stabilization by fibers ahé faansition
from lateral oscillation regime to jet break with increasing fiber content will be inspected in

the next sectiob.3in conjunction with theoretical evaluations.
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5.3 Theoretical insight

In this section we try to give the responsestioe two main questions of the present
FKDSWHU WKURXJK D IHZ WKHRUHWLFDO HYDOXDWLRQV HP¢
guestions are: (a) Does the jet transverse oscillation come from the DST transition? (b) What is

the effect of the fibers otine qualitative and quantitative changes of the jet dynamics?

5.3.1 Stress profile along the jet

We restrict our analysis to the steady state flow inside the jet and a straight vertical shape
of the jet. This is expected to suffice for the analysithefinstability onset and the effect of
the fiber addition on the instability threshold. In this section, we consider only the jets of CC
suspensions without PA fibers. We follow Sauter and Buggi$é®] who derived the
momentum balance equation from the force balance acting on a jet horizontal slice under
inertia, capillary, gravity and viscous forces. The flow is classically assumed to be purely
extensional with the axial velocit@depending only on thaxial \toordinate, as schematically
presented in Figure 2.15b ¢hapter 2. The original derivation covering only Newtonian fluids
is easily extended to nelewtonian rheology and gives the following set of stestdye
eqguations for the evolution dfi¢ velocity Qthe jet radius4 and the tensile stress, L & F
é; swith the axial positionV(here, &; and é; sare the axial and radial normal stresses,

respectively):

p e 5 x A /5 ~ P
¢ L= 84°EU4EEC (5.2)
QAL Q48 (5.3)
LISV 1
L Ve, L—L— (5.4)

where UNrdy e is the suspension surface tensiofigy,; is the extension rate at a given

axial positionV [ is the lowshear viscosity of the CC suspension corresponding to-quasi
Newtonian regime well below the DST transition [cf. Figure 3.2cchapter 3 withhg
corresponding to the slope of the green line], the factor 3 in Eg. (5.4) corresponds to the Trouton
ratio [154], Rg:&, L 3,8, :ully; is the relative extensional viscosity of the non
Newtonian CC suspension defined as a ratio of the extensional suspension vidgo&ityo

its extensional viscosityl}, at low extension ratélhe equation (5.3) is nothing but the flow

rate conseration along the jet, with the jet speed at the tube ouWét €) given by Eq (2.26)

in chapter 2, while the equation (5.4) is the rheological relationship for the extensional flow
along the jet.

138



Chapter5 Jet flow and jetnstability of spherdiber mixtures

Let us now introduce the following scaling factors for Wedocity, the jet radius, the axial

position and the tensile stress:
XPL Q Lo 2L 2L 45 %,2L 60l (5.5)

The dimensionless quantitiep€aA&, are obtained by dividing the respective dimensional
guantities by the appropriate scaling factors. Combining Egs. (5.2), (5.3) and (5.4), we arrive

to the single differential equation fa@,: @ taking the following dimensionless form:

2

_ v 7 ﬂg’ﬁéﬂ;
@ E5 FY@AL F—5 (5.6)

¥z
whereUL .5 448 LU:é@S;, YL@ :Chy; L €5C4] :srtv¥;, and. oL ¥U :€Gis
the capillary length. To get the speed dependency on the axial position, we use Eq. (5.4) in the
dimensionles$orm as follows;
X8 76y
x@ " 7 qaéy;

(5.7)

It is known that the forward integration of Eq. (5.6) at an arbitrary initial valu&,o$; leads
to the solution divergence at large sped@g 85]. This problem is commonly handled by

backward integration with the initial condition physically corresponding to the inertial regime

at infinite speed far below the tube outlet. This corresponds to the free fall @ded¢é t C\,

the extensional ratég L ¥C :t 4 ; L C Q and the tensile stress at vanishing extensional

rate &,:Q ; L uk¥e L uk,C @ orin dimensionless form:

7'U 7
UE ¢ 8p ~ 768

@@ ;L (5.8)

Thus, choosing the initial point a8 L sr® F sr®and the termial point at @L s (tube
outlet), we obtain numerical solution of the initial value problem [Eq. (5.6), (5.8)] in terms of
@&, @-dependency, which, in the case of the Newtonian rheology, is equivalent to the common
representation in coordinate@® @A B: @. The dependency of the flow speed on the axial
position can further be obtained in inverse form by the forward integration of Eq. (5.7):

Vig L1 S gy (5.9)

aq:Q;

Thus, varying the dimensionless spéethe intervals Q QQ &, we get the axial position as

a function of speed with the help of Eq. (5.9), while fig VAdependency is obtained in the
parametric fornrPA@ &, @ ?
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First, we apply this calculatiorr@cedure to the Newtonian limit, which is usually appropriate
for the shear thickening suspension below the DST transition. To this purpose, we put
35:@, L sin Egs. (5.6) and (5.9) and plot in Figure 5.10a &)@ theoretical dependency
(solid redline) for the typical valuedJ L r& xand YL t & vH s r’° of the parameters in our
experiments. This dependency has a typical-monotonic shape of the@d® @A B @

dependencies reported in literature for Newtonian [[886,190] The initial increase of the
tensile stress with the speed corresponds to the viscous regime with thedstiglisvA v.Q

and the final decrease stands for the inertial regime @ijths @cf. Eq. (5.8)].

