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Abstract

Thisdocumentdescribes an exerimental investigationof two different particle systems
under conditions of oscillatory flow The f'system being concentrated suspensions of
non-motile particles and the 2 system being dilute suspensions of swimming algais
documentfocuses on he study ofthe jamming of concentrated suspensions pérticles
(primarily in oscillatory flows) and the response ofswimming algae to oscillatory shear
flows.

The flow characteristics of conaated colloidal and granular suspensiocai® known to
disphy a variety of interesting flow charaateticssuch as shear thinning amfiscontinuous
shear thickening. Thesdepend on a wide range of parameters such as concentration,
particle size, rate of deformation and many mormuring the flow of concentrated
suspensios, they can change from behaving like a flaiw flowingto behaving like a solid
which can fracture or yieldMany aspects of this transition are still not understodthis
phenomenon has important applications in process flow of slurries,déneelopment of
light weight bullet proof vests and as a dampening fluid within vehicle suspensions.

This thesis showthat whenconcentrated colloidal and granular suspensions are subjected
to oscillatory squeeze film flow, they display reversible loaal ffield distortions and
macroscopic shapehanges which are likely related to jamminghighlightsa range of
unreported behaviours of suspensions in oscillatory squeeze film flows.

This document also provide$feological data on the discontinuous shehickening and
jamming of a wide variety of different suspensiangoth continuous and oscillatory shear
flows.

Swimming micreorganisns are currently used in a wide variety bfalth and cosmetic
products They arealsobeing researchedor use in theproduction ofbiodiesel.Swimming
algae are grown within photdioreactorswhere their swimmingharacteristics cahave a
majorimpacton the reactorsoverallefficiency.Additionally a major issue in the production
of swimming algae is the need for thetm be concentrated using centrifugation which is
energy intensive.

This thesis shows that in oscillatory shear flows, gravitactic swimming algae can order their
swimming directions in the vorticity directionsf the oscillating flow field. This has
potential applicationsin the development of a method to encourage mi@@immers to
seltconcentrate. 8ggestions of other investigations into the ordering behaviour of
swimming micreorganismsare also provided

This documentlso displays a unique and cheapthm for applying oscillatory squeeze
film flows while allowing samples to be viewed undeath a microscopelt also makes
suggestions on he this method could benharced.This device has applications in carrying
out squeeze film tests to examine the dilegical properties of fluids.
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Thesis Layout

As a general outline, this thesis begimgh 3 introductory chapters. These introduce the
reader into the areas of the jamming of concentrated suspensions, oscillatory flows and the
response of swimming algae to complex flows. It tlisscribes the techniques used to
examineboth concentrated suspensions of nomotile particles and swimming microalgae,
which primarily took place in oscillatory flows. It then finishes with chapters describing the

results obtained from these investigatisn

Chapter 1 beginby describingsome of the general features of colloidal suspensions and
the rheologicabehaviour of particlesuspensions in generdt then describesome of the
literature surroundingthe jamming and discontinuous shear thickeningcohcentrated

particle suspensiong.his is relevant to chapters 5 and 6.

Chapter 2begins by briefly describing paraltlitkshear flowrheometry. It then goes on to
describe mathematicallpscillatory parallel plate shediow for Newtonian fluidswhichis
relevant to chapters 3, 4 and. 71t then goes oo mathematicallydescribe oscillatory

squeeze film flowior Newtonian fluidswvhich is relevant tehapters 4, 6 and.7

Chapter 3starts with a description of whatlgae arein general and theirindugrial
significance. It then goes on to descritgatures of swimming algae and in particuthe
speciesDunaliela Salina The chapter ends with a mode&lescribingthe motion of
gravitacticalgaeand an example of how this model could bpplied tothe osdllatory

parallelplate shear flow described previdysnchapter2.

Chapter 4concerns the experimental apparatus and procedures used throughout the PhD.
It begins by describing the design of electromechanical squeeze cell and how it was
calibrated. It hen goes on to describe thelectromechanical shear cell and the
piezoelectricsqueeze celand their relevant procedures (these were alsgedto induce
oscillatory flows upon suspensions of algak)then discusseghe materials used in this

PhD and howthey were prepared.lt finishes by describing particle trackimmpnd how

Xi



particle tracking data was analysed to identify the swimming direction®.&alinain

oscillatory flows.

Chapter 5presents resultdrom continuousshear and large amplitude oscillay shea
experiments that were carried outn a rangeof concentratedcolloidal dispersions and
granular suspension3hese were obtained using a strain controlled rheometéeresults
are then compared to similar experiments involving different padtidystemsin the

literature.

Chapter 6displays results obtained from applyingscillatory squeeze film flow on
concentrated colloidal and granular suspensions. This was done wusing the
electromechanical squeeze cdiscribed in chapter.4rhe results aréhen compared with
results from the previous chapter amate discussed in the context of the surrounding

literature.

Chapter 7shows the results obtaineftom subjectingDunaliela Salinao oscillatory shear
flows in a range of experimental setups detailad chapter 4 The results are then

discussed in the context of the surround literature.

Chapter 8statesthe overallconclusions that can be drawn from the work presented in this
thesis. Future work is also suggesteddnyone who may be interested carrying out

similar works.
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Chapter 1 Introduction to the Jamming of Particulate
Suspensions

1.1 Chapter Summary

In thischapter ageneral introduction tdhe stress inducegamming ofcolloidaldispersions
and granular suspensions igiven It starts with an introduction to the jamming of
particulate systemsand why they are relevant to study. It then goes on to examine the
literature surrounding the properties of concentratedsuspensions and in particular
colloidal dispersions. The rest of the chaptiscusses the flow behaviours of particulate

systemsand in particular the shear thickening and jammaigarticle suspensions

1.2.1 A Brief Introduction to Jamming Concepts

Colloidaldispersionsare loosely defineds consisting ofsolid particlesof around 0.0310
>Y A \isp&ried @ a fluidin this casesize sually refers to the diameter dfs smallest
significant dimensionGranularsuspensionsare composed of partickelarger in size than
around m n , whfle nanoparticle dispersions a@mposed oparticles smaller than 0.01

> Y[1,2]. Thereasons behind these distinctions are given in secti@n

In the literature there are a variety of different definitions for wha jammed system is.
One definition of a jammed substanieas an amorphous solid (one that does not possess
a long range order) that deforms elastigaunder an appliedtressthat is lowerthan the

yield stress but can flow like a fluid when the Y@k stress is surpassed/et another
definition is a material that is microscopically disordered yet can macroscopically support

its ownweight while only deforminglastically{3-5].

It is important to mention thatemulsions (liquid dispersed in another immiscible liquid)
and foams (a gas dispersed in a liquid) are also capable of possessing a yield stress and can

therefore also beeferred to as jammed materials].



With these definitions irmind, jamming can be loosely defined as the conversion of a fluid
system intosucha jammedsystem; however there are two slighttifferent definitions on

the jamming ofcolloidal and granular systems that can be found in literaf@te

Jamming igherefore broadly defined by some authors as the nequilibrium conversion
of a fluidic system taan amorphoussystemwith a yield stess This is characterised in
colloidal andgranular suspensions of particles by most particles becoming effectively
trapped and unable to move relative to each other easily due to the t¢ddkcal free

volume[3,4].

Some authors define jammingore restrctively as the arrest of dlowing particulate
systemof a volume fraction below # random close packing fraction. Thiglise to the
formation of load bearingtructureswithin the system due to the application of stress. This
is a different and more résctive view point which is probably better suited to tackle the
problem of jamming of indstrial slurries and suspensiomiring flowcaused by an applied

stresg[7-10].

Colloidal dispersions that have undergomgamming transitiorcan sustain forces applied
to them by transmitting forceshrough chains and/or clusters formed by intparticle
contact This is described later in sectidmb. Jammedparticulate suspensions are often
referred to as fragile; this ibecause their structures can be very heterogeneous and
although they may support a stress in one direction they may bmgslt if stress is

applied in another directioffi7,11]

The main questions around the jamming safspensionsare how, why andunder what
conditions is it likely to occupota givensystemif at all[11,12] The relationship between
jamming and discontinuous shear thickening (DST) where the viscosity of a suspension

increases drastically with shear ragealso still tdoe definitivelyidentified [13-16].

1.2.2 Why is the Jamming of Particulate Systems Important to Industry?

More than 40% of the value added fwoducts from the chemical industry is linked to
particle technology and 50% of all products sold are either contalioidal or gramlar
particles or involve the processing of granular/colloidal matdsi at some stage of

production[17].



Examples of finished produdtisat consist of particulate suspensions are; toothpaste, latex

paint, pen ink, surggeen, soybean e and many more.

All of the products mentioned above and many others such as pharmaceutical {atiléts
inevitably at some point have a stage that involvesgesssing the particulate systents
some way (e.g. coatingnixing and compression) or at the very least involves the

transportationof a particulate system through pipes or channels.

When the solidsolume fraction of particulate systenis high,the systemcan change from
responding like aldiid to responding like a solids ths has the potential to cause blockage
in pipes and clog equipment and reduce productivity, it would beeffieial to processing
industriesto gain a better understanding of how and why it happe@antwolling the
occurrenceof discontinuousshearthickening andjammingis also important in drilling for

oil and in designing of new cemefarmulations[18-20].

There have also been attets to make use of particulate suspensions thahjam and
unjam to create usefyproducts. One product being developed is a gripping arm capable of
holding almost any shape of object. It essenyiatbnsists of a bag containirgyanular
particles dispersed in a gas. Theglznd its contents can be made to flow aroundadmect

to be pcked upwhile in the fluid phaseand then made to contract and jam by sucking the
gas out of the baglrhe contents of the bag can then transmit forceswiig the object to

be picked ug21,22]

There have alsoden attempts to make use of the ability of concentrated susperssion

show jamming and shear thickening behaviour only when the applied shear rate is fast
enough. One application of this has found its place in balhet stab proof vests anather

persmal protection equipment that only jam under great stresgh as when struck by a

bullet or knife[23271. ¢ KA a4 Aada Od2NNByidte o0SAy3a NBaSI NOKSF
defence companes such as BAE systemathough similar products that use polymers

instead have been in use since 20[2B]. It has also been shown by the United States

military that impregnating &vlar with colloidal particlescan greatly improve its

effectivenesg24].



1.3 Colloidal Systems

Colloidal systems are comprised of at least two different phases with one phase dispersed
within another.In orderto meet the definition of colloidal system one of these phases
must have a significant dimension less thepproximatelyl-10 microns in sizéout larger

than 10 nanometre in siz¢2,29].
The size restriction is in place to ensure the following:

1. That the disperseghase has a large surface area.

2. That the force of gravity on the particle is weak enough that Brownian motion and
forces imposed by the dispersion medium are stghificant.

