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CNRS - Université de Nice
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Parc Valrose 06108 Nice cedex 2 — France

Synopsis

This paper reports experiments on the shear tratngsponse of concentrated non-Brownian
suspensions. The shear viscosity of the suspengomeasured using a wide-gap Couette
rheometer equipped with a Particle Image Velociiné®V) device that allows measuring
the velocity field. The suspensions made of PMMAipkes (31pm in diameter) suspended in
a Newtonian index- and density-matched liquid aa@dparent enough to allow an accurate
measurement of the local velocity for particle camtecations as high as 50%. In the wide-gap
Couette cell, the shear induced particle migratomevidenced by the measurement of the
time evolution of the flow profile. A peculiar radizone in the gap is identified where the
viscosity remains constant. At this special loaatithe local particle volume fraction is taken
to be the mean particle concentration. The locahsltransient response of the suspensions
when the shear flow is reversed is measured apthrd where the particle volume fraction is
well defined. The local rheological measurementss@nted here confirm the macroscopic
measurements of Gadala-Maria and Acrivos (1980}erAshear reversal, the viscosity
undergoes a step-like reduction, decreases slomgrpasses through a minimum before
increasing again to reach a plateau. Upon varyegp@article concentration, we have been
able to show that the minimum and the plateau gites do not obey the same scaling law
with respect to the particle volume fraction. Thegperimental results are consistent with the
scaling predicted by Mills and Snabre (2009) anthwie results of numerical simulation

performed on random suspensions [Sierou and Bra@@1)]. The minimum seems to be



associated with the viscosity of an isotropic saspe, or at least of a suspension whose
particles do not interact through non-hydrodynafoices, while the plateau value would
correspond to the viscosity of a suspension stredtuby the shear where the non-

hydrodynamic forces play a crucial role.

I.INTRODUCTION

Concentrated suspensions are very common in sesegateering fields such as civil
engineering, food or pharmaceutical industry orpdgsical situations such as debris flows,
sediment transport, and submarine avalanchesder ¢ understand their flowing behavior,
it is desirable to know their response to imposetes and motions at their boundary. A
broad variety of complex rheological behaviors sashshear thinning or shear thickening,
yield stress, normal stress differences or shendibg are exhibited. This diversity issues
from the diversity of the interactions (Brownianatvder Waals, steric, electrostatic...) and of
the particles properties (size, shape, polydispersi that are possibly involved in the flow
behavior. Nevertheless even a suspension whosdcphlgemical characteristics are very
simple (non-Brownian spherical particles, negligibtolloidal interactions, Newtonian
suspending liquid) can exhibit a complex rheologlmehavior. For instance, non-Brownian
concentrated suspensions are usually shear thinSingkel and Powell (2005)] and, if the
particle and fluid density are not carefully mattha yield stress has been shown to develop
[Fall et al. (2009)]. The transient response ofhssigspensions is also of interest as reported
by Gadala-Maria and Acrivos (1980), Kolli et al.0oO@2) and Narumi et al. (2002). As
emphasized by Stickel and Powell (2005) and Md2B09) in their review articles on the
rheology of dense suspensions, such a complexitiieofheological behavior is most likely

due to the formation of a microstructure inducedthyy shear flow together with the non-



hydrodynamic forces and the key problem is to ustded the relationship between the
macroscopic or bulk properties of the medium asdnicroscopic structure.

The first direct experimental evidence of the shieduced anisotropic microstructure
has been provided by Parsi and Gadala-Maria (1981 measured the pair distribution
function for a suspension whose particle volumetioa was 0.4. They note a maximum of
the pair distribution function in a direction which roughly that of the compression axis.
Furthermore, they show that when the direction led shear is reversed, the particles
rearrange into the mirror image of the structut@sirect observation of the microstructure
confirms the hypothesis advanced by Gadala-MarthArivos (1980), a few years before,
to explain the transient shear stress response safspension when it undergoes a shear
reversal. The suspension viscosity was shown t@memnly on the strain after the shear
reversal. In 2002, these results were supplemehyethe measurement of the transient
normal stresses [Kolli et al. (2002), Narumi et (@002)] which present the same kind of
behavior, i.e. a collapse of the recovery normasstes if plotted against the strain, whatever
the shear rate step magnitude.

The characterization of the microstructure has aisuivated a lot of numerical
studies based on various numerical techniques asic®tokesian Dynamics [Singh and Nott
(2000), Sierou and Brady (2002), Drazer et al. £08ricker and Butler (2007)] or Force
Coupling Method [Yeo and Maxey (2010), Abbas et(2007)] which all conclude to the
formation of an anisotropic shear-induced micragtre.