The basic assumption of this work is tha tinset of the jet oscillation corresponds to the onset

of the DST regime at some lower DST threshold stress, which should from now be distinguished
from the upper DST threshold stress above which the stress again exhibits a smooth variation
with the sheafor extension) rate. To check this point, we need to introduce a constitutive
rheological equation for a DST fluid under extensional flow within the jet. As it follows from
particle level simulationgL24], the Sshape of the flow curves (typically obsedvunder shear
[chapters 3 and 4]) is also expected under extension. At such condition, the Wyart and Cates
(WC) model[107] (originally developed for shear flows) could be extended to extensional flow.
Recall thathe WC model is based on the assumptiba continuous transition between fully
lubricated contacts between particles at low stresses and fully frictional contacts at high stresses
with a builtup of a dense contact network [chapter 3, AppendiXTB¢ conceptual basis of

this model seems to hbin extensional flow, as inferred from the simulations of the suspension
microstructurg124]. We have to bear in mind thiéte WC model describes only steestate

flows. It anticipates the stress range of the unstable flow but is unable to desciilosvthe
fluctuations. However, as stated above, the assumption of the-steéelgondition should still

be adequate for finding, at least sequantitatively, the onset of the jet instability. Thus,
extending the steaetate WC model to extensional flowewet the following expression for

therelative extensional viscositydg L &, :uld,;

6

A 5? 0 wai
&/ﬁ.ﬁﬂ/‘l, L |mp (510)
Tad@, L1, B@&,ET ksFB@,o0 (5.11)
as
B:@;thé’lF@;éAp (5.12)
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where 1 5 L r& Zcorresponding to 68 % vol) is the CC particle volume fractiofi;@,; is the
so-called jamming volume fraction of the suspension particles depending on the proportion
B: &,; of frictional versus lubricated contacts between partidggand T 4 gare two limiting

values of T4 corresponding to fully frictional or fully lubricated contactéiy is the
characteristic stress of the DST transition in extension, normalizedépyL € Cl; &
approaches the DST threshdiggat high valies of the stretching exponent L. The facter

T3 Taepin the numerator of Eq. (5.10) appears because the relative viscosity was not
introduced with respect to the viscosity of the suspending liquid (water) of the CC suspension
but with respect tthe Newtonian suspension viscositys F 75 1 2.4’ ®at low extensional

rates. The equation (5.12) is one of the simpdaspirical laws for the fraction of frictional

contacts used in the literature and is slightly different from Eq. (3.28) usedptecBa

For the case of the DST fluid, we conducted the backwaegriation of Eq. (5.6) replacing
(%,5by EQ. (5.10). The theoretical flow curves in extension are plotted in dimensionless form
in Figure 5.9b, where the dimensionless extensionabratee abscissa axis is the function of

@&, calculated asYB. &, R,g: @&, All the flow curves were simulated at the CC particle
volume fractioni 5 L r & zused in experiments, the packing fractidns L r& tand T 2 ¢ oL

r & {found in chapter 3, Appendix E, and at two values L=5 and 50 of the stretching exponent.

Figure 59 Theoreticalstress profile (in lodog scale) along the jet of the CC particle suspension in terms of the
dimensionless tensile stress as function of the dimensionless jet speed (a). Theoretical flow curves for the
extensional rheology of the CC particle suspensipnBbth plots (a) and (b) are made for the Newtonian jet (red
solid line) and for the DST WC rheological model (dashed lines) with different valuligsand Eparameters.

The shape of the simulated flow curves in extension is qualitatively simitaetshape of the
shear flow curves [cf. chapters 3 and 4] at a relatively high v&llew rof the stretching

exponent (green and blue dashed lines in Figure 5.9b). Furthermore, thé&\lalweprovides
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the DST threshold stres&@,gvery close to the characteristic streiggintervening into Eq.

(5.12). Anyway, both values o& L wand 50 provide a linear initial section of the flow curve
extending up to the DST threshold. This linear section has the same slope at both L values
coresponding to the relative extensional viscosiys:@&,; L s as expected for the

Newtonian regime below the DST transition.

For calculation of the tensile stress profile along the jet, we have chosen two characteristic
values of the characteristicess, the first oné g L t being lower than the peak val@; N

t & vof the Newtonian@, : @ curve (red solid line in Figure 5.9a), and the second é@ng,L
udbeing higher thar@,z . The value@ L udvP &, at &L wprovides the tensilstress

profile perfectly collapsing to the Newtonian profile (compare blue dash and red solid lines in
Figure 5.9a). This is expected becaus@gt L uaythe tensile stress does not achieve the lower
DST threshold all along the jet and the suspendienlogy remains perfectly Newtonian, as
inferred from Figure 5.9b. On the other hand, the vaygL t O &, at &L w provides a

strong change in the tensile stress profile (green dashed line in Figure 5.9a). Recalling that the
profile is obtained byhte backward integration, th@,: @ curve follows the Newtonian profile