3. That the particles are large enough that interactions between them and the
molecules of the dispersing medium are negligible and quantum effects can be
ignored. Additionally the dispersing medium can be considered a continuum

relative to thecolloidal particles

The table below shows examplef multi-phase colloidal systems

Dispersing Dispersed Term Industrial Natural
Medium Phase Examples Examples
Gas Liquid Aerosol Febreeze, Clouds, mist
Deodorant
Gas Solid Aerosol Some Vdcanic
antiperspirants| Smoke
Liquid Gas Foam Shaving foam, | Vacuoles
whipped
cream
Liquid Liquid Emulsion Mayonnaise, | Milk
margarine
Liquid Solid Colloidal Sol | printingink, Mud, magma
or dispersion | toothpaste
Solid Gas Solid Foam Styrofoam, Zeolites
Insulating
foam
Solid Liquid Poraus Ice cream, Opals, pearls
materialor Bituminous
solid road paving
emulsion
Solid Solid Solid Some allog Wood
Suspension | and chocolate

Tablel Examples of the various types of colloidal systef@s29].




1.4 Colloidal Dispersions

Colloidal dispersias are systems in whictplid colloidal frticles are dispersed in a fluid
medium They difer from granular suspensions that Brownian motion is significant
which hinders sedimentation and allows partEke diffuse through the dispersionThis
difference is best shown by considering the rate of sedimentation compared to the rate of
diffusion of a given particl§l,2].The terminal velocityf a sedimentingsphericalparticle

can be estimated fromt8kes lawas shownby Equationl, wherer, is the radius of the
particle,g isthe acceleration due tgravity, n* is the density difference between theauitl

and the particleand ' is the fluid viscosityThis shows that thdarger the particle the

faster itsediments

_ 28prig
==
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Equationl

The mean squared displacement (MSD) is a measure of the average displacement of a
particle due to dfusion. TheMSDof a sphericalparticle canbe estimated using Stokes
EinsteinSutherland equation as shown Equation2, whereksA & . 2t G 1T YI yiyioa O2y
is the lag timeand Dis the diffusion coefficientThis shows that the smaller the particle the

higher the distance travelled by diffusiamthe timent:

i kT
(r2) = 6DAt = —— At
To

Equation2

As an example, ovex period of 10 secondand at room temperaturea coloidal PMMA
particle of 0.1um in radius suspended in decalat terminal velocitywill havesedimented
a distance 0f3.1x10* pm. Overthe same periodthe squareroot of the MSDwould be
8x10%um. A PMMA paricle of 10microns in radius suspendedin decalinat terminal
velocity will sediment distance of 3.1 pm over 10 seconds while theoot of the MSD
over the same period wouldnly be 8x10*um. This example showthat Brownian motion
becomes insignificards the suspended particles in a suspension approach grasizkes.
Thelength scaé over which gravityand sedimentatiorare important can be estimated by

the scale heighshown inEquation3. Thisis the ratio of the thermal energy of a particle



compared to the gravitational force acting on theparticle [30]. As the particle size
increases, the scale heighdecreases meaning that sedimentation becomes more

important over smaller and smaller length scales

JkgT
Zpg=—7%"
0 4ﬁﬂpq§g
Equation3

1.4.1 Colloidal Interactions

Colloidal particles can interaatith each other by a variety aifferent mechanisms
SurfaceForces

These are forces thatome into effectwhen the surfaces of different pacles come close
enoughtogether, where the surfaces may be charged, have adsorbed ions, surfactants or

polymer nolecules[1,31]
DispersionForces

These result fromgquantum mechanical effects caused by fluctuations in thectebn
clouds surrounding atomer molecules of which the colloidgharticles are madend are
usually referred to asander Wadsforces.In a colloidal dispersion it is possible to stabilize
colloidal particles agast aggregation due to van der als forces by matching the
refractive index of the medium to that of thdispersedparticles. The rangefahese forces

is very short, othe order 10nm however these forces amguallymany timeslarger than
the thermd energy of colloidal particledue to Brownian motionmeaning that theycan

cause aggregatiof32].
DepletionForces

This force is present in situations whecelloidd particles are surroundedby soluble
polymer molecules or smallepartides that cannotaccess the [gace between larger
colloidal particleswithin a colloidal dispersianThis effectively results in an osmotic

pressure that can push the larger colloidal particles togefhgr



Hydrodynamic Interactios

These arise from disturbances in the flow field surrounding a particle caused by another
particle. Hydrodynamic interactions cease to exist if the flow field is perfectly stagmant.
the study of shear thickening and jamming of colloidal dispersiand gramlar
suspensionsthis type of interaction is extremely importantA great dealof work on

characterisindnydrodynamic interactioshas been donén the literature [31,33,34]

Friction Forces

If the surfaces of nghbouring particles make physical contact then friction can become
significant depending on the friction coefficient of the particle&dditionally as
suspensions become highly concentratadei-particle friction can become the dominant

form of interacion betweenparticles within a suspensidt5,35,36]

1.4.2 Sabilization of Colloidal Dispersions

If a colloidaldispersion is termed unstableriteans that anyepulsionforces between the
particles areinsuffident to overcome attractive forces causing them to stiogether in
the event of collisions over a given time periothhis causesparticles to aggregate
irreversibly Even van der \lls attractions are emugh to cause aggregation if no
stabilisation fores are present.Dispersions can be stabilisedrough electrostatic

repulsions and steribindrance[2].
Steric Stabilisation

Thisiswhere particles are coatedith strands oflong chainpolymers.Only one end of the
polymer is attached to the particle and the other end is free to move in the dispersing
medium by Brownian motionThe polymer segments are attached by chemicals bonds or
physicalinteractions. Ifparticles come close enough together such that their polymer
strands overlap, they interact with each other resulting in a region where the polymer
concentration is high. This results in an osmotic force that acts to keep the colloidal
particles apart. Thenagnitude of this forcés dependat on the polymer graft density, the
polymer length and the strength of the interactions between the polymer and the solvent.

For the polymer to stabilize the dispersions, the solvent must be a good solvent for the
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phase separatiof32].

ElectrostaticDouble layer Repulsion

When colloidal pdicles are dispersed in a solvent they may obtain a surface charge due to
adsorbing ions from the solution or due to adsorbed chemical groups ionizing. This can
result in a given colloid being surrounded by a region of dissolved free ions that effectively

neutralises the charges on the $ace of the colloidal particle.

The colloids aretherefore essentially surrounded by a region in which the ion
concentration is higher than in the bulk solution. When such colloidal particles come close
enough together itcreates a region with an even higher ion concentration. This results in

an osmotic pressure that acts to separate the colloidal partid&¥].
Electiostatic Stabilisation

Simply put,if the surfaces ofparticles all become either positively or negatively charged,
then this will provide a force to keep theapart. This is significant when charged colloidal

particles are dispersed in a ngolar solventwhere the double layer is insignificant.

[N



1.4.3 Volume Fractions andPackings of Hard Sphere

An important variableused in the examinatiomf the rheological propertieof colloidal
dispersions and granular suspensionthis solid volume fractin or packing fractiodzs1:4
. This ighe fraction of the volume of the totalystemwhich is occupied by soljghrticles

This is shown ifequation4, where Vo ,.;.;.- IS the volume of solid particlesithin the

system and/’;

VatEm

is the total volume of the system:

qb _ VPE rticlas
solid —

V.‘-‘ystsm
Equation4

If the particles arespherical, therthe solid volume fraction is given lyguation5 where
N reic1a2 1S the number of particles within the system
_ 4T§”Przrtic!as

solid —
EV_'-'-'_}'SEE iy

Equation5

Thisparameter has a hugeffect onthe flow characteristics of a particulate systewt low

volume fractionsof less than 0.1the viscosity of a particulate suspenssoof spherical

particles can beestimated wellby 9 A vy & (eduatigh@gsuming ®kesflow. 9 A YA G SA Yy Q&

equation is shown belovin Equation6 wheren is the suspension viscosity and is the

viscosity of the liquid medium.

N =np(1+2.5¢_;..)
Equation6

At higher volume fractionpredicting theshear viscosity of suspensions and dispersains
a given set of flow conditiondbecomes extremely complicated due to many body
hydrodynamidnteractions Throughoutthe literature thereare manyexamples that show
how the viscosity oparticulate systemgliverges as the solid volume fraction increases
[1,2,31]



Random Loose PackifLP)olume Fraction

This is the lowest volume fraction for whi a particulate system is mechanically stable
against gravity This meanghat it can support its own weighfThe RL#I poorly defined as

it depends tosome extent on the attractive forces between the particles as well as the
density difference between the continuous and dispersed phadies lowestvalueis for
spherical particle suspensionssdaid to bearound 0.55 by many authorg38,39] Some

authorshowever argue that there is no suchigias a lowest packing fracti¢40].

The RLP couldherefore in a sense be related todtlyieldstress of the systemPerhaps an
alternative definition is the volume fraction for which the yield strefshe systemis high

enough to resist the gravitational stress on the system
Random Close Packiff®CP)/olume Fraction

This is the densest packinfispheres having a random structure or the densest packing of
non-crystalline spheres where the partisléave no room to move. i defined as a

jammed stateas particles are unable to move relative to each otfighis igjuoted as
approximately0.64for a system of monalisperse sphereBy a large number of authors

but no exact number has yet to be giv¢h7,41,42]

¢ 2 NJj dgrotip2ra3 done work on the jamming of hard sphercking which focuses on
how closdy packed a particulate system has to be before it can be considered permanently

jammed wihout application of any streq43,44]

They definech given patrticle as being jammed if it cannot be translated while fixing all the
positions of all the other particles in ¢hsysem. They therefore definethe entire system
as being jammed if each particle and each surrounding particle is jammed. The volume

fraction at which this occurs is approximately equal to the RCP.
Critical Jamming/olume Fraction

This is the solid volumerdction at which a particulate system obtains algietress
denoted by. ¢ This typically takes a value of approximat@ly0.6 for spherical particles
[31,45] This is important stit has beerproposedthat discontinuous shear thickening only
occurs in particulate systems with vohe fractions above andreund . ¢ [46]. Work

carried out by Egres and Wagner siwmthat the valueof . ¢ for a given suspension is

10



extremely sensitive to the aspect ratid its constituent particls, while as the aspect ratio

increases the packing fraction required for DST decrefd$e47]

1.4.4 Crystallization of Colloidal Dispersions

Norrinteracting hard sphere colloids dispersed anfluid can spontaneouslyundergo
crystallisation to increase thentropy of the system By forming an ordered arrangement,
the colloidal spheres on average obtain a greater frekiwme in which they can diffuse
around than when the partickarearranged in a disordered state as is showifrigurel

below[30,32,48]

Figurel lllustration of how each particlecan obtaingreater localfree spaceto explorewhen the system
crystalliseg(forms an ordered arrangement)

The system gaisgreater entropydue to the increase in available voluntiean it loses

configuratioral entropy due to the system gaining long range oridér

Fluid Crystalline
@ Fluid and
. . Crystalline . . .
" ] ® Coexistence| oo @
® % 000
| b
0 d=0494 u=0.545 | Olass $r=0.7404

Ps=0.58 ]r=0.64

Figure2 Adapted from[49]. This shows the possible phase changd$ard spherecolloid dispersions with
increasing volume fraction
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At high solid volume fractions, dispersions of hard sphere colloidal particles can adopt a
long range crystalline structure. $hould be noted that the absolute maximum volume
fraction obtainable formonodispersehard spheres is well known to be 0.7404 which is
achieved by the face centred cubic (FCC) or hexagonally close packed (HCP) crystalline
arrangement [1]. Crystallisation in this case is referring to the point that the particle
system obtains a long range order and this crystallisation transition is an-disnder

transition and not a liquid solid transitiofi,30,2].