Achieving accurate rheological measurements witlora colloidal suspension is quite
challenging because perturbative effects such a slig [Jana et al. (1995)], shear
localization [Huang et al. (2005)] or particle nagon [Leighton and Acrivos (1987), Chow
et al. (1994)] can arise during the experiment. [Beal rheological measurements have been

shown to be very powerful to measure the true dggoél response of a dense suspension.



For instance, in 2002 Shapley et al. use Laser [@oppelocimetry to measure particle
velocity fluctuations and velocity profiles in cardrated suspensions sheared in a narrow-
gap Couette cell. Another powerful technique toualze both the velocity and the
concentration profiles in suspensions is the Magrieesonance Imaging. In 2006, Ovarlez
and his collaborators used such MRI techniqueseidopn local measurements on very
concentrated suspensions sheared in a wide-gapt€miscosimeter. They have been able to
measure both the velocity and the particle conaéiotr profiles in the suspension sheared
between two concentric cylinders. They have obthinery impressive results on the
stationary behavior of suspensions with particlacemtration as high as 60%. One of their
main results is that contrarily to what is observedth macroscopic rheological
measurements, i.e. a pseudo yield stress, suspensiave a purely viscous behavior.
Furthermore, they measured the particle conceatrairofiles and showed that for such high
concentrated suspensions, the migration is alnmssamtaneous. It should be stressed that all
their measurements have been performed after adoefipre-shear.

On the opposite, the present paper is focused enrémsient shear rate response of
rather concentrated suspensions (@<x5) of non-Brownian spheres (diameter 31um) when
a shear stress is suddenly applied or reversege8si®ns of various concentrations are
sheared between two concentric cylinders so tleashiear stress field is controlled in the gap.
The suspensions are designed to be almost tram$@die@ving to determine the velocity field
in the gap using PIV measurements. The local temnsiesponse of the suspension is then
deduced from the local shear stress and sheafTitademain characteristics of the suspensions
are presented in section Il. The third sectioneigadled to the description of the experimental
procedure. The results are displayed in sectionwhére two transient regimes with two
different characteristic times are studied. Thegldime variation of the velocity profile

coming from the shear induced particle migratiompriesented in Sec. IV.A while the rapid



changes happening after the shear reversal areiltbén Sec. IV.B. All these results are

discussed in Section V.

1. SUSPENSION CHARACTERISTICS
The suspension is made of monodisperse sphericdA°Marticles (Microbeads

CA30), 31um in diameter, dispersed in a Newtoniail that has been specially designed for
our application (Cargille Laboratories, Immersioiguid Code 11295101160). The fluid has
both the same density (d=1.18) and the same rifeacidex (n=1.49) as the PMMA patrticles
in order to perform the PIV measurements detaileldvio. To improve the index matching,
the temperature is controlled and the best matchéngbtained for T=34°C. At this
temperature, the suspending fluid has been fourmk tiully Newtonian and its viscosity has
been measured to pp=1.02 Pa.s. [Blanc et al. (2011)]. The particleuvoé fraction varies

from 0.3 to 0.5. The shear viscosity measuremeat® been performed for shear rajgs,

between 18 and 1 &. Therefore, given the above characteristics oftispension, the Peclet

number that measures the ratio of convection torthkdiffusion is very large:
3.
pe="Mo8Y _ 15 15
KT

and the Reynolds number based on the particlasizry small:

.2
Re, =22 _10°- 107
n,

wherep is the density of the suspending fluid and a, rdmius of the suspended particles.
Thus, our measurements were carried out in thepirgeflow regime with negligible
Brownian motion.

The viscosity of the suspensions has been studtieer én a narrow- or in a wide-gap
Couette geometry mounted on a rheometer Mars lbKelaThermofisher). The possible

variation of the viscosity of the suspension witle shear rate was first studied in a narrow-



gap Couette cell (inner radius, 10 mm, outer radis85 mm). After the suspension had
been poured in the cup and degassed, the shess stas increased step by step. At each step,
the steady value of the shear rate was recordedhendalue of the viscosity deduced. The
measurements have then been performed upon inugeasidecreasing the stress, and gave
the same results, suggesting that no migrationdeadrred. Figure 1 shows the flow curve
obtained for ap=0.47 suspension. The data are well fitted by agudaw: o = 40y***wherec
andy are measured in Pa and, sespectively. Such a slight shear thinning bebrais often
observed in concentrated non-Brownian suspensi@a&ldla-Maria and Acrivos (1980),
Zarraga et al. (2000)]. Acrivos and coworkers [&o8 et al. (1994)] have shown that such a
shear thinning could occur when the host liquid &mel particles do not have the same
density, due to the viscous resuspension of thecfes. Nevertheless we never noticed any
evidence for sedimentation in our experiments &mal drigin of the low shear thinning
observed in our experiments remains unclear.