(red solid line) when the speed decreases from its terminal @lue s rBup to some critical

value @and the tensile stress increases frén@ ; L u :utYg ;[Eqg. (5.8)] up to a value

of the lower DST threshold@&,g N &, L t. At lower speeds,@0 @, the tensile stress
experiences a sharp (but mathematically continuous) increase until reaching a peak value
&, N wrbeing an order of magnitude higher nhthe peak value@, N t& wof the
Newtonian profile. It is quite intuitive to suppose that the surfacéefénsile stress jump
cannot sustain steadyate and likely moves along the jet with some speed. This surface is
likely subject to corrugatiomstability by analogy with propagation of the shock wave front,
when initially flat horizontal front develops growing wavy patteti®0]. This could lead to
asymmetric shear stresses that are expected to bend initially straigHojetver, at this
momert, we have not managed to formulate the linear stability analysis proving this hypothesis.
Notice that decreasing the value of the stretching exponefititonallows a slightly broader
region of the tensile stress profile above the DST transition (blatledadme in Figure 5.9a)

with the stress jump always occurring at the lower DST thres@igldN s&which is somewhat

lower to the imposed valu@ L t of the characteristic DST stress in WC model [cf. black
dashed curve in Figure 5.9b]. In summarphatever &and & values chosen in simulations,

the tensile stress jump and, presumably, the jet instability occur only if the lower DST threshold
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stress@ gis lower than the peak valug,g N t & vof the Newtonian stress profile. In terms of
dimensional magnitudes, this gives the DST tensile siéggg s v u fcomparable to the DST

shear stres€s N tr F wr fmeasured in platplate or mixer type shear rheometry [Figure
3.2c].

Notice finally that the slender jet approximation used in the present study along with the
backward integration scheme are not valid for initial part of the\jét,4,and lead to incorrect
values of the tensile stress at the tube ouN&t (r) for both Newtonian and shear thickening
jets (cf. nonzero &,values at the ordinate axis in Figure 5.9a). However, this artefact has a

minor influence on the shape of the stress profil¥ @t 4,

5.3.2 Effect of fibers on jet stability

Let us now inspect the effect of fiber addition to the tensile stress profile along the jet.
From now, we will restrict our analysis to the Newtonian case below DST in order to compare
the threshold stresé, gwith the peak valued,; of the Newtorman stress profile. The addition
of fibers impacts the relative extensional visco$iin Eqgs. (5.6) and (5.9) and the parameter
e, in which the lowshear viscosity3, of the shear thickening matrix (CC suspension) should
be replaced by the shear viscosBy. R, Rs0f the CGPA mixture: YL €5C4/ :srtv.R,Rs;5;
with 3 being the relative shear viscosity of the PA fiber suspension with respect to the low
shear iscosity of the shear thickening matrix. In the Newtonian regime below DST, both
relative viscositied¥,gand [} are stressndependent but depend on the volume fracfigof
fibers and on their orientation. As in experiments we do not have dodés= orientation, we
will consider two limiting cases of isotropic orientation and fully aligned orientation when all
the fibers are parallel to the extension axis (jet akmsFigure 2.15b irchapter 2). The values
of ¥,zand [} are obtainedsing the rheological model of Phdren and Graham (PTG)odel
[167] developed for a wide concentration range of fiber suspensions and slightly modified in

chapter 3, Appendix A:

kL— LSEtigE) g (5.13)
Ba L=t L SEtTyE=) 3y, (5.14)
N:6? R g & R 5>448 jl:6&; .. 3 .6
) L 75?2 § g jl:6d’ BEN L 5258 jl:64&; Esa&w{:Z*}N; (5.15)

143



Chapter5 Jet flow and jetnstability of spherdiber mixtures

where 8; L sgs@nd 8s, L s5sare the shear and extensional components of thark

fiber orientation tensok (the subscripts 1 and 2 stand for the velocity and the velocity gradient
directions, respectively), whose values are summarized in Table 5.1 for two chosen fiber
orientations;1; L w& Ns the maximum packing fraction tife fiber suspension taken at the
upper limit of the granular suspension of riid%. Notice that the relative shear and extensional

viscosities take the same value for the isotropic fiber orientation.

Table 51 Parameters of the CBA mixtures related to the tensile stress calculations

Fiber volume 0% 0g, \4 (mm) & (Pa)
fraction/ orientation
Ty L r(no fibers) N/A N/A 53.4 143
fgbs™ ~'Z S S 77.7 253
(isotropic) SwW w
fgbs” ~*Z 259N ras s, S 87.3 394
(aligned) ®
sdvN
- Zaen

* The &; parameter for the aligned orientation in a shear flow through the tube (from which the jet flows out)
corresponds to the solution of Leal and Hifth8] for the tumbling rods at vanishing Brownian or hydrodynamic
rotary diffusivity

The stress profile in terms of the dimensioigl \i-dependency is plotted in Figure 5.10 for

the CC suspension without PA fibers (red line) andR¥XCmixture atTyL s~ ~*Zfor
isotropic (blue line) and aligned (green line) fiber orientations. Addition of fibers leads to a
substantial increase of the stress level along the jet and shifts the stress maximum t& higher
values. This is easily explained by a larger viscodithe mixture, which results to a steeper
initial increase of theéensilestress and allows extension of the viscous regime to higher axial
positions. Furthermore, the aligned fiber orientation promotes a higher extensional viscosity
[129] and, consequemnt] the higher stress level in the jet than the isotropic orientation. For
guantitative comparison, the peak values of thresile stressé,z and corresponding axial

position \4 are provided in Table 5.2.
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Figure 510 Theoretical stress profiles along the jet in terms of the tensile stress as a function of the axial position
along the jet for the CC suspension without fibers aneP@QGnixtures ati y L s~ R KaHd two different fiber
orientations.

