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Flow and motion behavior of particle
suspensionsin shear flow over arough surface

V. Mikulich, C. Brucker
Institute of Mechanics and Fluid Dynamics, TU Bergakademie Freiberg,
Germany

Abstract

The article discloses the experimental study results of the behavidhioflayer

of low concentrated slurry in a shear flow over a rough surface with a defined
structure of thébottomwall. A new ring shear deviceas builtwhich contains

an opticallytransparent test chambefrwhichthe bottomwall containsarrays of
micro-cantilever force sensommulating a definedsurface roughnesst was
created bydeepetching of micro-pillars in a silconwafer. The results of visual
observation of the interdon of the suspension with the structured surface
during severe deformation are showmbservation covered the liquid phase
motion by microPIV, the interaction between the liquid phase and solid
particles, the movement of separate particlestaed mutualinteraction.The
contact interactions between particlasd micrepillars are exemplified. The
abruptchanges in rotatiai motionandtranslationalelocity of particls induce
mutual collisions and continuous formation dréakup of clusterstructures of
various types.

Keywords: dlurry, shear flow, micro-structured surface, particle interaction,
micro-pillars, cantilever-array, force-measurements.

1Introduction

In many technical applicationsf material processing and process technology,
such asgrinding, lapping, and wé sawing suspensions of particles and the
carrier fluid (slurriesyare used to support the micimechanical removal and to
ensure the transport of the particles. Here, the removal process is canady



out in a narrow gap Ibeeen the process tool and the workplace surface. The
complex mechanical behavior of particles in interaction with the walls an
multiple contacts with each other in the process gap as well as cluster dormati
and breakup are not understood sufficientlyet. Experimental study of such
systems is very scarce. Hence, detailed analysis of the process paramébters wit
the specific requirement of the surface structures is impossible.

This article presents a nexxperimental referenemodel for processes oap
flows, whichis based on microscopic measurement technigfieke forces at
particlewall interaction as well as the flow behaviar the micro scaleThe
reference model has defined boundary conditions regarding to the roughdess
the facture behavior of the surfacehich offers unique possibilities for
comparison and valationof the numerical simulations.

2 Experimental details

Up to now,measurement ahearingbehaviour of slurries has been carried out
in differenttypes ofring shear testerasdiscussed iBjerrumet al [1], Bishopet

al [2], Bromhead3], Carr& et al [4]. The presenstudy was carried out using a
new ring shear devicthat contains an optically transparemst charber which
allows doservingthe slurry deformationss well as the particlevall contact
forces see kg. 1. In addition, the global parameters such as axial load, torque
and gap width can be controlled, tdthe instrument’s particular feature is the
springloaded joint between the mobile ring and the logdigstem so that the
ring is able to adapt to changes in the internal slurry fdrcesial andtorsional
directions. Different spring stiffnesscan be appliedn the setup. The axial
spring counteracts the value of axial loads being builtruthe sheaflow. Such
type of loading corresponds with many methods saffaceprocessing of
materials. Theorsional springat the joint of the ringllows watclng stick-slip
behaviorcaused by cluster formation and bregkin the suspension.
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Figure 1:Ringshear apparatus

The narrow test chambés defined by the outer edges of a glass ring as
shown in kg. 2. The inner and outer diameter of the ring is 90 mm and 110 mm,
respectively. The slurris heldin the gap between the upper glass ring and the
fixed bottom wall.Shear is imposed hptation of theupper ringunder defined
axial load and rotation speed he bottom wallrepresentshe micro-structured
surfacewe usedfor theanalysisof deformation, damage and wearindustrial
silicon processig, see Fig. 3. The surface was created by etching rpitieos
that simulated surface roughness and at the same time were force sensers of t
type of microecantilever beamaccording the measurement principle described
in Bruckeret al [5], Briicker [6]. The deformation and fracture of the micro
pillars during interaction with the particles in the suspension are detbgted
imaging from top and the sidealls. Briickeret al [5] andBriicker[6] used such
anarray of flexible micrehairs in the form of smabBlender micrepillars made
from an elastomer to measure the walttion force distributionin turbulent
flows. The same principle is applied herein to measure the contact forces during
interaction of the particles with the walls.