As it is well known [Jana et al. (1995)] and shoagain in Appendix B, the viscosity
measurements are difficult to perform in narrow-@aquette cell because of the wall slip that
significantly changes the value of the apparentosgy. For that reason and since the
observed shear thinning is rather weak (when trearsstress is multiplied by two, the
viscosity decreases by only 9%), we decided togperthe further viscosity measurements in
the wide-gap Couette cell that will be used for H¥ experiments even though the shear
stress is not constant in the gap.

The inner and outer cylinder radii arg®R4 mm and R=24 mm respectively, their height is
60 mm. The rotor basis is hollowed out and is parsétd one millimeter above the cup (Fig.
2). We have chosen to set the rotor close to tpercorder to limit shear-induced migration
from or toward the bottom [Leighton and Acrivos 8¥9]. Nevertheless, since the rotor is

close to the cup and its immersed height is noy \emge compared to the gap between the



coaxial cylinders, the usual relation between trgue and the shear stress does not hold and
a correction has to be introduced:

M =2m’Lo(r)+r™ (1)
Upon varying the height L of the sheared liquid, weasurd "%, the torque that results from
the presence of the bottom [Blanc et al. (20119 @we deduce the shear stress field in the gap
between the coaxial cylinders:

r- rbot B r cor
2mlr®  2mlr?

o(r) =

(2)

Neglecting the slight shear thinning behavior ¢ guspension, the shear rate in the gap is

obtained from the spin rate of the inner cylinder,

RZR% 1
Y r- =ZQ n out — 3
y(r) —Riut-an 2 (3)

And the viscosity is given by the ratio of the shetaess to the shear rate:
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The variation of the apparent viscosity as a furctf the particle volume fraction is

shown on Fig. 3. These measurements have beenrmpedofor an average shear rate,
(V) = (V(Ry) +V(R,,)) / 2, of about 0.028
The data represented in Fig. 3 are fit to a Kridgeugherty law (solid line) with a

maximum packing fractiog*=0.536 and an exponent n=2:

n=n,———; )



This value ofg* is very small compared to the values usually tbum the literature
[Ovarlez et al.(2006), Stickel and Powell (2009)att are around 0.60-0.63. It should be
mentioned that Zarraga et al. (2000) have also doarrather low value for the packing
fraction (E*=0.58). As discussed in Appendix A, we attribukestlow value to polymeric
forces between particles. Indeed, we noticed aeisstic behavior of the suspensions which

is not expected for a suspension of truly hard-Boswnian spherical particles.

1. EXPERIMENTAL PROCEDURE

PIV is a now widespread non-invasive technique tabdws for flow profile
measurements (see [Adrian (2005)] for a review)weleer, even if it has been already used
in the field of concentrated suspensions [Lenoblal.e(2005)], [Wiederseiner et al. (2009)],
PIV is still a challenging technique in such hetgnoeous media. The experimental facility
and methods are described in detail elsewhere ¢B&nal. (2011)]. The present section
summarizes the main information.

A transparent wide-gap Couette cell is mountedaonontrolled-stress rheometer
(Haake Mars Il, Thermo Scientific). The measuremehtthe rotor spin rate provides
macroscopic rheometric data while the velocity ieoin the gap between the cylinders is
deduced from PIV analysis. A schematic drawinghef $et-up is shown on Fig.2. The inner
rotating cylinder (28 mm in diameter, 60 mm in H)gand the outer stationary cup (48 mm
in diameter, 60 mm in height) are made of PMMA,oider that their refractive index is
approximately matched with the index of the susjpensrhe front face has been polished in
the form of a rectangular window that lets the hamntal laser sheet (Lasiris TEC Laser 635

nm, 35mW, Stockeryale) enter the gap between thadeys. The inner cylindrical walls



have been roughened to minimize the suspension Btip whole apparatus is placed in a
thermostated box, and the temperature is set tdIG3

A small quantity of the patrticles, that amountt@5% of the whole suspension in
volume, is colored with a fluorescent dye, the NBlae A (excitation peak at 635 nm, broad
emission peak at 650 nm). Those particles servéloas tracers. A CCD USB camera
(Pixelink PLB 741 U, 1280x1024 fixis placed under the cup and records sequentigeéms
of the illuminated part of the suspension throuigé polished bottom of the cup. The laser
sheet and the camera are trigged by an externdlatsc In order to enhance the contrast of
the images, the reflected and scattered lightlisréid out by an optical high pass filter
(Aup=650nm) placed in front of the camera, so that eindyfluorescing light is detected. The
laser sheet illuminates the horizontal plane 14 alove the bottom of the cup, where it has
been shown [Blanc et al. (2011)] that the influeatéhe bottom on the velocity profile could
be neglected. Fig.4 displays a typical image ofitbminated plane obtained with@r44.4%
suspension.