Increasing &, values with addition of fibers presumably increases the stress rafigée

&.a F &,g0f the DST regime within the jet. However, the lower DST threshold stress in the
CC-PA mixture is expected to increase with the fiber volume fraction that could reduce the
DST interval &, The increasingéd,g:1 y-dependency is expected to haveanailar physics

as the increasin@y: 1 y-dependency revealed in shear flows [Figures 3.7b, 4.5b]. As discussed
in chapter 3, this effect is related to local shear rates and local stress levels in the pores of the
fiber network filled with a shear thickeng matrix (CC suspension). This effect is captured
semiquantitatively by the homogenization approach of Chateau gt5] extended to the
controlled stress shear rheology in [chapter 3, Appendix A]. Extrapolation to the axisymmetric
extension withirthe jet is straightforward and gives the following expression for the lower DST
threshold stres®,z:1 y;in the CGPA mixture as function of the DST threshold strésg:r;

in the CC matrix:

&gkl goL &g r ¥ sF Ty BgTy; (5.16)

It is important to stress that equation (5.16) is a mixture of the three following theoretical
models: (a) the WC modgl07] capturing the DST transition in spherical particle suspensions;
(b) the PTG model167] developed for the Newtonian fiber suspensions, and (c) the
homogenization approa¢h58] developed for particle dispersions in AdBwtonian solvents.
Such a combinatio needs justification. The WC model (typically applied to suspensions of
spheres) is believed to apply to the spHdrers mixtures as long as the four following
conditions are accomplished: (i) the size of CC particles is a few times smaller thandhe min

size (diameter) of PA fibers (scale separation condition); (i) DST is generated in the CC
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particles suspension (shear thickening matrix) filling the space between PA fibers; (iii) the
fibers are added at concentrations below the percolation limhasthiey enhance the mixture
viscosity but do not generate DST themselves; (iv) there is no specific interactions between CC
particles and PA fibers. At these conditions, verified in our experiments, both WC and PTG
models can be extended to the spHirer mixtures upon appropriate rescaling of the shear
rate and the shear stress, provided by the homogenization approach. In its original form, this
approach postulates that the viscosidpf the mixture is equal to the product of the matrix
viscosity R, : (B eevaluated at some local shear réfg By the relative viscosity?s of a fiber
suspension dispersed in a Newtonian solvent. In the present case of the controlled stress
extensional flow, the matrigxtensional viscosity3,4 : &g &; Should be considered at a local
tensile stres$y 5 5y analogy with Eq. (3.8), whiatesults in Eq. (5.16) for the lower DST
threshold.

To get quantitative evaluation of th&,gki ;edependency using Eq. (5.16), we need to know
the lower DSTthreshold &,g:r; of the pure CC suspension. It can be evaluated from the
minimal jet length,. ;34N Xree , above which the jet exhibits the lateral drift instability
[section 5.1.1]. In theory, the lower DST threshold corresponds to the stres@jafethe

stress profile curve (red line in Figure 5.10) takeNat . ; ; 4 In practice, we have to takean
account fringing effects related to the jet deceleration near the point where it hits the Petri dish.
It seems more reasonable to replace the full jet lengthby the axial distanceg N uw ¢

between the tube outlet and the point of theaveest jet diameter. The lower DST threshold

is then estimated to be abo&ig r; L &,kVL .53gN suu f. We have to bear in mind that

this a very rough estimation subject to the uncertainty of the considered fringing effect and to
possible errors of théheoretical evaluation of the stress profile. Injecting &g: r -value to

Eq. (5.16), we are able to plot tlggki yedependency and compare it to previously evaluated

&4 .1 y-dependency for a particular case of the isotropic fiber orientaisee Figure 5.11a.
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Figure 511 Theoreticalphase diagram of the jet stability with the hatched region indicating jet instability against
lateral oscillations (DST regime) and rbatched regions standing for stable jat®ble steadgtate flow) (a).
Experimental dependencies of the RMS amplitude and RMS transverse speed (left ordinate axes) on the fiber
volume fraction compared to the seempirical dependency of the DST stress range (right ordinate axis) on the
fiber volume fraction (b).