The slurry consisted of the mixture of glycerine as the fhlidse and glass
balls in diameter 400 um750 um, coated with fluorescent material. For flow



Figure 2:Schematic of the sample chamber
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Figure 3:Scanning electromicroscope image of micro-pillar array

studies using ParticlemageVelocimetry (PIV), small fluorescent tracer
particles in diameter 20 pm are added, Twe method of crossorrelation was
applied to doublémages in interrogation sizes of 32x32 pixels with a Gaussian
peak fitting procedure to detect the displacement vector with subpixetaagcu
The chip sensor size i$ x 1200 px. The processing software is based on an
inhouse matlab code which allows phase separation between solid and liquid
phase. The uncertaintg of order of 0.1 pixel which equates to a velocity
uncertainty ofl*10°m/s. Typical flow speeds are of orderl®f*m/s

To study how the shape of particles' affabisir motion, the slurry contained
a few particles with two or three glued togathThe volume concentration of the
solid phase varied between 10 % to 20Be slurry layer thickness was varied
in experiments and wasljusted typically to -3 diameters ofhe glasdalls. The
results of which are presented hemrecarried out at a shear rate= 2 s~ and



a slurry layer thicknesef 1.5 mm. The slurry behaviar during shear loading
was observed witlCCD cameras from two sides of the flow chamheaght
emitting diodes provided illuminatioand filters ensured epifluorescent imaging
The liquid phase motion and its interaction with large particles staied on
the smallsized traceparticles.Bending of the micrgpillars was detected by the
reflections at the tip of the cantilever beams. Typical pistaf¢éhe flowas seen
from top and from the side are given in Fg.

Figure 4 Pictures of the slurry in the shear cekft: top view on the slurry
showing the reflections of the micpillars at the bottom wall as a regular grid
(physical size of the image are&is 5.5mnT). Right: side view demonstrating
the micropillars and the glass balls abafghyscal size is 1.5 x 8. mn?).

3 Results and discussion

The optical access into the slurry gap allows tieservation ofparticle
behaviour in thesuspension, thenteraction between the liquid phase and
particles, the movement of separate phas, their mutual interactioand the
interaction with the micratructured surface. From bending of the mipiltars,
we can estimate the contact forces by application of equations for a line@r elast
Euler beam. The material constants such as Y@oodulus of silicon are well
described in literature. In addition, fracture of the structures is alsdl defined
event in the process since the position of fracture angdb#ion of force is
prescribed by the system (fracture happens at the 4pillao foot, force is
acting at the micrgillar tip).

We have observed the following typical motion patterns which are dedcrib
in the following,many of which can be seemthe photographs shown in Fig. 5
From a large sequence of images an excerpkight successive pictures is
shown In the picturest is possible to watch the position of the numbered glass
balls over the time. Furthermorene can see the tips of thacro-pillars and
some of them beingrokenand moving with the fluid.During shear loading of
the slurry liquid phase, all particles (glass balls) in the solid phasemstaing
from the initial state.



Figure 5 Imagesequence showing the particle motinrihesuspensiominder
shear load of the slurry (flow is from left to righthe time step between
successive images is about 1 second



Due to the velocity gradient, all particles come into rotation, too. Ehanthe
uneven coating of the glass balls, we could not only determine the tiamela
motion but also quantify particle rotation in the images. Moving dpeel the
rotation speed for particles being not in contact with other particiesnds on
their size and their position in the layer of a sheared suspension.
Translational speed of most of the particles coincides with the locaiityedd

the liquid phase. For example, the parti&id9 (Fig. 5f, 59) and28 (Fig. 5e, 5f)
which are moving in dayer of liquid closer to the rotating ring move faster in
comparison to other particleshe speed of rotatiorelativeto thetranslational
speed of the particles increases when the particles camecantact with
structured surfacedn addition, he drection of movement ofhe liquid phase
has impact orthe path ofthe movement of single particles. As an example it is
possible towatchthe motion ofparticle #37 (Fg. 5d, 5e, 5f and particle#44
(Fig. 59, %) with the liquid phas@rounda particle#38 which is slower than the
others

In Fig. 5 it is also demonstrated, that at a shear flow timralayer, many
particles of the suspension, even at relatively low concentsatzannot move
independently. Due to the kinematic restrictions ef tiasst chamber walls, their
roughness (microstructures) affects strongly the behavior dfclea. It is
manifested by abrupt changes in the motion direction and the deceleration of
translational and rotary motion of particles. In these cases, we obsarved
discrepancy between the velocities of the liquid layer and the particlesigDuri
contact with otheparticles, we watched theahange their direction abtation.
The changes in rotation direction and tfenslationalelocity of particle induce
their mutual collisions and continuous formation and destruction of their
aggregate structures of various types. The particles form differeritpted
chains and compact structures of different density. These aggregate structure
sometimes can remafar longer periodsindcontinue tomove as a unit. Moving
chainssometimes ardestroyedy individual particlesvhich are in contact with
the bottom wall

Figure 6 Interaction of particles with thaicro-pillar surfaces.