Asis illustrated byFigure2, it has been reported thatmono-dispersecolloidal dispersios
with a solid volume fractiobelow 0.494(referred to as the freezing volume fractiphmave

a disorderedstructure. However once the volume fraction has passed this threshold
volume fraction of around 0.494 phase transition occurs where the dispersions separate
into 2 phases one of which has a volume fraction of 0.484 the other has a volume
fraction of 0.545(referred to as the melting volume fractionhbove a global volume

fraction of 0.548he dispersion can becontelly crystalling32,48]

It is more correct to say however that crydigdtion is thermodynamically favourable
above a certain volume fractiof heparticleswill only crystallise if they are given enough

time to rearrange themselves.

It is theoretically possiblgiven a long enough time periddr a dispersion to crystadie up
to a volume fraction of 0404. Howeveinitially disorderedhard spheresuspensions above
a volume fractiorof around0.58 cannot form a&rystalline structure in practecdue to the
particleQ inability to jump into the necessary positiar@nly upto this volume fractiorcan
the suspensiorform a crystalline structure as they haveethecessary space to reach the

most thermodynamically stable arrangemdbt.

12



1.45 Glass Transition of Colloidal Dispersions

As the solid volume fraction afispersionsof solidcolloidalparticles approaches the value
of around0.58, colloidaldispersions can undergthe colloidalglass transition where the
effects of Brownian motion can nlonger move particles past their closestighbours
This isbecausdansufficient free volume is present and in order a givenparticle to move

it requires ceoperative motionof manyother particlesas is shown bifigure3 below.

Figure3 For the white particle to move to the position where the black particle is, it requires theaperative
rearrangement of nost of the grey particle which is statistically very unlikely happen spontaneously

As the volume fraction increases the ability of the particles tearange themselves
decreaseslt has been shown by microscopyat near the glass transitigrat anypoint in
time the particles that are moving to the greatest extent always do so only when their
neighbours are moving in the same directi@,30]. As glassy substances are not in a state
of equilibrium, as time goes ahey areknown to slowlyage (changé¢heir structure)which

results in thér physical properties changirmyer long enough time period4,30,50]

Thiscolloidalglass transition resembles the gldassnsition that takes place isimple pure
molecula liquid if cooled at a rate sufficiently greater than the speed at which the liquids
molecules can rarrange themselves into their crystallisation positions. If molecules lack
the vibrational energy to jump out of their initial positions then they aredively stuck in

a trappedstate as are colloidal particles in a dispersion of high enough volume fractions

[1].
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The glasgransition ofcolloidal dispersions alsocharacterised ithe rheologicalsenseby
the relaxation timeandviscosity of the dispersionscreasingextensively{30]. The glass
transition is relevant to thediscontinuousshear thickening and jammiraj colloidal
dispersiondecause it is at these high volume fractions that these effastsmost

prominent [51].

Colloidal glasses are formed by increasing i@ s/olume fraction beyond 0.5&pidly (by
centrifugation for example as will be discusseth chapter 4 which bypasses the
crystallsation region as the particles are too crowded together for them to adolong
range ordered arrangementt has been suggestetthat a slight polydispersity between
the patrticles is required in order to achieve the glass transition as it essentllhtérthe

suspensiof a@bility to crystallisd5].
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1.5 General Rheology of Concentrated Dispamns

Colloidal dispersions show a variety of complex -N@wtonian behaviousuch as shear
thinning, shear thickening viscoelasticity and non-zero normal 8®ess differences.
Descriptions of each of these effects will be given along with explanatites taom the
surrounding literatureas to why theyoccur. Itshould benoted that flocculated colloidal
dispersionscan showother nonNewtonian behavioursuch as thixotropy but this is not

relevant to this thesigs dispersions under investigation arelstsed[31].

The most distinctive feature of the rheology concentratedcolloidal dispersions is that an
individual sample can give a Newtonian, shdélainning a shear thickening response
depending on the applied stress or rate of deformaticlue to changes in the

microstructure of the systenthis is illustrated ifrigure4[31]:

ipy: 1 5

‘0000 880’ 0050080

Newtonian ! Shear thinning ! Shear thickening

Viscosity

Shear Stress or Shear Rate

Figure4- lllustration of changes in microstructure and viscosity of colloidal dispersions commonly observed
with changes in the applied stred81].

At veryhighshear rates and applied stresses it is possiblesémne particulate suspensions
to even undergo a change from showing shear thickening behaviour to showing shear
thinning behavioulgain. This is due to the deformation of the constituent particles within

the system[24].
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1.5.1 Non-Zero Normal Stess Differences of Colloidal Dispersions

In this subsectionnormal stress differenceare briefly discussed as they are mentioned
frequently throughout this thesiswhen a Newtonian fluidundergoes pure shear flow
between two parallel plates due to moneent of the top plate, shear stresses are produced
within the fluid that act to drag adjacent layers along in the direction of the applied shear.
Excluding hydrostatic pressure there are no other stresses present in this situatore
fluids such as caentrated suspensions however, generate normal stresses even when
subjected to pure shear flow3hese stresses are illustratedRigureb. In practice normal

stress differences are measured rather than direct normal stresses.

The I normal stress difference (NSD) is given by:
Ny =Txx— Tyy

The 2YNSD is given by:

Ny =Tyy —Tzz

2 K S N&s the normal stress on a plane where the normal points in the direction of the
a KSI NJ JidtheBaindaldstress on a plane where the normal points in the tivacof
0KS @St 2 OAdigthe AdwhaRskréSs/dn @ plane where the normal points in the
direction of the vorticity{52]. For a Newtonian fluid, the values of th& and 2 NSD are

Zero.

The £' NSDis commonly observed during the shear of concentrated colloidal and granular
suspensions. If the®L NSD is positive, this means that during simple shear flow it has the
effect of pushing the plates apart as if to increase the gap distfi®leThe ' NSDcan be
measured using a platelate or cone and plate rheometer by measuring the normal force
being exerted on the plate or cone by the sample as it is she@&&2] The 2 NSD§
difficult to visualise and measure and so it is rarely mentioned in literature compared to the

1°*NSD which is relatively easy to measure.

At low to moderate shear rates, colloidal dispersions have beesewed to generate
positive £' and 2 normal stress differences due to the presence of viscoelasticity.
| 26 SPHSNI AlG KlFra 0SSy 20aSNWSR (KFd 020K 27
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rates. For norBrownian suspensions under shear, tiieahd 2 normal stress differences

are generally both neative and of comparable magnitud@l].

At high volume fractions however the' NSD of colloidal and granular suspensions has
been observed to begne large and pdsve during discontinuous shear thickenifigST)

by Lootens and Fall5,54] This is likely caused by dilation of the sample being sheared
exerting an upward force on their rbeneter. It has been proposed that DST and stress
induced jamming are caused by presence of tramss that can act against the large
positive NSDs produced at high rates of deformation in particulate systetn$3] This

will be discussed in mordetail laterin this chapter. In literature and inthe rest of this
thesis, it is generallyhe case that when the term normal e8s is used it is referririg the

upthrust that a sample is exerting antop plate during shear flow.

A
Tyy
N

/ﬁ Tyx

Tyz

Txy

—> Txx

Tzy

Tzx
Tzz

Figure5 Diagram representing how stress can be defined withmaterial at a point.Thenormal stress terms

can be thought of as acting perpendicular on a surface as to stretch or compress the cube which represents
and infinitesimal volume within a fluid. The®isubscript designates the direction of the normal thé plane

and the 2° subscript designates the direction of the force acting on the plane
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1.5.2 Shear Thinning

Shear thinning is the term applied to a material that shows a decrease in shear vissosity
the shear rate increases. Some materials are adéd ® be extensionally thinning if their
elongational viscosity decreases as the rate of elongation incre&esar thinning is
sometimes referred to as invergdasticity, and many products are engineeredhave this
property so that they are solifike at rest but still able to flow under a weak stress.

Examples of thiare shampoos and liquid detergenfa4].

Shear thiming s an effecimost commonlyobserved while shearingolymer solutiors but

is alsocommonly displayed bparticulatesuspensionsvithin certain ranges of sheaates

It is associated with changesnricrostructure ofthe material being deformedrhisoccurs
when the rate of deformation surpasses the rate at which the material can return to its
equilibrium state. Thi is best characterised by tidémensionlesgroup knownas the
Peclet numberln therheologyof colloidal dispersionghe Peclenumberis defined as the
ratio of the rate of theapplieddeformation of the material to theate of diffusion of the

materials constituent particles.

_ Shear Rate
" Diffisive Transport Rate

Pe = (Relaxation Time) x (Shear Rate)

Equation7

The relaxation time as applied to colloidabpkrsions is essentially the time it takes a

particle to diffuse a distance equal tts own radius (denoted by ) asshown belowin

Equation8, wherer, is the radius of the particleyg is the disgrsing fluid viscosify? is

the diffusion coefficient of the particlend kgA & . 2t GT Yl yyQa O2yail yio

p 3
e TNplp
T.D ==
6D kgT
Equation8

The Peclet number fopure shear flowcan therefore be expressed akosvn below in

Equation9, where ¥ is the shear rate:

3.
Mg’p ¥
Pe = ——
© T kLT
Equation9
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When Pe<< 1Brownian motion can restorehe microstructurefast enough so that the
microstructure remainsni its originalequilibrium configuration its rheological properties
therefore remain unchanged by the flowhe reason that colloidal dispersions can show
Newtonian like behaviouis essentially due to the fact that the particdleare capable of
randomizng their positions and therefore their microstructure at low rates of

deformation[1].