The image processing is performed using an opercesoftware DPIV Soft available
on the web (https://www.irphe.fr/~meunier/). Eaatage is divided into overlapping subsets
named correlation windows (64x64 pixels). The crossrelation of the corresponding
windows from two successive images yields the nvedocity of the particles in the window.
The same procedure performed on all windows gikresselocity field (60x30 2D vectors) in
the illuminated plane. The concentration of colopadticles has been chosen such that the
number of particles in a window is sufficient (appmately 5), while keeping acceptable
light absorption. Given the size of the image pléagproximately 1cm x 1.5cm), the spatial
resolution is around 20Qm. The camera acquires frames at a maximum rateObitz,

resulting in a temporal resolution of 100ms.



The radial and azimuthal components of the veJamié then computed, and averaged
over the azimuthal anglé. The mean radial velocity,(v,t) is always very close to zero
(vi/veXD(10%). The local shear rate is extracted from the meamuthal velocity ¥(r,t): the

bt )

best fit of the functionf(r,t) =a(t) r+ r 2

to the velocity data is sought and the shear

rate is deduced from the well-known expression:

As explained previously, the local shear stresdeduced from the torque on the
rotating cylinder (eq.(2)) that is corrected foe tinfluence of the bottom of the cup [Blanc et
al. (2011)] and the viscosity profile is computed:

o(r,t)
y(r,t)

n(r.t)= (7)

The statistical error in the viscosity measurenteag been estimated lower than 4%
[Blanc et al. (2011)] and the uncertainty in theéed@ination of the bulk volume fraction is

less than 0.1%.

IV. TRANSIENT RESPONSE

A. long time migration

The main goal of this paper is the measuremenh®flacal transient response of a

concentrated suspension to a shear reversal. Orameger plays a major role in this

mechanical response, namely the particle volumetitra As a consequence, we need to

efficiently control this parameter. However, itugll known that the particles in a sheared
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suspension tend to migrate toward regions wheresttear rate is lower [Phillips et al.
(1992)]. This migration is all the more rapid as farticle concentration is higher and can
have significant effects after even a few revolsiof the bob. For example, the velocity
profile change obtained for a continuously sheatespension whose mean volume fraction is
(Pnea=0.444 is displayed in Fig.5. This curve has bemaioed upon controlling the rotor spin
rate at a value 1 rpm which corresponds to an geeshear rate of 2sFigure 5 suggests that
wall slip is present near the inner cylinder butiedo the finite size of the correlation
windows, we are not able to measure accuratelyeheity close to the boundaries. So, we
cannot conclude anything about the wall slip velocAfter ten revolutions, the velocity
profile has changed significantly due to outwargmation. From eq. (2), (6) and (7), we can
compute the time evolution of the viscosity profiat is shown in Fig.6. We note that around
a special value of rgr the viscosity remains approximately constant. Wave chosen
r/Rout=0.77, which is the position where the viscosityiatgon is the lowest at the beginning
of the migration, even though in Fig.6, where vieryg time variation are displayed, a higher
value seems more appropriate. Since the viscostgtlypndepends on the particle volume
fraction through a monotonic increasing functidig volume fraction around the positiong=r
should also be constant. The existence of thisaramine where the particle concentration
varies slightly throughout the migration processwaserved experimentally by Phillips et
al. in 1992 and is predicted either by the suspenbialance model [Morris and Boulay
(1999)] or by the diffusive flux model [Phillipg al. (1992)]. We have observed that the
value of ¢ depends only very weakly on the mean volume foactAs a consequence, in the
following, all local measurements are performedhét particular radial position in the gap,

giving the properties of the suspension at themeldraction@mean

B. Transient response after shear reversal

11



Besides this long time evolution of the velocityoiiles, we have observed a fast
transient response of the suspension when the ghearersed. Figure 7 shows the evolution
of the normalized velocity profiles in a suspenswaith ¢=44.4% when the direction of the
torque applied on the inner cylinder is reversdake Teasurement has been performed right
after that the suspension had been mixed and pouwrethe Couette cell, so that an
approximately homogeneous spatial distribution bé tparticles was expected at the
beginning of the experiment. A negative torque 9 21Nm is applied to the inner cylinder
until it has rotated quarter turn which correspomolsa mean deformation of 3.5 in the
suspension. At time zero, the magnitude of theuergasses from -250 uNm to 250 pNm
which, according to expression (2) corresponds sbear stress of 2 Pa at the bob. In Fig. 7,
the dashed line represents the velocity profileeetgd for a Newtonian fluid. The solid lines
are the measured profiles at various times, tr #fie torque reversal. The very first ones are
nearly Newtonian, the next profiles deviate frons tNewtonian curve before returning to it
for longer times. From each curve, following thegadure described in section lll, we can

deduce the viscosity profileg(f,t)) as well as the total straip(i;t)):
t
V) = [ ¥(r, e ®)
0

In particular, we can measure the viscosity anddtinain at the special point =r
where we are assured that the particle volumeidrattas almost not changed.