The particles consisting of two or three glued balls (gloggther) behave
radically unlike from simple balls. The hydrodynamic forces thaearisa flow
lead to orientation of an asymmetric particle relative to the streamlines. Becaus



of the small tickness of a layer of sheared suspension rotation of such particles
is partially limited. They decelerate typically more often and they teradtach
to the bottom wall and remain at rest. Their rotation is typically more
complicated and periodical. Indtire 5e, 5f, 5g, 5h, we can observe the motion
of a larger particle agglomerate (glued from three balls) as particle #30.

The interaction of particles with the bottom surface is indicated by tlptabr
deceleration of movement and the tendency tp.siuring the deformation of
the suspension, many single particles contacted the structured surféwe of
chamber, but the event of a fracture of the mjatiar could not be captured live
in the sequence. However, from the flow of broken mptars in the liquid
phase we concluded that fracture events were appearing in a regular manner. As
soon as a particle remains in contact with a raplar and stops its motion, it
prevents the free flow of other trailing particles and leads to strigture'
formation. Movement of particles #13 and #10 in Fig. 5 is an example of such
behavior. After deceleration and coming to rest, subsequent movemengef |
particles or aggregates then causes high hydrodynamic drag forces and
drastically enlarges the contact forces at the mjpdfar. This leads to the
fracture of the micrgillars in a defined manner, Fig. 6.

defined fracture
conditions

Fig. 7:Principle of measuring theontact force by elastic bending of the micro
pillars. Note that critical load leads to well defined fracture of the sheuetiu
the foot which describes a welkfined mechanical condition and allows to
estimate maximum loads during shear deformatighercell.



Fig. 8: Representation of the particle and fluid motion statistics:
Top: Average of image sequence showing preferred paths of particles and
events of particle contacts with the bottom wall. Center: streamlingbeof
liquid phase showing regions of large disturbances where the $ldovded to
swirl around clusters or pigles at rest. Bottom: regions of high flucuation
energy of fluid motion(color bar from <u”2>/U"2=0.1 in red to O in blue
Physical size of image area is k@ x 7mn?.

Fig. 8 demonstrates the results of Phéasurements in the suspension using
the information of the fluorescent light scattered by the small tracgclpar It
is obvious that path instabilities of the solid phase causes large distesbia



the flow of the lquid phase and therefore generates high fluctuations in the flow
direction at different positions in the shear cell.

4 Conclusions

A new shear cell has been presented which allows the optical observation of
cluster behaviour and contact forces isuapension. The new mechanical model
is well suited for comparison with theoretical studies due h® defined
boundary conditions of mictpillar bending and critical load when a fracture
happens.Our visual observations showed that during rotaticontact and
structure formation, the flow around thgarticles createlargely different
hydrodynamic forces which fluctuate in direction and magnitude. As a
consequence flow patterns evolve which show ri@nices resembling those
that occur inocaly turbdent flows. The largely fluctuating hydrodynamic drag
forces also causes critical loads that lead to fracture of the -piltars. These
events were documented by the broken mpillars that were flowing in the
slurry after fractureThe design of thepparatus has a great influence on the test
results. In the experimental studies carried out, the chastictdreight of the
shear celwas abouR-3 averagearticle diameters. In this case, the mechanical
behavior of the suspension is not invariant wébpect to the device, depending
on its geometry and the roughness of the walls. In our deviceptier wall is
allowed to adapt to the internal forces by axial motion against a spring.
Therefore,there is volatility of the gapvidth as a consequence ofaterial
deformations in the direction orthogonal to the shear direction. Usaieh
conditions, dilatancgan occur in the suspension. The latter can lead tshibr
appearance dérgersuction pressusdn the suspension.
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