As Pe approaches unity then the flow begins to change the microstructure of the material
and shear thinning becomesvident When Pe>> 1 Brownian motion cannot restore the
microstructure of the material and the system is almost completely out of equilibrium

[1,24]

In colloidal dispersions shear thinning isoften said to be causedby changein the
dispersio® microstructure whereordered layers of particles are formdfiat can slide

over each otheresulting infewer particle interactions for a giveeamount of deformation

of the dispersion. This leads fess energy being dissipateas fiction resulting in a
decreasein the observedshear viscosity The formation of ordered layers has been
observed using microscopy, light scattering and neutron edaiy techniques[55-59].
There is still some debate however on whether shear thinning is a direct consequence of

this observed ordered layerir{§0].

1.5.3Shear Thickening

Shear thickening is the term aligd to a material that shows a reversiblerease in shear
viscosity with anincreasein shear rate.Materials are also said to be extensionally

thickening if tleir elongational viscosity increases as the rate of elongation increases.

A material that shows rear thickening isoften alternatively referred to as being
rheologicallydilatant. The reason for this is that most materials that are shbarkening
alsohappen b be concentrated particulate systemSoncentratedsuspensions often need
to expandtheir total volumein order to flowas show inFigure6. Dilaancy can be
observed by visual roughening of thee surfece of a particle suspension during flow due

to particles being forog to poke out of the surfacfsl].

19



% it

Figure6 Simple ekample of how particulatesystems can dilate under shear

The most commonly citedxample of a shear thickening fluid dern-starch suspensions
(also known as arn-flour suspensions)which are composed of polydisperse gnaular
particles approximately 1%nicrons insize. The exact size distributias dependent on
manufacturer. ©rn-starch is composed of roughly 75% amylopectin and 2B68%lose

depending on the plant used to produce it

Early work orshear thickening was done inghm ¢ o hyQAdlliamson and Heckewhere
cornstarch suspensions were placed within a viscometer. The load exerted by the
viscometer would increase showing a gradual increase in viscosity. Eventually a point would
be reachedwhere increasinghe load would no longer increase the flow ratén ather

words as the applied stress increased the suspension refused to flow any[&&ter

A few years later experiments in which a sphere was pulled throwgious colloidal
dispersions were carriedud by Freundlichand Roder Their results also showed shear
thickening behaviour as the applied loadcreased they also confirmed that at high
enough loads the colloidal dispersion refused to deform any fg6@&}r This effect is now
called discontinuous shear thickening by som&hors and is characterisedyba rapid
increase in the rate at which the observed shear viscosity increases with shear stress or

shear rate
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1.5.3.1 Types of shear thickening

Many athors such asBrown and Cates define two main types of shear thickening
behaviourthat primarily concern colloidal and granular suspensiofkese are continuous

shearthickening (CSBnd discontinuous shedhickening DST10,13]
Continuous sheathickening CST)

CST is essentially mild shear thickening where the viscosity only incregaseseal tens of

per centas the shear raténcreases over a few decades. Continuolisas thickening has
been observed in colloidal dispersions of volume fractionl a f 26 I a I LILINR EAY
although it is by far most prominent at higher volume frans [31]. Shear thickening is
generally preceded by shear thinning at lower rates of deformation and is characterised by
significant changes in the microstructutbat occur when Pe>>lwhere the rate of
deformation is relatively high. At high enough rates of deformation, wh&®Tis
encountered, Brownian motion has been found to besignificant and hydrodynamic
interactions dominate[31]. The shear rate and applied stressvatich shear thickening
begins aretermed the critical shear rate and critical stragspectivelyby many authors,
however it is argued that it is betteo state the critical stress rather than the critical
shear rate as the former is more independent of the packing fradé@64] Some
authors denote the critical shear stress ag and at the same time define a maximum
shear stres$ ayaxabove which CST and/or DBTho longerseen andoften gives way to

other effects such as shear thinning and fractuilibg,65}]
Discontinuous shear thickenin@ST)

DST isa type ofshear thickening wheré¢he shearviscosity increses discontinuously by
orders of magnitudever a narrow range of applied shear rates or stsd@ssesbeyond a
given applie shear stress or shear rat&his is observedabove a criticalolume fraction
near the RCRvhere the sspensions obtain a yieldtress . . [13,45,66] DST has been
shown to evolve fromcontinuous shear thickening as thepplied stress increases
assuming solid volume fraction is greater than a critical vpl6¢66,67] Additionallywork
done byFall and_ootens showed thavhen DST is observgdrge fluctuations in the shear
stresscan alsdbe observed thagare stronglycorrelated to fluctuations ithe normalstress
(due to dilation). It has been suggestl that tis indicates that frictional interactions are

highly relevant to DS[IL5,54,68]
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Inertial shear thickening

Some authors refer to an additional type of shear thickening called inertial shear
thickening. TIs is due to increasing turbulence and the formation of rotating eddies at high
shear rates resulting in greater energy dissipation and therefore a higher viscosity. This
type of shear thickening can even be observed in Newtonian ligdigiing flowsat high
Reynolds numberand thereforeis usuallynot even referred toas a form ofshear

thickening[16].
1.5.3.2 Traditional Theoriesfor Cause ofContinuous Shear Thickening

There aretwo main theoriesthat have traditionally been usetb explainshearthickening.
Both theories havéiad somesuccess in predicting thminimum stress for shear thickening
of suspensionbut neither of them have had muducess in predictinghe large increases

in viscosity observed wheldSToccurs[13,16,31] Because CSJan occurat very low solid
volume fractions compared to DSIhd DSTunlike CSTis extremely sensitive to the
variations of the solid volume fraction, it has been proposed that CST and DSTahave
different mechanism[13,15] A proposed mechanism for DST will be discussesettion
1.5.35.

Hydroclustering

This theory was introduced by Brady and Bossis in 1988 it is the most heavily
represened view in the literature It proposes that e characteristic change in the
microstructure that initiates shear thickening is the formation of stress bearing groups of
particles separated by a thin layer of solvent tedrteydroclusters as illustrated igured
[31,69].

Hydroclusters are correlated groupings of pagtcin regions of the dispersiomhere the
particle density is higher than average. They are not aggregates but rsitieer induced
fluctuations in the local particle density that are continuously forming and breaking up due
to the flow. Hydroclusters form because applied shear pugbesiclesclose together, and

in order for them to move away from each other they musemome large viscous drag
forces from neighbouring particleslhis makes it difficult for particlde leave a cluster by

diffusion but they can stitontinuously leave and join a given hydroclug&t].
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When the shear has ceased, Brownian motianrapidly randomize the microstructure as
only slight adjustments separate the equilibrium microstructure from the shear thickened
microstructure This gives an inditian as towhy continuousshear thickening is reversible.
Most authors in the literature take the view that dominance of hydrodynamic forces at

high rates of deformation ults in the formation of these hydctusters[70,71]

Within hydroclustes the particle concentration is higher than the average concentraifon

the system This puts the fluid within the clusters under great stress dukydrodynamic
forces that must be overcome in order to move particles past each other by squeezing fluid
through the spaces between patrticles. This change in microstructure also means that large
hydrodynamicforces must be overcome in order to make hydroclustbeEmselvesmove

past each other. This results in greater energy being dissipated for a given twioun
deformation resulting in an increase in vistgsiThis increase in hydrodynanfiarces is
considered to be enough toause continuoushear thickening without an order disorder
transition or aggregatiorf70-74]. It has been verifid by both Rheoptics experiment
carried out by Bender and &gner, and Stokesian dynamics simulatiocesrried out Brady

that at high Pe, the lubrication hydrodynamic interactions between particles increase
dramatically giving weight to this theory [71,7577]. Recently, confocal rheology
measurements have shown that the existence of particle clusters coincide with tlae she

thickening regimg78].
Order-Disorder Transition

This theory was first proposed by Hoffmarie found that the transition to 8T often
coincided with the transition fromraordered microstructure wittordered layers at low
shear rates to a disordered structure at higher shear rdtdsas now been shown th&ST
can occur without an order disorder transition and that the change in mierosire is

mainly coincidental47,73,74,79]
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1.5.3.3 How do Suspension Properties Affect the Onset of Shear
Thickening?

A broad literature review of the factors effecting shear thickening was done by Barnes in
1989 which demonstrated that particle size, particle shape, polgdsity and volume
fraction, had strong effects on the onset of shear thickening of-fhmetulated granular

and colloidal suspensiois3].

The factors affecting the critical shear rate and critical stress to bring about shear
thickening in a given colloidal disp&ns of spherical particles hawaso been investigated
more recently by Wagner and eworkers through a number of publications using colloidal
silica dispersionsThey also demonstrated that the critical shear rate and the critical shear
stress were primaly dependent on particle size, interparticle interactsoand of course

the solid volume fractiof80,81]

It has been show that increasing the polydispersity of suspensions can have a strong effect
on the critical shear rate as well as the relative viscosity of a suspension of a given volume
fraction. It also has the effect of increasing the maximum packing fraction of a given
suspension which was shown by Chofg@2]. Most investigatios on the effect of
polydispesity haveinvolved studying bimodahixturesof varying size ratios. It has been
shown that adding smaller particles roughly 25% of the diameter of larger particles has the

effect of greatly increasing the critical shear rate and reducing the relatizesiig[53].