Evaluation shows that the peak tensile strégg :1 j; exhibits a stronger increase with the
fiber volume fraction, as compared to the lower DST threshold s&gg$ (j;. This holds for

the whole experimental range 0f;and also for the aligned fiber orientation (curves not shown
for brevity). This implies that, as already supposed, the stress ra@age &, F &,g0f the

DST regime within the jet progressively increases with the fiber volume fraction. Thus, the
fiber addition is expected to amplify the jet lateral oscillations in contrast to experimental

observations showing a full stabilization®a Rr& ™ ~*Z

However, the DST regime can be bounded above by some upper DST thresholdégiress,
which is commonly ascribed to the capillary stress in the case of shear flows with free surface
[100] (as in plateplate or cylindrical Couette geometries). In thasegathrough frictional

particle network, the applied shear stress induces a strong normal stress, which is no longer
balanced by the ambient air pressure at the free surface but pushes the particles through the
surface. The fluid menisci between pokingtjgées at the free surface build a capillary pressure
(stress), evaluated empirically 4g N U &g with &sbeing a characteristic size of the menisci
between poking particles&; N s r&; for spherical particles of a diamet&). It has been
expeimentally confirmed that the applied shear stresdy Lycorresponds to the end of the

DST regime and the stress shows a modest increase with the shear ratel@pide.
Somewhat similar physics is supposed to hold in the present case of theoesldisi within

the jet. The radial compressive stré&ggpushes the suspending liquid towards the jet centerline
throughaquasNMVROLG SDUWLFOH IULFWLRQDO QHWZRUN WKLV FD

jet surface and create menisci betwéhem resulting in a strong capillary pressure. By analogy
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with shear flows with a free surface, the capillary pressure is expected to prevent particles from
escaping the surface until the stress level in the suspension overcomes the characteristic
capillary pressure. It is therefore reasonable to assign the capillary pressure to the upper DST

threshold stress in extensional jet flowgs;g 1 Lol U &

Since the fibers are much larger than the CC particles, the characteristégsfzbe menisc

is expected to be defined by some effective size of the fibers. This size should depend on their
orientation and possibly the volume fraction and agglomeration state. Visual inspection of
Figure 5.2 reveals appearance of sisgdle ( s e ) irregularities on the jet surface of CC

PA mixtures, different from blolandnecks reported in section 5.2.1 and having wavelengths
a0 sree . These irregularities seem to reflect poking of PA fibers though the jet surface;
they are absent (or undistinguishable at thieent image resolution) for suspensions of CC
particles without fibers and their size increases with the PA fiber volume fraction. This could
be attributed to existence of sparse fiber flocs whose size likely increases with the fiber volume
fraction. Notte that formation of pulp fiber flocs within the free jets of the papermaking furnish

is a common phenomenon in the papermaking indis#y]. Unfortunately, space resolution

of our CCD camera was too poor to get reliable measurements of the floc sibetths. We

can tentatively suppose that the floc size and consequently the characteristic meni&gi size
linearly increases with the fiber volume fractidg 3 7 in qualitative agreement with pulp

flocs behaviorf191]. This leads to the followingemiempirical scaling for the upper DST

threshold stress:

&e L (5.17)

Y43 R
where &5 is a size scale that should be determined from experiments. In practice we can
determine&yy by matching the lower and the upper DST thresholds at the fiber volume fraction

Tus Nr&w ~*Zabove which the jet becomes stable. Equalizing the-higid sides of Egs.
(5.16) and (5.17) at y L T yp we get&:s N X ues .

The upper DST threshold stress appears to be inversely proportional to the fiber volume fraction
[Eq. (5.17)], as a direct consequence of our hypothesis on the characterist&: e, Of

course, this scaling fails at very low fiber volume fractidns' 1 usNr&w ~‘ Zvhen &

is expected to scale with the CC patrticle s&geN wavum. The semempirical dependency

&, .1 y-dependency is shown in Figure 5.11a by a red line. We see that the upper DST

threshold stres®y4 :1 j; becomes lower than the lower DST stré&sg: 1 (j; above a critical
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fiber volume fraction] g N r& w' ~* ZSuch a crossover means that D&fret occur above

T ugthat likely results in stable jets aty P T ygin agreement with experiments. Thus, the DST
regime within the jet is bounded from above by either the peak tensile stress (black curve in
Figure 5.11a) or the upper DST thresh(kt curve) and is bounded from below by the lower
DST threshold (blue curve). The hatched zone in Figure 5.11a represents a DST region, which
is likely equivalent to the region of the jet instability against lateral oscillations. In this context,
the whde Figure 5.11a can be considered as a phase diagram of the jet stability, with-the non

hatched region corresponding to stable jets.

Once the upper DST threshold is taken into accounstthes rangef the DST regime within
the jet can be evaluatedasertical distance between the upper and lower bounds of the hatched
zone in Figure 5.11a giving the following expression:

’('ké;/@ ééa/@OF é;/a;é. f—?U/ TU&)

& 1oL J A A
T U ra 150 1Tup

(5.18)

It is quite intuitive to expect that the intensity of the jet lateral oscillationspat 1 ygis
somehow correlated to the DST stress ran@g To check this point, we evaluated the RMS
values of the lateral drift amplituddl: z£jand of the trasverse jet speedy: £, as adequate
integral parameters describing the intensity of jet oscillations [cf. section 2.2.3]. Notice that the
kinetic energy (by unit jet volume) of lateral oscillations can be simply evaluatég ak

's t:6RR g3 The Te £i7y; and R: £ 1 y; experimental dependencies are shown in Figure
5.11b and compared with the theoreticd,,: 1 ;;-dependency (blue line) withé&,assigned to

the right ordinate axiBoth Tz £jand R: £i;seem to show an indi increase with the fiber
volume fractionT yfollowed by a decrease and drastically falfgtL r& Fr& ~ ~* Zas the

jet becomes visually stablEigure 5.11b confirms that nenonotonic dependenci€k: £ 1 y;

and R: £ 1 y; dependenciesorrelate qualitatively with the concentration dependency of the
stress range &,:1 (j; of the DST regime. This is quite logical issue: larger the BBdss
interval, higher is the intensity of the jet lateral fluctuations. We consider it as another argument

supporting the basic hypothesis on the rheological (DST) origin of the observed jet instability.