If we plot the viscosityn(rc,t) as a function of the straig(rc,t), we obtain the curve
that is shown on Fig. 8. Just after the shear saethe viscosity undergoes a step-like
decrease. When the strain increases further, tmosity first decreases, passes through a

minimum and increases again to reach a plateae valu
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First, we can note that such a strain-dependerbsity is consistent with the time
evolution of the normalised velocity profile shownFig. 7 since, in a wide-gap Couette cell,
the shear rate is larger close to the bob and gheisstrain. Thus as long as the plateau
viscosity has not been reached everywhere in tipe th@ viscosity is not uniform and the
velocity profile is not Newtonian.

Second, it should be stressed that the charaateiosal strain for such an experiment
is 3.5 which corresponds to approximately 1/4 retroh of the bob. According to Fig. 6, for
such a strain, the effect of the particle migratemnthe viscosity profile is negligible. All
further experiments were conducted for an accuredlatrain lower than 50 (corresponding
to 4 revolutions of the bob) so that the particignation was weak. Moreover, to minimize
further the effect of migration, all viscosity maasments were performed at the radial
position r=g.

The shear reversal experiment is repeated for othkres of the applied torque
corresponding to shear stresses of 0.85, 2.12,ah@%.95 Pa and the results obtained with a
@=0.47 suspension are presented on Fig. 9. Thedlrservation is that the viscosity mainly
depends on the strain amplitude even though, ierdaace with the slight shear thinning
behavior of the suspension (Fig.1l), the value & phateau decreases as the shear rate
increases. On the contrary, the value of the mimnafi the viscosity seems not to depend on
the value of the applied torque.

The same experiment is carried out for other vabfethe particle concentration and
the results are displayed on Fig. 10. For eachgartolume fraction, the value of the applied
torque is chosen in order that the angular velooftyhe internal cylinder at the plateau is
roughly the same (around 0.5 rpm which correspdadm average shear rate of 0)1sAs
the particle concentration increases, the minimwnmore pronounced and the strain

necessary to reach the plateau value of the viyodscreases.
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A striking result shown on Fig. 11 is that the mim of the viscosity scales as
* _1 . * . - . * _2 - *
((pm —(p) with @ =0.537while the plateau viscosity scales ép;p —cp) with @, =0.534.

This result is discussed in the following section.

V. DISCUSSION.

The transient response of a concentrated suspeafiiemshear reversal has already
been studied through macroscopic rheological measemts either in narrow-gap Couette
[Gadala-Maria and Acrivos (1980)] or in parallebi@ geometry [Kolli et al. (2002), Narumi
et al. (2002)] . In particular, it has been showat tthe transient viscosity is a function of the
strain only. Gadala-Maria and Acrivos (1980) praabso explain the transient response by
the development of a shear-induced microstrucilines microstructure has been observed by
Parsi and Gadala-Maria (1987) and is charactetyeitie asymmetry of the pair distribution
function with an excess of particles in the comsgi@sal quadrant. When the direction of the
shear is reversed, the microstructure is broken thedparticles rearrange into the mirror
image of this microstructure.

In 2002, Kolli et al. studied the transient shead @ormal force response to a shear
reversal in non-Brownian suspensions in an anrpl&e-plate geometry. They observed that
the normal force exhibited a transient behavior tbabruptly went to a negative small value
before increasing again to its positive value. yrbennected the initial value of both shear
and normal stresses with the hydrodynamic coniobuiin a structured state) and the plateau
value with a mixed contribution of hydrodynamic acohtact forces. They noted that the
hydrodynamic contribution compared to the platealue decreased as the concentration

increased. Haan and Steif (1998) found previoustygame type of behavior for the particle
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pressure in numerical simulations of 2D suspensibreylinders.

Thus both shear-induced microstructure and relativentributions of the
hydrodynamic and non-hydrodynamic effects are predaly involved in the transient
rheological response of non-Brownian suspensions.

Basically, the local response of the suspensiosemted in the current paper displays
the same features as those obtained through coonahtiscosimetric measurements. The
main contribution of our work is to confirm thatethransient response is actually a bulk
property of the flowing suspension and cannot adtg from a boundary problem such as the
development of a Vand zone [Vand (1948)] or ofialglyer [Jana (1995)].