As particle size increases it was shdwnMaranzano and Wagnéhat the critical stress
and critical shear rate scales inversely with particle radius cubeely suggested thahis

results from hydrodynamic interactions dominating in the shear thickgnregime
[31,80,81]

If colloidal particles are strongly repulsive or are coated with polymer strands then this
causes the extent of shear thickening to decrease as particles cannot come close enough
for hydrodyramic interactions to dominate as much. This pushes the onset of shear

thickening to higher shear rates and applied stre$86s81,83]

Experiments using a variety of different particle shapes such as ptadslets and hooked

rods have shown that particle shape can have a strong effect on the critical volume fraction
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and critical stress at which shear thickening and jamming occur. This is to be expected as

changinghe shape has a dramatic effect on how close jgbet can pack togeth¢53,84]

1.5.3.4 Are Dilatancy and Shear Thickening Linked?

Dilatancy is a direct consequence of collisions between partiblesrderto accommodate
the flow, the grains havéo roll overeach other in the direction of the velocity gradient,
and therefore the material will tend to expand in this direct@md exert normal stresses in
the process Cates and Fall suggested, that theximum confinementpressure due to
surface tensiomat a free surfaceassociated with dilatiorshould be ofthe order of the
surface tensiordivided by the particle siz& his confinement pressure is thfe same order
of magnitude as the typical normal stressasasured by Fallnear the onsebf the shear
thickering shear thickeningegime of particle suspensionsvhich indicates a connection

between shear thickening, dilation and the occurrence of hormal strd4€e%4]

There is a good deal of literature that discushe® dilatancy and shear thickening may be
related g KA OK & G NIi SR . Mefznei & Whitlbck Sibjemtedpdisp@raions of
TiQ spheres in water of various volume fractions to shear flow in couette cell geometry
and through a capillary over a widange of shear rates. They observed that dilatancy
could occur at lower shear rates than what was required to bring about shear thickening
and that many samples showed shear thickening without displaying any visible dilatancy
effects. However they also g#&d out experiments on granular suspensions of glass

sphereghat showed dilation without showing shear thickenif&d].

They also found that the critical shear rate to bring about CST decreased with decreasing
medium viscosity. As altering the medium viscosity should not affect the extent to which
dilatancy can occur they concluded that shethickening and dilatancy can occur
completely separately from each other. It should be noted that at this point howévatr

some authors have found that altering the medium viscosity has little effect on the critical
shear rate of dispersionsf solid spherical spheres, although it will of course increase the
applied stress required to bring about a given shear rate as the suspension viscosity is

dependenton the medium viscosity83].
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Brown recenly interpreted the conclusion made by Metnzer and Whitlock from their
results differently; he concluded that dilatancy can occur without shehickening;
however shar thickening cannot occur without dilatancy. ldeggested thathe reason
Metzner and Whitloclobserved some sampleshowing dilatancy without showing shear
thickening wasbecauseshear thickening can be hidden by shear thinning or yield stress
effects [13,85] Many authors suspect that discontinuous shear thickening is a form of
jamming and both may be closely related to dilatancy but this will be discussed ihidetai
section1.6[7,10,13,86]

1.5.3.5DST due to Constrained Dilation

It has been proposed by Brovamd Jaeger [13,16hat DST of particulateystemss caused

by dilation They also propose the range of #¢ipd stresses over which DST is observed
dependson the confining stresses that surround the particulate systesnd on the
dominant stress scale within the systemvhich isin agreement with results from mode
coupling theory(MCTgarried out by Cates and aworkers[1087]. MCT is based on the
idea that at highsolid volume fractiors there is a nonlinear feedback mechanism by which
fluctuations in the local structure of a fluid cannot relax to equilibribatause particles
are caged by theimeighbours MCT has beemsed to describe aspects of the glass
transition well andsomeauthors have exteneld the use of MCT to describing concentrated

particle systems undergoing flop82].

Brownand Jaeger proposkthat discontinuows shear thickening occuvghen a suspension
tries to dilate but is unable to fully do so due to ctrasits surrounding thesystem.
Exampleof these constraints are walls containing the sample being sheamddaapillary
forces resulting from dilationThese cafining stresses are transmitteishto the system
being sheared througfrictional interactions between particles dorce bearing chains of
particlescreating additional resistance to flow and theredoan increase in the observed

viscosity[13].
The mechanism proposed by Brown is given bg&¥.

1. Dilation: The particulate system must dilate as it is sheaféils meas thatthe

suspensiomust have a high volume fraction.
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2. Frustration: Geometric constraints must at the very least partially prevent the
dilation attempt,in other wads the sample must not be able to dilate as fully as it
would if there were no constraist These constraints could be surface tension at
the liquidair interface, particle stiffness or the walls surrounding thestem.
Frustrationtherefore requireshigh packing fractions.

3. Confining stress: The constraints must supply confining stress sathhth least
rigid constraint produces an opposing force to the dilation that increases as the
dilatational strain of he sample increases. In other wis the weakest constraining
surface must provide a constraining stress that increasethe sample ineasingly
dilates.

4. Dominance: The confining stress must be much greater than all the stresses that
prevent shear between particéand dilation. Examples of such stresses are gravity
and interparticle interactions. If this is not the case, then there vatl lme enough
of a stress increase due to dilation to result in a positive gradient on a viscosity

curve and the global rheology of the system could be shear thinning.

Brownand Jaegealso proposd that the onset stress for shear thickeningy is set by the
stress required to prevent two neighbouring particles from being moved apzut.
example if the dominant stress of the system is duettpactive inter-particle attractions
then _y is set by the force required tmughlyovercome the two-particle attractive force
and pull the particles apart by shedf the dominant stress of the system is due to
repulsive interparticle attractions then yy is setby the force required to push particles

pasteach other

If a colloidal system istabilised by electrostatic potential thenyy is set by the
electrostatic repulsion force per cross sectional unit area of the partitfl@ suspension
consists of heavy settling particldben _yy is set by gravity and the stress needs to exceed
the weight of a particle per cross sectional area as well as any relevaripatgcle friction

forces[13].

Using evidence that normal and shear stresses during shear flow are couplithtizyn
[14,54,88,89] Brown and Jaeger proposed th#te maximum stress at which DST is
observed_yax (above which sample fracture occurspn be predictedby the confining
stress that is exerted by the least stiff boundary constraining the systdm.least stiff

boundary is usuly the liquidair interface asthe geometryof mostrheometershasopen
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sections that result in a liquid air interface around the sample beirgmined. The
maximum stresss thereforeoften set by the surface tensiof13]. When dilation occurs
particles create bumps in the liquidurface and thus creatadditional surface area
resulting in capillary forces that essentially try to pull the particle backde the
suspending fluid to minimize surface area. Tmsximum capillary force has been
estimated by both Brown and Cates to lbé the order of the surface tension of the
suspeming fluid divided by the diameteof the dispersed particlesThis is shown in
Equation1l0 whered is the diameter of the particle antis the surface tensioof the fluid

medium.

Tyaxy = Maximum constraining capillary stress &

=T

Equation10

Below are some examples of predicted valuesyakusing the above equations, which are

relevant to this PhD.

For a suspension of corn starch of roughlyuddn diameterparticles dispersed in water at
room temperaturebeing sheared in an open geometry the value gf can be estimated

as shown below:

72.8x 1073 [E]

mi_
12X 10-5[m] 5200[Pal]

Tyax = Maximum constraining capillary stress &

For adispersion of PMMA particlesof 574nm in radius dispersed in decalin at room
temperature being sheared in an ep geometry the value ofyax can be estimated as
shown below:

31.5 x 1073 [%]

1.148 x 107%[m]

Tyraxy = Maximum constraining capillary stress & = 27500[Pa]

Using a wide range of data from the literature on the shear flow of particulate systems
within openrheometers Brown and Jaegeshowed tha the values of yaxexperimentally
observedcompared wellwith (0.11/d) andso wereroughly 10 times smallghan expected

They also showed that when the system is surrounded by walls such that there is ne liquid

air interface that_yaxscales witlthe most compliant confining streg4d.3].
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It has been put forward byaf that shear thickeningannot take place withoutormal and
confining stresses being presefit4]. Fall carried out shear flow on suspensiarsnga
special rheometecapable of keeping the®Inormal stresses constant by altering the gap
distance Resultsshowedthat allowing a sher thickening suspensiorotdilate without
resistance fronctonfiningstresses resulted in thelimination of shear thickening altogether

[15].This supports the mechanism for DST proposed by Brown and Jaeger.

Discontinuous extensiai thickening and dilation has also been olwsglr using an
extensional rheometeby Smith and cevorkers[90]. The value of stress required to bring
about extensional thickeningy, compares well with that required to bring about shear
thickening, however the equivalentite of extensionfor uniaxial extesionalis much
lower than that for shear flowThe value of yy in extensional flowfiasbeenobserved to
be independent ofthe extensionalrheometer gap distanceused however the critical
extensional rate is dependent on the gdjstance. Thevalue of_yaxis generallylarger for
uniaxial extensional flow than for shear flow bastill limited to the capillary stresses tha
can maintan the fluid element31]. Above this stresghe filament breaks and yieldsut
this still corresponds well with shear flow situations where the sysigmpen to the air

where_yaxcorresponds to the surface tensi¢h3,91]

Another factor that has been shown to lintite maximum value ofyaxin shear flowand
results in a second region of sheathinning at high stressesis referred to as the
elastdhydrodynamic deformation of suspendedarticles. This is due to the fact that
colloidal particles have a finite elastic modul@4]. At highenoughstressestwo elastic
particles in a suspaion candeform with a very thinayer of fluid in between them.As
DST leads to extremely high forces acting between patrticles within hydroclusterakes

sense that an abrupt change from DST to shear thinoindd occur as particles yiel81].

Evidence for this second round of shear thinning due to particle yielding has been observed
in experiments involving shear floof relativelysoft particles at high sheaates[92-94].
Suspensions ddilica particles and minerals also show this behaviour at very high stresses
beyond what standard rheometers can supf@%]. $/stems othighly deformableparticles
(including emulsionshave shown similar behaviour that limits yax and that sufficient
softness careven result in the elimination of the shear thickeningegime altogether
[3196-99].
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1.5.4 Viscoelasticity of Colloidal Systems

A viscoelastic substance is one that can respboth viscously and elastically to an applied
stress or sheaMhen a small amplitude oscillatory shear (SA®3pplied to a viscoelastic
substance, the resulting stress deformationhas both an elastic and a viscous component
which are out of phase ith each other{31,52] Viscoelasticity is a feature most commonly
displayed by polymer soluti@but colloidaldispersions withvolume fractions greater than
roughly 0.2have aso been showrio displaythis behaviour under oscillatory shef81].
SAOS is carried out in the linear viscoelastic regintere a resultingstress increases
linearly with appliedstrain and the micro-structure is not beingltered from equilibrium
[31,100]

An elastic modulus firsappears when theapplied probing frequency becomes much
greater than the inverse of the characteristic time for Brownian motibthe constiuent
colloidal particlesor in other words the relaxation timéhis isbecause the deformation is
acting on a shorter timecale than the material can randomize its owrcrostructureby
diffusion and so it cannot flow as a fluid would in response te fitobing deformation
[31]. Elasticity of colloidal dispersions arises from Brownian forces and othergatécle
interactions if present, which act like elassiprings between particles that store some of

the energy used to deform the microstructure.