5.3.3 Break-up length
Jet stabilization above the critical fiber volume fraction still cannot explain why the jet
breaks up at relatively short lengths without any transverse oscillation. To inspect this behavior,

we evaluate the experimental bragk length, . xas the axiablistance from the tube outlet
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above which the rupture probability in Figure 5.3b departs from zero. The experimgntgl-
dependency is plotted in Figure 5.12 and confirms a progressive decrease of the rupture length

with fiber volume fraction stateid section5.3.2.1

Figure 512 Experimental and evaluated breal length as function of the fiber volume fraction. The red
horizontal line stands for the jet length.

Firstly, we can compare our experimentad values with the breakp length of the RP
instability. The gravity stretching of jets is known to considerably increase the-bpelgkgth
and physically relevant expression fog has been provided by Jaliaet al. [192]: .s N
sytC@48r’g (P:°7 valid in the limit of high Ohnesorge numbetDL R,:é 4,;?5 6 (

s respected in our experiments. Taking into account the sc&ing s 4 [Eq. (2.26)in
chapter 2] for the jet velocity at the tube outlet, one fingsi3 BS "that contradicts to our
observations of decreasing bragk length with increasing lowhear viscosityly of the CG

PA mixtures at increasing fiber volume fractions. Quantitativibly,last expression gives the
theoretical breakip length ranging between about 300 mm and 430 mm, which is much larger
than the experimental jet heightN sw r « . This discrepancy, along with the wave speed
R: ( {section 5.2.2] allows us to definitetyle out the RP instability as a possible reason of

the jet brealup.

A similar breakup is usually observed for the jet of Newtonian concentrated suspensions of
spherical particles and is attributed to finite size effect when the jet diameter thingtawvitgr

up to a size equal to ten particle diametésgl]. The factor of 10 has been confirmed for several
datasets at different particle diameters and suspending liquid viscosities. In our casesf CC

mixtures, fibers are much larger than the CC pagiand the characteristic si&g 3 T jof the

fiber flocs is by far an appropriate scale of the jet diameter corresponding to the jetifpreak
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We can therefore determine the theoretical jet brgalength . gas an axial position at which

the jet aveage diameter is:
O @PL &L &1y (5.19)

where &sis a size scale that should be determined from experiments. We evaluated the break
up length using experimental dependendiz€P :V; of the jet diameter on the axial distance
[Figure 5.3a]. Equalizingd @P : V. from Figure 5.3a to the rigtitand part oEqg. (5.0), we

get semiempirical . gvalues for each fiber volume fractidnat different & values. The final
semiempirical . 5:1 y-dependency (corresponding to the finite particle size scenario of the jet
breakup) is obtained by choosing &g value that provides the closest agreement with
experimental. §:1 j; curve. This value iS¢ N s ¢+ under condition that yin Eq. (5.8) is
substituted in (% vol) units. Such evaluation gives discrete valueg afeach experimental

value ofthe fiber volume fraction. These discrete values are added to Figure 5.12 as open circle
symbols. We observe a qualitative agreement between experiments and evaluation, both
showing the decrease of the bragklength with the fiber volume fraction thatascribed to
increasing critical jet diameter [Eq. (9)1 corresponding to the jet rupture. Notice that at

~ ¢

relatively weak fiber volume fractionsy Q r& =~ ~* Zthe jet does not thin down the theoretical
critical diameter [Eq. (59)], and the model does not predict jet rupturd gtQ r& * ~* 4n

contrast to experiments. This discrepancy is likely related to very rough evaluation of the fiber
floc size &3 3 T ywhose scaling should be checked by recording the jet flow at highes spa
resolution. At this stage, we can claim that an increasing size of the jet surface roughness (fiber
floc size) gives a good explanation for the experimental concentration dependencies of the
oscillation amplitude (g £i1y; and R: £ 1 y; Figue 5.11h and breakup length ( &:7 y;

Figure 5.12).

5.4 Conclusion

This chapter is devoted to the detailed study of the jet instability occurring in concentrated
non-Brownian spherdiber mixtures presumably above the DST transition in extensional flow.
In experiments, we employed either an aqueous suspension of CC iselrapéxdl particles or
agueous mixtures of CC particles with PA fibers at CC and PA volume fractions, respectivel
TsL?2KJQRz “*ZAandiyLr Ft" ~*ZThe jets of these fluids were subjected to a
free fall under gravitational stretching at a constant flow rate. The jets were filmed with a high
speed camera and the stacks of the frames were processeceWHAThAB software in order

to extract several quantitative characteristics of the jet dynamics. Evaluations of the tensile
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stress profile along the jet allowed us to shed more light to the origin of the observed instability
and to propose explanations beteffect of the fiber addition on the observed oscillat®n

breakup transition. The main results can be summarized as follows:

1. In the absence of PA fibers, direct visualization of falling jets of CC suspension reveals
relatively strong lateral oscill@ins occurring for the jet lengths O x ....» Spatiotemporal
diagrams show that the jet lateral drift PA; is accompanied by small but distinguishable
undulations ¢ @PAV; of the jet diameter. 2D DFT analysis df R and ¢;@PaV, reveals
approxmately linear dispersion relations for propagation of lateral oscillatiéinsl (kG and
diameter undulation § N RG reminiscent for nomlispersive waves. The wave speeds are
(within experimental errors) similar for both wave typBsN R.N rg ¢ < being much larger

than the jet speed. Moreover, bothPRaV; and ¢ @RV oscillations are observed withirearly

similar wavelength rangéilrdasF r & w bounded above by the jet length. This allows
supposing both waves types to be of the same origin related to stress fluctuations above the
DST transition, while the RayleigRlateau instability fors, @RV, is ruled out. The difference

is that the diamet undulation propagates only downstream the jet, while the lateral oscillations
propagate both downstreamBfNr§ « eand upstream aixk N Frg « -« The lateral drift
amplitude (wave crest height)sdecreases with the wave crest lengthl3 i 3 Gwith the
dominant wavelength being equal to the jet length.

2. Adapting the WC mod¢lL07]to extensional flows, we predict abrupt (but mathematically
continuous) increase of the tensile stré&glong the jet, at a location corresponding to the
lower threshold stressé; gof the DST transition. &h a tensile stress jump is believed to be
responsible for the jet instability by analogy with shock waves behdti@dé Above the DST
transition, tensile stress fluctuations are expected to lead to fioctwdtthe longitudinal and
transverse velocity fields within the jet; the former being manifested through undulation of the
jet diameter and the latter being perceived as jet transverse oscillations. Hence, linear and non
linear stability analysis is re@qed to validate these hypotheses.

3. Addition of PA fibers to the CC suspension damps lateral oscillations at fiber volume
fraction 15 0 r& w' ~* Zbut favors ruptures along the jet at a critical brapkiength . g
decreasing withi ; Such oscillatiofto-break up transition is tentatively explained by the
interplay between growing lower&,g and decreasing uppeésfg) DST threshold straswith
increasing1 galong with the jet thinning down the size of fiber flocs poking through the jet
surface when the tensile stress overcomes the capillary pressure. The upper concentration limit,

Tuo Nr&w ~* Zof the jet instability is fixed by #hcrossover of the two DST thresholéisg
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and &,,. The lower concentration limitis simpliyy L rfor any jetlength. O xree because

the tensile stres§;,along the jet overcomes the lower DST threshold stéggat 7y L r. Our
theoreticaimodel allows plotting &é,, & yophase diagram of the jet stability and qualitatively
captures the shapes of the concentration dependesicibe breakup length . ki 30 RMS
oscillation amplitudeTg £i1 y; and RMS transverse sped& £i1 ;. On the other hand,
within statistical errors, the wave speeds are poorly affected by addition of fibers. This agrees
with the model of vibrating solid string under gravitational stretching predicting the wave speed
R, L ¥C . tindependent of any rheological parameters including the particle volume fraction.
Surprisingly, experimental wave speed vallgd rd Grd « eare in a good quantitative
agreement with the vibrating string modé; N r& ye < as already repted byLiard et al.

[127]. Such agreement likely suggests sdikeé behavior of the unstable jet above the DST
transition.

4. Because of the jet opacity, we were unable to establish the effect of fiber orientation on the
jet behavior. However, from evaluatis of &,:V, and &,gKi ;@ we could anticipate that the
flow-aligned fibers provide distinguishable increase of the peak sigsand the lower DST
threshold &, with respect to the random orientation. However, random orientation better
correlates with the particle poking scenario of the upper DST threshold and jeupréhle
ILEHUV DOLJQHG DORQJ WKH MHW VXUIDFH ZRX®MGI\QRW Ul
observed in experiments). In addition to it, in our previous study, the random fiber orientation

gave better flow curve predictions in shear flows as compared to aligned orientation.

The results of this chapter are believed to be useful for botitigabhapplications of shear
thickening jets (ircement jet grouting, shear thickening polishing, abrasive jet cutting, mortar
spraying, cement pumping, etc.) awhdemic research through detailed characterization of the
new type of jet instability and tarnative testing of the extensional rheology of DST fluids, as
briefly outlined in Appendix (section 5.5). A separate study is needed to develop this rheometric

method.

5.5 Appendix: a concept of the jet extensional rheometry
In experiments with fre falling jets, one can record the flowing jet and using an image
calculator measure the radius profile along the 4ety.. Knowing the jet velocity at the tube

outlet Q, one has a direct access to the extension rate along the jet:

YoV L @ @ Y Q42@4°°; @V (5.20)
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The tensile stress profile can be obtained by rearranging Egs: (5.2)and integrating along

the jet length:

8,V N6:Q45:%478:sF 14 4, 5 F6Q0 4°@W W7S:sF 4, 4; (5.2)
where 4 is the axial position of the minimal jet radidg (when the extension is cancelled by
the compression some distance above the point where the jet hits the bottom surface). Then, the
flow curve &, L B: Yecan be plotted in a parametric foraV; 4&,: V; ?with the axial distance

\being a parameter.