A more precise comparison between our results hosetobtained by Gadala-Maria
and Acrivos reveals a small difference: while &lkit results collapse into a single curve
when the viscosity divided by its plateau valuepistted versus the strain, our results are
slightly different. Indeed, Figure 9 shows that,ths applied torque increases, the plateau
viscosity decreases while the minimum remains alranshanged. This effect is rather weak
so we do not want to give too much importance i® abservation but it would mean that the
shear thinning behavior of the suspension is réladea change of its microstructure together
with the non-hydrodynamic interactions with the miagde of the shear rate. Indeed, we
speculate that the viscosity passes through thanmam when the microstructure has
disappeared and the suspension is almost isothifare the particles have rearranged into
the steady-state structure when the viscosity @late reached again. In this latter state, the
particles are very close together along the comspresaxis and it is plausible that their
arrangement and the non-hydrodynamic interactiepeid slightly on the value of the shear
rate that causes the plateau viscosity to varytl@nopposite, if the minimum viscosity is
reached when the suspension is unstructured andh wbe-hydrodynamic forces have

relaxed, the value of the minimum should not depamthe shear rate magnitude. The results
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reported in Fig. 11 are more pronounced and hawe implications. The minimum viscosity
and the plateau value do not scale in the same withythe particle concentration. Both
diverge when the particle concentration approacipgsoximately the same valugi=0.535
but with different power laws ofg- ¢). The minimum viscosity diverges whertends tog*
with an exponent (-1) while the plateau viscosijlidws a (-2) power law. Following our
speculation that the suspension is almost isotnapien the viscosity is minimum and that an
anisotropic structure has formed at the plateaa,different behaviors were indeed expected.
As for the plateau, the (-2) power law is usuallyserved both in experiments and in
numerical simulations. From a theoretical pointvadw, Mills and Snabre (2009) have
proposed to explain this scaling with a model thetounts for the solid friction between
particles in dynamic clusters. In the same papey &lso provide a scaling of the viscosity

with the solid volume fraction for an isotropic daam suspension where the dissipation is
purely hydrodynamic. The viscosity is shown to e&at(p%.((p* —-@ ™ . Thus they predict the
same divergence of the viscosity with the partodacentration as that we measured although
we have not observed thl[éé -dependence.

In the particle concentration range that we consliere, our results are in close
agreement with Stokesian Dynamics simulation oftruetured non-Brownian suspensions
[Sierou and Brady (2001)]. Their results togethé@hwur experimental data are displayed in
Fig. 12 where the inverse of the minimum reducestasity, no/Nmin, IS plotted versus the
reduced particle volume fractiom/@* (in our case@*= 0.535 and in the case of Stokesian
Dynamics resultsg*=0.64). For relatively moderate solid volume fiaos (0.55q/¢*<
0.93), the linear scaling is satisfactory for bo#isults, even though the simulation results
show a clear curvature. For higher particle comagions, Sierou and Brady have proposed a

different scaling of the viscosity with the reducedlume fraction that fits well to their
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simulations for this higher range of volume frango Unfortunately, we did not perform
measurements at so high concentrations.

We note that in the work of Sierou and Brady (20@18 particles are homogeneously
and isotropically distributed, whereas Kolli et ebnsider the initial values of the shear and
normal stresses after shear reversal, that comespm a structured state where the non-
hydrodynamic interactions have relaxed. As for stuidy, we consider the minimum of the
viscosity that should be obtained for the lesscstmed state of the sheared suspension, and
our results compare well to the simulations of @ieand Brady (2001). However, it is not
clear to us whether the point is the isotropic dtrite or the lack of non-hydrodynamic

interactions.

VI.CONCLUSION

We have been able to characterize the bulk trahsesponse of concentrated non-
Brownian suspensions of various particle volumetfoms after shear reversal, using a PIV
technique. Our measurements confirm those prewiasiained using classical viscosimetry
[Gadala-Maria and Acrivos (1980), Kolli et al. (Z)0 Narumi et al. (2002)]: the transient
viscosity mostly depends on the strain. After shieaersal, the viscosity undergoes a step-
like reduction, decreases slower, passes througimemum and increases again to reach a
plateau value. The plateau viscosity obeys thesidals Krieger-Dougherty law with an
exponent n=2 and a packing concentratp5n0.535 whose low value could be explained by
interparticle forces. As for the minimum viscosiig, values compare well with the results of
numerical simulation performed on random suspess{@ierou and Brady (2001)] and is

consistent with the predictions of Mills and Snaf2609): in the range of particle volume
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fractions that we have studied (0.gBg*< 0.93), the minimum viscosity diverges ag-@ ™,
suggesting that the suspension passes throughmastaisotropic structure where the non-

hydrodynamic forces have relaxed.
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APPENDIX A: A POSSIBLE EXPLANATION FOR THE LOW VALUE OF THE

PACKING FRACTION.

Upon fitting the data of Fig. 3 with the Krieger-gherty law, the particle packing
fraction, ¢, is found to be around 0.536. This value is msamaller than the usual values
obtained for non-colloidal suspensiogs~0.61. We speculate that even though the particles
are as large as 31um in diameter, they undergargeftactions. One can wonder about the
nature of the inferred interactions. We can ruletbe electrostatic interactions since we have
measured the same value @f when the particles were dispersed in an aqueoligien
whose polarity is of course very different from ttled the mineral oil used in the present
experiment. The Van der Waals forces should alsdigsarded as their interaction range is
too short for explaining the low value of the pawkivolume fraction. Furthermore, they
should be weak since the refractive indices of phdicles and of the liquid are matched.