As the volume fractiomf a colloidal dispersioincreasesthen hydrodynamicforcesslow
the movementof particles,which results in a reduction in the diffusiviof the dispersed
particles causing the relaxation time iocrease This means that more concentrated
particulate systems display elastic moduli at lower frequencies of oscillatagr. If the
volume fraction is high then partideannot move with respa to each other fast enough
without generating large hydrodynamic forcdge to their close proximity As the particle
size increasesthis also results in rmincreasein relaxation time due to a decrease in
diffusivity resulting in an elastic modulus ibg observed at lower appliedshearing

frequencieq32].

Theory developed byionberger and Russebmpares extremely well with experimental
results which exanmed the linear viscoelastic properties of colloidal dispersions by
applying SAQS'hey showed that as the system becomes crowdaldulating the elastic

modulus becomes complicatedlue to hydrodynanic couplingwhich is not an issue in
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polymer solutions This is because iorder for a particle to move, some of the dispersing
medium must bedisplaced They predicted that as the volume fraction approaches the
RCP, theelastic storagemodulus of dispersions diverges due ®@n increase in

hydrodynamic interadgbnswhich fits in well with experimental observatiof&l,101,102]

1.55 Oscillatory Shear Thickeningof Particle Suspensions

Shear thickening has been observed in colloidal and granular suspensions whenghey ar
subjected to large amplitude oscillatory shear (LAQ28B-106] LAOS is similar to SAOS
except that larger strains are used that can result on-reversible alteration of the
microstructure which generally makethe interpretation of results much more difficult.
LAOS experiments can also be complicated due to sample slip at high strains and

frequencieq31].

Wall slip hasbeen commonly observed in the rheology afoncentrated particle
suspensions and dispersions which is often unaccounted in results presented in the
literature. Wall slip occurs when the flowing material fails to adhere to rheometer or pipe

walls and is maddikely to ocur when these walls are smoofh07-111]

The magnitude of the complexiscosity (the difference between the in phase and out of
phase viscosities [52,148)f colloidal and granular suspensiodsring LAOS experiments
has been shown to companeasonablywell with the shear viscositpbserved during
steady sheaexperiments[92,105,112] In the case of nearly hard sphere dispersjdhe
critical applied stresto causeshear thickeningn steady shear flow comparestremely
well with the root mean square of the applied stretbst causes shear thickenirig LAOS

experimentg103].

It has been observed by mamythorsthat shear thickenings only observed during LAOS
above minimunstrain amplitude ., which is inversely proportional to the frequency of the
applied sheaff103,113] There are conflicting views in the literature as to whether this
minimum strain amplitudeo bring about shear thickening competely or partially due to
wall slip[103,114] Oscillatory shear experiments on cestarchsuspensions carriedut by
Fall shaved that shear thickening did naiccur unless the shear strain amplitude was

greaterthan around 1. Fall suggested that in order for shear thickening to be observed in
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oscillatory flows, the strain must be high enough tim@ighbouring particles experience a

relative motion of the order of a particle diametgr5].

1.6 Jammingof Particulate Systems

The literature surrounding the various different types of jamming is discussed in this
section. An attempt is made atintanglingthe different viewpoints and definitionghat
authors use when examininghe transformation of a fluid particulate system to a solid

particulate system

In the literature surroundinggmming many authors have a habit of not explicitly stating
what specific type of jamming they are referring tm order to make sense of the
surrounding literatire it is important to keep in mind what thauthor is really meaning

when they use the term jammirgy closely examining the context

For example Wwen referring to the jamming transition in the context oflaid dispersion
transforming to a solid by aimcrease in the volume fraction of the dispersed phase

author could mean a number of thingshd@y could be referringo the volume fraction at
GKAOK | aeaidsSy o0S02YSa YSOK}RIPDIr thé @aluedafi | 6 f S
» solig @t Which the system first obtains a yield stress often called the critical jamming

F NJ O { jL®38,40,54] They could also be referring to the point which any given

O2yadAGdSyd LINIGAOES OFyy2i Y%aBCPUssh (K2dz2i RA &

Another source of confusiotihat ariseswhen considering stress inducsthtic jammingof

a yield stress fluids that two differentiammedregimescan be observedAs the applied
stress acting om glassyparticulate system imcreased it can yield to undergo a sefligid
transition and at higher sésses, the system camdergo a fluid-solid transitioninto a
staticallyjammed metastablesystem. This systememains jammed even when the applied
stresses areemoved whichhas beertermed staticiamming by the application of a stress.
In order to clarify this confusion someithors have referred to this effect as-entrance to
the jammed statd9,14]. This refers to the fact that an initial applied stress is required to
overcome the yield stres@lue to attractive forces between the particles inter-particle
friction) and then as the appliedtressincreases to someritical value the system

effectively becomes a brittle solid that can yield at higher stresses
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There isalso a difference between systems that are statically jammed and dynamically
jammed although both depend on the formation of force chais statially jammed
system remains in the jammed statéhether or not theapplied stresses are removed as is
seen in granulatiorDynamigamming is essentiallgmporary solidificatiorof a particulate
systemin response to a stress applied over a short enougtetscalg16]. Both of these

types of jamming are discussed in this section.

1.6.1 Force Gainsand StaticJamming ofParticulate S/stems

Someauthorsinsist that the term jammings applied to particulate systemshould be
reserved for the process by which such a systems stops flowing when a high enough stress
is applied.Some authorsrefer to this type of jamming aslynamic jamming or shear
induced jammingas opposed to jamming where a system can obtain a yield stress just by

increasing the solid volume fractidm].

With this definition in mindauthors agree that jamming involvethe formation of force
chains that transrnt stress from the system boundaries impeding flas/long as the force
is nd too large tocauseyieldingas is shown irfrigure7. This view point has bedargely
proven through the use ofuspensions containinghoto-elastic disks whiclalter their
refractive indexwhen put under stressallowing stress bearing chains to be directly
identified [5,116-118].

By modelling stress transmissiorrdligh particulate systems ued applied stresses, Cates
and coworkers showed that thesdorce chainscan only support forces in specific
directions [f a forcein a norcompatible direction is appliedhe load bearing structure
will rearrange itself to support the neviorce forming a new jammed fragile state
[7,10,86,119]

When a particulate suspensiowith surfaces open to aitransforms into a solidit
essentially becomes pasty lump Due to dilation causingarticles to stick out othe
surface, the systentakes on a dry appearance and losds shine compared to the fluid

state, due to increased light scatteriy the surfacg¢10,90]
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Figure7 lllustration of force bearing chains opposing flow.articles that are part of a force bearing chain are
highlighted green.

Oncejammed bythe application of digh enoughstress systems are observed to be stable
unlessnew outside forces alter the microstructurer additional solvent iedded[10,51]}
For examplefithe jammed system is lightlyibrated then it will refluidise because the
force chains cannot support stresses framltiple directions. Ifa jammed granule is placed
beside a granule that has beee-fluidised they will merge intmne liquidlike drop A
granule that has rdluidised can be transformed back into a solid granule bgpelying a

stress[8,10,12]

Because these jammed systems can maintain their arrested state after flowehasd;
these statically jammedtatescannot be explaied by hydrodynamic forces alores these
forces fade when the flow ceasdscreasinglyauthorsare proposing that these statically
jammed states are maintained by strowgpillary stressethat exceedthe characteristic
stress scale of the systerand that these capillary forces also have a role to play in DST
[10,13]

These strong capillary forcean becaused by sample dilatioBuring dilationparticles are
partially protruding from the sdiace, this means thathe surfacetension force acting
inwards on the sample argreater. Thishasan effect of exertingadditionalcompressive
stressesn stress transmitting chains and preventing them from falling apart as long as no

additional extermal forces come into plalO].
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Cates suggests thatildtion within a fixed volume ofdispersingliquid involves the
formation of force transmittingchains of hydroclusters that grow throughout the system
and eventually cause particles to encounter the aliquid interface. Thigsesults inlarge
capillary forces afree surfacs, which can balance the normal intparticle forces and
resist further motion.The particles therefore fornglustersthat span the systenin close
contact, jamming the sampland showing visible dilation effects. Thammed systenmay
then yield andfracture intojammedgranules The process of granulation involves applying
a high enough stress to the particulate system such that it jams and thetureacinto
small granules by the ingress @if. These granules remajammed andmay each contain

thousands of particles and a given amount of soljé&f,10,87,90]

Theprocessof shear induced jammingf a dropet from a colloidal dispersion as suggested
by Cates from mode coupling theorng illustrated inFigure8. At low applied stresses the
colloidal dispersionremains fluid like Howeveras the applied stressncrea®s dilation
occurs resulting in capillary forces that oppose motand are transmittedthrough the
system by load bearinghains resulting in DS®nce the applied shear stress is much larger
than the characteristicBrownian force acting to keep particleapart, particles can be
forced into close contact creatinfprce bearing chains that spatie droplet ard are
maintained by the capillarforces. Thesystemis then permanently jammed unless a large
outside force overwhelms the capillary force causingriierostructure tofracture. This is

illustrated inFigure8.
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1.6.2 Shearlnduced Jammingas theLimiting Extent of DST byDilation

There are a lot oexamplesof rheological data orcolloidal and granulasystems in the
literature that show that the viscosity of particulate suspensions canincrease
discontinuouslyover a narrow range of shear rateser asmallrange ofapplied shear
rates Additionally jammed systems can yiedtl high enough stresses and possibly give a
shear thinning resporesfrom that point onwards as was indicated by Browhis raises an
important question, whendoes discontinuoushear thickeningend and jammingoegin
[45,61,87]

Experiments carried outy Fall on concentrated carstarchand laponitesuspensiongnd
on other suspensions by Bertrand andworkers[15,120] showed that as the applied
stress was increased a point was reached at the end of thediscontinuousshear
thickening regime wre the samples ere transformed into a solid and refused to flow
[12,14,120]

In granular systems undergoing flpit has beenobservedthat force chains that are
restrictingflow andcausethe system to jamcanoften buckle and break. This results in the
suspension unjaming followed by the formation of new force chains which themselves
break at a later timg¢121]. This behaviour explains theassive shear and normatress
fluctuationsdue to the formation of force chainduring DST olesved byLootensand Fall
using concentratedtolloidal and granular suspensions respectijéh,15,54] If a system
momentarily jams and increases its resistance to flow and unjams decgeigsiresistance
to flow, then a rheometer would display flituating resistance to flow astress

fluctuations.

Stokesian dynamic simulations carried out by Melres®d coworkers on sterically
stabilisedhard spherecolloidal dispersionscompare well with experimental obserttans
made by Lootend122-124] They showed that during strong shear thickening large
networksof stress bearing particles are formed thanspan the system and lead to large
fluctuations in the stress. They alproposed that sheathickeningshould be regarded as

the initialapproach tothe jammingof the dispersion.