154



Conclusion and perspectives

Conclusion and perspectives

A. Conclusion

This thesis work is an experimental and theoretical study omlife®ntinuous shear
thickening (DST)in concentratedhon-Brownian suspensionsontaining isotropic shaped
particles andibers. Our studied system consistsafcium carbonateJQC) suspension loaded
with polyamideor glass fibersThis shearhickening mixturerepresent& modelfor fiber-
reinforcedcementitious materialsroadly used inndustrial applicatioa The main objective
of this work isto study theDST phenomenon in the sphefiber mixtures and to analyze the
effect of the fiber addition on the suspension rheoltgyparicular, we have studied the DST

phenomenoim the context omixing andpumpingof cementitious materials loaded with fibers

To simulatethe mixing process,we conductedshear rheological experiments in a
rotational rheometensing themixture of CGsuspension witlpolyamide (PA) or glasggid
fibersand eitheiconventionaplate plategeometryor a customized mixer type geometry with
a double helix rotor toolThe resits of the shear tests for the two geometries employed were
remarkably deferent particularly on the critical stresses and the critical sheaf thie®ST
onsefwhichwere mucHower for the mixer type geometry. The addition of fibers to the shear
thickeningCC suspension also has a major impact to its rheology; at increasing fiber volume
fractions the DST threshold shifted to lower critical shear rates, which is obviously explained
by the increase in the viscosity of the mixture, so that the shieatoraeach the DST onset
stress decreased. Models based on the homogenization approaéteafi@l. [158 andthe
reduced shear rate approach of Ohl and Gleigklg] also validated the experimental
observations satisfactorily. An approach adapted from the frictional particle contact model of
Wyart and CateEL07] was also applied for our mixture but the predictions of the model above

the DST transition revealed a catesiable difference with the conducted shear experiments.
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In order tosimulatethe effects of DST during the pumping of fibezinforced concrete
in a construction site, Aomemade pressurecontrolled capillary rheometer wassed for
pressuredriven flows of the CC-suspension with PAibers at differentiber volume fractions.
The results ofthe capillary rheometry were then compared wittosh of the rotational
rheometry using the conventional cylindrical Couette geom@umgnitatively, the flow curves
obtained in capillary rheometry and cylindrical Cougtemetrywere relatively close to each

otherfor low fiber volume fractiont ; Q s~ ~* ZHowever, for higher volume fraction$;; R

t” ~*Zthe flow curves of the capillarjpeometry showed much highsmspension viscosity
(lower shear rates for a given shear stress) than those of the shear rheometry with cylindrical
Couette geometry. We have explained this difference by the fact that starting from a fiber
volume fraction Ty L t" ~*Z the microstructure of the suspensidikely becoms
significantly different inthe capillary flow compared téhe simple shear flow.The capillary
rheometry results were also compared with themdtlel predictions based on the
homogenization approach of &bau et al]158]. . The prediction came in agreement with
experimentsat 13 Qs ™ ~* Zwhile the H-model fails to reproduce the experimental flow

curvesati g Rt" "7

Finally, in order to characterize the DSTartensional flows encountered when the
fiber-reinforced concretexitsthe pumping linewe conducted experiments on the jet of-CC
suspension with PAibers. The suspension jet was subjedettsileforces due to gravitational
stretching We characterized the instabilitie$ the jet both in its diameter variation and the
lateral drift of the jetcenterlinefrom the vertical axis of the flow. For the first time and
differently from the reported works in the literature, a-twmensional Forer analysisof the
spatotemporal map®f the jet instantaneous diameter and latdrdt was conducted.The
Fourier analysisevealed propagation of nahspersive waves associated to the jet centerline
fluctuations and jet surface undulatoand allowed us toobtain the wave speed and
amplitudes of these fluctuationt. was concluded that the C8uspension jet, depending on its
height, transits from a stable to an unstable state with viscoelastic instabdiiesing at the
tensile stresses prasably abovehe DSTthreshold stres$n the other hand, the addition of
PA-fibers with increasing volume fractions remarkably stabilizes the jet by modifying the
viscosity of the mixture and thus influencing the threshold of the DST onset. However, the
addition of fibers at high concentrations favors fractures in the jet giving a new form of
instability, which can be explained by the thinning of thedjaimeter down to the size of flew
induced fiber flocs visible on the jet surface.
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Conclusion and perspectives

B. Perspectives

The experimental and theoretical work carried out during this thesis has provided original
results on the rheological behavior of shitérkening suspensions concentrated by fibers, we
were able to charéerize the phenomenon of DST and to describe its effects in different
geometries and different flow types. However, it would be very interesting to complete our
study with a deep analysis of the shigamluced microstructure of sphefiber mixtures using
X-ray micreatomography technique. It would also be interesting to conduct dynamic
simulations at particles and fibers scale, as the simulations provide considerable insight into the
microscopic physics of the DST transition-ray microtomography and padie level
simulations will allow evaluatg thespatial and orientationdistributiors of fibers orientation
in the shear thickening matrias well aghe spatial distribution of the contact network between
the isotropieshaped particles and wilalidate (or notthefiber percolation scenariof the flow
blockage above the fiber percolation threshélieshally, the extrapolation of our resutts the
fiber-reinforcedcement pastes believed taadvance the cement production industry.
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