Finally, polymeric forces remain the only possiliiteraction between particles. We have to

18



mention that we have attempted to wash the pastiwieh deionized water and with ethanol
without noting any change on the suspension rhgolog\ccording to the constructor
(Microbeads AS), it is plausible that the partickee covered by polymer chains (cellulose)
that served as surfactant during the manufactuirge particles.

We can estimate the characteristic interactiontlerdy by considering the excluded

volume arising from the repulsion between particles

3
(a+6} _ ¢, _ 061 A1)
a ¢* 0.535

where a is the patrticle radius. Eq.(Al) lead&tbum.

Moreover, the presence of repulsive forces betwssticles is corroborated by the
observation of an elastic behavior of the suspensibich is illustrated in Fig. 13. This
recovery test has been carried out apr@.444 suspension. The recovery curve (solid lige) i
almost well fitted by an exponential function (dedHine) with a Maxwell timet, of about
2s which corresponds to an elastic modulus of apmrately n/1=70 Pa. Furthermore, we
speculate that the repulsive forces between pestiate responsible for a perturbation of the
shear-induced microstructure. This has been obselwedg transient tests where shear stress
steps have been applied always in the same dineafter rest periods of different durations.
The protocol is represented in Fig. 14.a and the dwajular velocity response is plotted in
Fig. 14.b. The longer is the rest period, the highé¢he angular velocity overshoot (or lower
the viscosity). This would mean that, during sheariqus, the particles are forced to
approach each other in the compression directidn\ahen the shear is stopped, the particles
move away one from each other under the repulsiteractions. Thus after a sufficiently
long rest time, the shear-induced structure of shepension tends to disappear and its

viscosity approaches the minimum viscosity recordeding shear reversal. Again, this
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elastic behavior together with the small valugpbsuggest that some polymer molecules at

the surface of the particles give rise to softistespulsion.

APPENDIX B: COMPARISON WITH MACROSCOPIC NARROW-GAP

MEASUREMENTS

In this section, we perform classical rheometricasugements in a narrow-gap
Couette geometry Z40Ti mounted on the rheometesMaiHaake, Thermofisher). The bob
diameter is 2R41.42 mm, the gap is gofR=0.99 mm, its height is L=55mm.The transient
viscosity of theq= 47% suspension is measured. After it had beemepoun the cup, the
suspension was shortly pre-sheared (total straanar 365) in order to obtain a well defined
structure in the suspension. Then the shear rdveessurements were performed.

The raw viscosity measured for two values of thpased shear stress (4.25 and 5.95 Pa) is
displayed on Fig. 15, together with the correspogdiide-gap local measurements. The
apparent viscosity is significantly lower in thermav-gap cell, suggesting that wall slip
occurs at the boundaries.

Jana et al (1995) performed local measurements maraow-gap geometry to
determine the slip length at the wall. They usddaser Doppler Velocimetry technique to
measure the velocity profile across the gap. Is faper, they sheared the suspensions for 2
days before they acquired the velocity profile,tisat they had to take the radial migration
into account. The wall slip was characterized byapparent slip velocity, i.e. the difference
between the velocity of the walls and the veloa@fythe suspension at the same position.

They showed that the slip velocity was related to the local shear rateand the local

volume fractiong by:
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U, =”—qua (B.1)

where a is the radius of the particles apdthe relative viscosity of the suspension. q is a
constant that is determined experimentally: in @Janal (1995)], q=8.

In our work, the total strain during pre-shearnsaii, so that we can neglect migration.
For comparison, Gadala-Maria and Acrivos (1980), similar conditions, measured a
characteristic strain for migration of around 41%8. Following Jana et al. (1995), we
introduce a slip velocity at the bol; and at the cupsy In the case of a purely viscous

homogeneous liquid, the velocity profile is given b

u_ R2-r (RY( . (u, u)) u,
= IR &2

I o]

and the shear rate:

)

whereQ is the bob angular velocity.

lv| =

erime o (3%

0o

From (B.1), (B.2) and (B.3), the slip velocity ieuhd at the boundaries, and the

velocity profile can be computed.