Experiments carried out bynfth and ceworkers showed strong evidence that jamming

and DST are also linked in extensional fld@8]. In these experimerst concentrated
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colloidalPMMAdispersions of volum fractions between 0.59.62 were subjected to wide
range of rates of extension. At low rates of extension no dilation was observed, at high
enoughrates of extensional thickening and dilation was obsdpfellowed by jamming

and fracturing at higher rates. As the volume fraction increases; #iwed thatrate of
elongationrequired forjamming was seen tdecrease. Frorthe literature discussed ithis
sectionso far; it is likely that DST is a form of jamming where the applied stresses are

strong enougho dislodge forcechains or that the chains are nattable

Theoreticalwork on concentrated suspensions under stress cardatl by a number of
authors alsesuggestghat shear induced jamming evolves from DST at high enough applied
stresses and volumdractions [10,11,125,126] Using mode coupling theoryhere
hydrodynamic interactions were neglecte€aes and Holmes predicted that colloidal
dispersions under shear could display a wide range of behavidigesrved experimentally

in literature as shown inFigure9. Thdar models were based o8 theoretical parametes,

one was called the jammabilityy stressdenoted byo hand the glassiness denotéy ().

The jammability is a measudd how easy the system can be made to jam by application of
stressesAn example of gracticalway to increasgammability of the gystemcould beto
decrease theBrownian motion by increasing the particle sizeo make force chain
formation easier The glassinessontrols how far away the system is from becoming a
static glass andhcreases as the system approachesaarested state As the glassiness
increases, the system is less ablestore its microstructure to its equilibrium state
following a disturbance.A potential way to increase the glassiness could be to increase
both the packing fractiorand particle sizéo limit the effeds of Brownian motionAs the

glassiness increases the system will either become a brittle or a yielding glass.
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Figure 9 lllustration of the various cures predicted by &es and ceworkers using MCT that colloidal
dispersion @n displayand of how altering the jammability and glassiness results in DST and jamming curves
predicted.

From heir models they predicted the various rheological behaviours seen in the literature
by altering the values of the glassiness gadhmability as illustratedin Figure9. Areas
where the cuves take on negative gradients are mechanically unstaf@sulting in
discontinuous jumps in the stresgith a marginal increase in shear rawghen these
segments are @ached This isillustrated by the arows that show the direction of
discontinuous stress jump®ver the regions where the curve is unstable, increasing the
applied stress results in no increase in shear rate which is what is observed experimentally
during DSTTheir modelalsoshowed that jamming evolves from DST as the jammabilty is
increased The main difference with the curves displaying @RSd the curves displaying
jamming is that the jamming curve replaces a region with constant shear rate witfianre

where there is no flow.
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1.6.3 Broadly Defined Jamming and the Universal Phase Diagram

Jammings mostbroadly defined ashe conversion of adiidic system intcan amorphous
solid system With this definition in mind,gmmingof a concentrated dipidal dispersion
can be brought abouby various methodsincreasing the volumdraction of dispersion
would eventually create paste like systerwith a yield stressin some casedecreasing
the temperature ofthe systemcould create a glassy systenmeTgoplication of a stress can
cause a solid particulate system to jam and applying too high a stress to a jammed system

could also cause it to yielthd flow

There have beerattempts by many authorsto characterise a sorbf universal phase
diagram to sm up the sets of conditions that will bring about the jammaigarioustypes
of particulate systems whether theyare particulate dispersions or emulsions
[3,4,6,127,128] Whether or not a particulateystemjamsdepends on the combination of

the temperature and volume fraction of th®ystemas well as the applied stress

For example unless a particulate systsnconcentrated enough (has a high enough volume
fraction) then there is no way for particles to comegether and fom force chainsor
clustersto transmit resistig forcesimplyingthat there is a critical volume dction before

jamming can occur

These attempts to create such a generalised phase diagrams entimagéassransition

as being a limibf a generic non-equilibrium fluidsolid transition[29]. There is however
very little experimentalevidence to support this idea except for experiments carried out by
Trappe where the volume fraction, tediction strength and applied stressene altered to

bring about jammed states. In each case an elastic modulus was ob$8fved

In the literatureregardinguniversal jamming phase diagraniisis importart to note that
when the termjamming transition is usedt refers to jamming by increasinidpe solid
volume fraction and not by the application of force. A relatedissue with the phase
diagramsof suspensiongresented in the literature so fas that although they represent
yielding at high enough appliediresseghey do notrepresentstress inducegammingof a

fluid system
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Figure10 Proposed Jamming phase diagramé h Q128 NJ/

Figure10 shows an example of simple phase diagram. The bllires enclose a region
where a system can be considered solid and outside the region the system can be
considered to be a fluidPoint J represents the RLP where the system jnat become
mechanically stablelLookingat the density and load axis d¥igurel0 it can be seen how

this represents thegield stress as the solid volume fraction increasethe density ofthe
suspension isao low then it will not support any applied stress and will melt bifithe

solid volume fraction is abovihe RLP therit will possess a yieldtress. Increasinthe
temperature of the systemrT, gives more energy to particleeducing the probability they

will become locally jammefb,128]
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1.6.4 DynamicJamming by Impact

On YouTube it is easy to find videos showing humans runningsapass filled with
concentratedcorn-starch in watersuspensionslt has been shownthat as someone runs
over such a suspension fast enougibehaves as a solid and supports the stress exerted
on it due to the person runningdowever if they stopunning they can be seen to sink as
the suspensions rigidity vanishes over time. The stress required to stop anp&mn
sinking can beshown to be well above 40 kPa whistiar beyond the highest values ofiax

for cornstarch suspensionsvhich was shown toF1000P413]. This means that the
jamming models described by Brown and Cates cannot be usexkplain the impact
resistance showiy many particulate suspensions. Hydrodynamic forces are also unable to

generatethis level of stresgl3].

Waitukaitis and Jaegeshowed that wheran objectrapidly impacts onto a free surface of a
dense suspensiorit can result in a propagating density front where the particle

concentrationis aboveaverageas is illustrated ifrigure11[129,130]

These regions where the volunfigction ishigh essentially become a temporarily jammed
solidand so tlke density wave can beferredto as a jamming frontOncethe density wave
reaches a sali boundary it can transmit a reaction force through force chalf®m a
normal impact the jamming front propagates radially as well as downward through the
suspension resulting in drag forces acting on the jammed solid allowing the suspension to

supportnormal stresses even before the jamming front reaches a bourjd28;130]

It has been shown that some systems of solid particlesscatain extremehhigh impact
stressesf up to tens of MPat strain rates of 100,000/#\t high enough impact stresses

the response becomes dominated by takastic modulus of the dispersed particles and at
higher stresses the suspension claacture [95,131] Petal andco-workers showed that
applyingballistic impact speeds of 1000m/s on suspensions of SiC gsrtygnerated
transient shear stresses of around 0.5GPa which indicates stress transmissions by solid
solid contacts provided by force chains that are limited by the elastic moduli of the

particlesthemselveqd132].

After fastimpact it was shown visually thahe jammed solid meltsaway, as dovisible

signs of fracture on the surface of the syst§I83]. Dynamic jammingwas alscobserved
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by Kannas a spherewas allowed to sink in aoncentrated corrstarch suspensionAsa
sphere sinkits velocitysowed down and stoppediue to a soliJammedregionforming in
front of it. The solid region eventually mell awayas the spherevelocity sloved allowing
the sphere to sink faster which in turn cadsthe solid region to reform as the sphere

picked up speed. This resulted in stegtart motion of the spher¢l34].

+
=

Impacting object
at various times

Boundary

/

Figurell Simpleillustration of the formation of a jamming fronby an impacting object
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1.6.5 Unusual Behaviour during Vibration of Particle Suspensions

When concentrated suspensions are placed on top of a loudspeaker or on top of a vibrating
plate with sidewalls to contain themit can be seen that if the vibration is at a high enough
frequency andpeakforce, stable fingers can stick out from the suspensisrsurfaceand

holes can formwithin the concentrated suspensioifhese holes and fingegersist over

many vibration cyclesTheséholes carexpand split andreplicate[135-137].

When Newtonianfluids undergovibration, fingers formed from disturbances in the fluids
surfacecannot persist due to graty and surface tension pullhem back towards the
surface as there are no other forces to opposkem. It was originally thoughthese
persistentfingers and holes are due to shear thickening. Howevexperiments carried
out by Falcon showedhat vyield stressfluids that did not display shear thickening could

show thisbehaviour asvell [138].

Oscillatory sheaexperimentsand simulationsarried out by Deegasuggestedhat when
concentratedsuspensions arsubjected to anoscillatoryflow beyonda critical shear rate

they display stress hysteresig139]. Stress hysteresis means that resulting stress
corresponding to a giverate of deformation is changing over timé&tress hysteresis of
particle suspensions under oscillatory shear was also observed by Barsegroposed

that this hysteresis was due to shear induced changes in the microstructurg foemed

in high shear rate regions of the loop that persisted and were still present during low shear

rate regions of the loofb3].

Experiments carried out by Ebata sheshconcentricconvection likeflow towardsthe wall

of acell containing concentrated susp&inns asthe suspensios weresubjected to vertical
oscillationas well agersistentholes. Thestrength of this convection like flow was shown
to scale withacceleration of the vibrating plate, vibration frequency, particle size, solid

volume fraction, ad viscosity of the suspending fIJit40].

During the vibration of corn starch in water suspensions, this unusual behaviour has been
shownto roughlycoincide with the beginning of the D&Jgime[135]. Howeverduring the
vibration of nonshear thickening yield stresgscoplasticfluids, Shiba and caevorkers

observedpersistentholes and fingers when the critical inertial stress coincided with the
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yield stress oflte material[141]. This could indicate that the initiation of persistent holes

and fingers behaviours could be related to fhéd-solid transition.

1.6.6 Stochastic Jamming During Pressuredw

An example of an industrially relevant form of jamming is thaa @articulate systenas it
flows through a pipe oconstriction. During this type of flow arches of particles can form
somewhat randomly, that span the cross section of the pipe restricting flowthe
literature, simulationsand experimentgarried out on granulaand colloidalsystens have
shown that a formof jamming can occur during pipe float volume fractios below the

critical jamming fraction ¢, where the suspensions obtains a yield strEgt-147].