(B.4)

-

= Yepr

T
na R’-R*(R R

with y_ the apparent shear rate, at the bob.
Using eq. (B.4) and setting that the stress isrotiad:

o=,y =Ny (8.5)

21



we obtain the expressions of the bulk shear yatand relative viscosityy,, versus their
apparent valueg*"and n**:

el 2N a R? R?
] LA I
Y Vap( q RDZ—RZ(R +F%D
N (B.6)

r]r = 2 2
1- " a [R’ +RJ
9 R*™-R* R R

as well as the expression of the bulk strain:

- yaw[l_znspp(u) a Z(Eﬁ_zﬂdu (B8.7)
: ¢ R-R\R R

Figure (16) displays the PIV measurements togetitérthe viscosity measured in the
narrow-gap Couette rheometer after slip correcfidre wall slip-corrected viscosity has been
computed with q=6.8 that is the optimal value tdehahe plateau viscosity measured using
PIV. If, like Jana et al., we take =8, the plateascosity values are slightly smaller
(Nplatea™56 Pa.s. foilo=4.25 Pa andypaear54 Pa.s. foro=5.95 Pa) but it is reasonable to
expect that the g value depends on the particldsoarthe wall roughness and the wall-slip
correction proposed by Jana et al. reconciles gnew-gap and the PIV measurements at the
plateau. However, the beginnings of the transiargsquite different, suggesting that the slip
velocity (B.1) is only valid when the sheared suspen has reached its steady state.
According to figure 16, during the transient, €8.1) underestimates the slip velocity.

At last, we would like to mention a striking ressliown on Fig. 17 where the slip
correction has been calculated upon replagg with its plateau valuen¢(y—>c)), in eq.

(B.1). Although we do not have any explanationifpit appears clearly thahe agreement is

far better when eq. (B.1) is solved wifi{y—>) rather than withy(y).
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FIGURE CAPTIONS

Figure 1: Flow curve of =0.47 suspension obtained in a narrow-gap Coub#emeter.

Inset: power-law fit: Ing(Pa))=0.88.In{/(s%)+3.7.

Figure 2: Experimental set-up.

Figure 3: Steady relative viscosity of the suspamsiersus the particle volume fraction.

These measurements have been performed in thegam€&ouette cell for an average shear

rate of 0.02 3.

Figure 4: Typical image of @0.444 suspension recorded 14 mm above the cupnbott

Figure 5: Long time evolution of the velocity piefin a@=0.444 suspension sheared in a
wide-gap Couette cell (inner radius 14 mm and oradius 24 mm). The bob spin rate is set

to 1 rpm.

Figure 6: Long time evolution of the normalizedoasity profile for the@=0.444 suspension.

Figure 7: Transient velocity profiles after sheaversal (at t=0 the applied torque passes from
-250uNm to +250uNm) at different times (0.25, 1.25and 37.5 s). The dashed line

represents the Newtonian profitg=0.444.

Figure 8: Transient reduced viscosity after shemsensal versus local strain measured at

r/R,, =0.77. ¢=0.444

out
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Figure 9: Transient reduced viscosity after sheaensal versus local strain. The experiment
has been performed for different applied torques torrespond to different shear stresses at

the bob ¢=0.85, 2.12, 4.25 and 5.95 Paj=0.47.

Figure 10: Transient viscosity after shear revefsaldifferent particle volume fractions vs

local strain.(y) . =0.1s". The applied torque values have been chosen ier e bob

plate
angular spin rate to be roughly 0.5 rpm at theegglatwhatever the particle volume fraction

and thus the viscosity.

Figure 11: Scaling law for the plateau viscosityd ahe minimum viscosity. The applied
torque values have been chosen in order the boblangpin rate to be roughly 0.5 rpm

whatever the particle volume fraction and thusuiseosity.

Figure 12: Inverse of the relative viscosityn versus@'¢*: (®) minimum viscosity from

PIV measurement. ) High-frequency viscosity from Stokesian dynan{iégerou and Brady

(2001)].

Figure 13: Recovery test after shear stress caticgll ¢=0.444.

Figure 14: Sequence of shearing and shear streak twith increasing of the break duration.

a) Applied torque. b) Bob angular velocity resgn$he velocity overshoot amplitude

increases with the break duratiqs0.444.
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Figure 15: Viscosity response to a shear stresrsalfor ap=0.47 suspension. Wide-gap +
PIV measurementei=4.25 Pa V), 6=5.95 Pa {). Narrow-gap measurements=4.25 Pa

(—), 0=5.95 Pa{---).

Figure 16: Viscosity response to a shear stresssalfor ap=0.47 suspension. Wide-gap +
PIV measurement&i=4.25 Pa V), 0=5.95 Pa ). Narrow-gap measurements corrected for

the wall slip: 0=4.25 Pa{—), 0=5.95 Pa{---).

Figure 17: Viscosity response to a shear stresrsalfor ap=0.47 suspension. Wide-gap +
PIV measurement&i=4.25 Pa /), 0=5.95 Pa {). Narrow-gap measurements corrected for
the wall slip: 0=4.25 Pa-{—), 0=5.95 Pa<{- - -). The wall slip correction is calculated using

the plateau viscosity in eq. (A.2.1).
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