Work carried ouby Hawshowed that some colloidal dispersions of volume fractions above
» s0ic=0.56, flowing through a narrowconstriction due to a presure gradient can self
filtrate [144]. This is due to jamming taking place causing some of theidalllparticles to
getstuck while the fluid passes thougburing flow,jamming and unjamming events the
colloidal dispersionwvere repeatedlyseen in the region of the entrance of tleenstriction
correspondingwith decrease and increasem the flow raterespectively At high volume
fractions flow of the colloidal dispersion was highly intermittent and tréeelin shocks
Fracturing of the jammed colloidal system could also be directly observed corresponding to
an increase in the flow rateAs the volume fraction was lowered the period for which
regions remained jammed decreased until eventually no jammirsglbfiltration was seen
[144].

Further work carried out bfampbelland Hawin which colloidal dispersions were sucked
into asyringe at a constant applied pressugtgowed similar behavioi45]. They showed
that this jamming and unjamming behaviour walsservedat solid volume fractionas low
as . soi0.505.They also showed that the dispersions could unjam due to foonadif

vortices that likely breakp force chains due to thiefragility [145].

Simulations carried out by Brand and-workers on the pressure driven pipe flow of
granular suspensionshowed that jamming was observed at high solid volume fractions
when paricles did not order into lagrs, which compared well to experimentatsultsin

the literature[142,146,147]
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Chapter 2 Introduction to Shear and Squeeze Film Flows

2.1 Chapter Summary

In this sectionthe different types of flows encounteid during experiments carried out in
this PhD are described in detdil begins witha brief description of parallel disk drag flow
This is followed bya detailed mathematicaldescription of theparallel plate oscillatory
shear flow used on dilute suspeims of swimming microalgae which are essentially
Newtonian. This is then followed by aathematical description obscillatory biaxial
squeeze film flowsf Newtonian fluidsvhere theno-slip condition is satisfiedyvhich was
another flowtype carriedout during this PhDon a varietyof fluids including particlend

algaesuspensionsThe existing literature on squeeze film flovalsobriefly explored.

2.2 Parallel Disk Drag FlowRheometry

Rheometryrefers to a wide range of experimental techniquassed to determine the
rheological flow properties of materials.The goal of rheometry is to determine
relationships between applied stresses ahd resulting flow or vice versa for a given flow
condition. Rheometry isgenerallycarried out using one of awestandard geometriesThe
reason for this is that it can often be extremely difficult to make comparisons between
results using different geometries. In thssibsection parallel disk drag flovas shown in
Figure 12, is briefly described as it igarticularly relevant to this thesismore detailed

descriptions can be found in many rheology textbof#&148]

Rotating Disc

Gap Distance, H

Radial Position, r

6‘ Sample Radius, Rs P

Figurel2 Shows a illustration of parallel disk drag flow where the gap distance is exaggerated for clarity.
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In laminarparallel disk drag flopthe shear rate can be described Bguationl1l, where i1
is the angular velocity of the rotating disc awmgl is the tangential velocityThe shear rate

varies from zero at the centro its highest value at the outer edge. The shear rate at a

given radial distange is independent bthe height within the gap.

vg(r) _ i

H H

y(r) =

Equationll
The viscosity at the outer edge is givenHyyation12, whereTis the motor torque and'g,
is the shear rate at the outer edge:
T I
) _ 2nR° ain(37z3)

I+ -
¥r dinl(yg)

n(¥r

Equation 12

In the derivationof Equation 12 it is assumedhat the viscosity des not vary with shear
rate. In the case okuspensions and polymershere theviscosity is often a functioof
shear rate, he measured viscosity is a combinatiohthe actual viscosity at each radial
distance[52]. Typically when the shear rate is controlled at a given value, it refers to the

shear rate at the oter edgeof the rotating disc

In oscillatory experiments using parallel disks the strain varies linearly thithradial
distance from the centreTypically when the strain amplitude is controlled at a given value,

it refers to the strain at the outeedge.

The normalstresscan be easily calculated ing this gemetry using the thrust of the

sample on the uppeplate and knowing the area of the plate
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2.3 OscillatoryParallel PlateShear Flow without Slip

An illustration of the oscillatory parall@late shear flow carried out in this Phdb dilute
suspensions obD.Salina(discussed in chapteB), which satisfies the no slippodition, is

given inFigure13. The apparatughat wasused to carryout suchflow is described in
chapter 4. In this flow, a top plate moves forwards and then backwards along the x
direction causing a velocity gradient within the fluid in theliyection. In thissubsection a
mathemati@l description of this flow is givebelow [52]. The flow field described in this
subsection will be later substituted into a model in chapter 3 which describes many aspects
of 5 ®{ | bhehaglioud a

Oscillating

Fluid being
/ TOP Plate \ Sheared
.

Figurel3 Shows an illustraton of oscillabry shear flow and of the cerdinate system used.

Assumptions

1. There is no variation of properties in the z directj@eeFigurel3:

du;

— =10
_}ﬂz

2. The flow is laminar and is at steady state at each point in &wen though the flow is

transient. This is observed to be valid over the range of conditions used in this PhD.

Boundary Conditions

Using the no slip conditigrthe velocityu, at the bottom and topplates can be easily
determined.The gap distace between the plates is denoted &hd the velocity of the top
plate is Y.
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The position of the top plate, oscillates backwards and forwards in thelirection and
can be described biquation13 where Ay is the maximum displacement of the top plate
from its initial position . pis the angulafrequency of the top plates motiqrt is the time

and&, is a unit vector in the-girection:

X, (t) = ApSin(wpt)E;
Equation13

The velocity of the oscillating tq@ate istherefore given byEquationl4:

dX,(t)
E === ApwpCos(wp t]@
Equation14

The components of the flow field due to the oscillatory shear are always zero in the y and z
directions. The velocity of a given plane in thdivection isa function of its el@ation from

the bottom plate and can therefore be represented bguationl5.

E = (H(_}-‘l ﬂlﬂ}:r,_}'_.z
Equation15

Governing Equations

Assuming thethat fluid beingsheared is incommssible and mass is conserveguation
16is a valid governing equation:

fu, Ou, du

0=V u=—+—14—

£ dx dv dz

Equation16

As the velocity components of the flow field in the y andirections are zerpthe above
equation implies that there is no velocity gradient in thedxrection as expected:

du,
— — =

dx
Equationl17
To carry out a momenturhalance on the systepthe NavierSokes equation can be used
as shown below assuming the fluid is Newtoniaumere " is the fluid densityg is gravity

andPis the pressure
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du .
p(a—;+g-ﬁg) =VP +nV-u+pg

Equation18

Substituting known information iotthe NavierSokes equation expressed in vector form

gives:
ap
du, 0 dx 8%u, N 8%u, 0
at 4 I L I B BB PE -
P 0 n (2]
0 0 E A1 ﬂ} 0 0 X VB
0 XV.E __fﬂi 0 XE
927 zyz
Equation19

Examining the individual components of the above equation gives:

ar

a_}_,ZPQ

Equation20

du, 6P+ ﬂzux_'_ﬂ:ux [P,
P e = "ax T N\ ayz T a2z )T T\ 5y

Equation21

As there ih0 pressure gradient in thedirection and no velocity gradient the z direction

then:

du, (0%,
Par =\ g2
Equation22

Thisimplies that both sides of the equation airdependentlyequal to some constant:
Bu, 0%\ c
2 =7 a}_,g — 1
Equation23
C; .
U, =—3y"+ v+ (5

2n

Equation24
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Using theassumptions antboundary conditions, the integration constants can be found:

Cy=0C;=0
Equation25

¥

=%

Equation26

Inserting the integration constants intBquation24 leads toEquation27 which gives the
flow field as a function of the-gosition within the sample. The magnitude of the velocity is
greatest near the oscillaig top plate and decreases towards zero as the stationary bottom

plate is approached.

U, = Aptp % Cos(wpt)
Equation27

The flow fields thereforea function of vertical position and time.

= uy) = Aﬂmﬂ% Coslwp ﬂ'@

Equation28
The shear rate isonstant throughout the gap at a given point in time.

duly)
dy

1
= ‘ﬂﬂwgﬁfﬁ-‘S{Wat}‘

Equation29

The Newtonian @nstitutive equation is given by

1=

T
=y =n|vu+(vu) |
Equation30

By substitutinghe velocity field into the above equatiagives the réevant stress tensor

as shown irEquation31 which contains only shear components as expected.

du
0 — 0 0 E 0
dy H
T= a"l,,[ = V
S Nz o o
dy H
0 0 04 vz 0 0 0/ iyz
Equation31
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0
=T =1| Apwgcos{wpt)
H
0
Equation32
VA E-NE, ou
= u=e,Ne,—
Equation33
Apw
w=— 2 DCGS(M;.I-’}%
Equation34

Apwpcos(wpt)

H

0
0

0

X W2

The above equatioshows that during oscillatory shear flow, the direction of vorticity of

the flow field oscillates b&teen the positive and negativedirections as expectedlhis

has important consequeies that will be discussdd chapter3 andchapter 7

The vorticity vector of a given flow field describes the local spinning motion due to a flow

field. It points in the direction of the axis about which an object in the field at a given

position andpoint in timewould rotate around.
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2.4Squeeze Film Flow (SFF)

Squeeze film flow tests are carried out in the foodigpolymer industry frequentlyThe
purpose of these tests is usually to obtain values of a ma@natld stressor simplyto

test samples from a product line to see if they deform as expected for quality control
purposes[149]. These are usually carried out at fixed squeezing force where the resulting
deformation is observedalternatively the squeezing rate is kept constant and the resulting

normal force isecorded[150-153].

More advanced squeeze flow experiments have been devised in recent years which use
piezoelectric transducers tsinusoidadly squeezeand unsqueezematerials while recording

the normal force to calculate the viscoelastic modtla range of frequencigd54-160]. It

should be noted that at this time, there are fesxamples of apparatuthat have been

made commercially available due to their high expense and additional complexity when

compared to more traditional rheometers.

The main exception to this is tidicro Fourier Rheometer (MFR) that was created in 2001
by the Australian company GB&2,155] It works by applyin@scillatory squeeze film flow
at random frequencies with a given peak strain and measuring the resusoijatory

normalstress[158,161,162]

The term squeeze film flowSFF)s used rather than squeeze flow to describe situations
where very thin samples are being squeezed. Squeeze film flow has been described
mathematically for Newtonian fluids and some standard vésastic and yield stredtuids
[163-165] However, little work has been done in comparison that connects how
concentrated colloidal dispersions of particles flow during squeeze flow to their rheological

properties with a few exception§166].

Squeeze film flows where the sdip condition is satisfied diffesubstantiallyfrom SFF
where it is not satisfiedWhen perfect slip occurs such ashen the squeezing plates are
lubricated then the flow ispurely extensionaland extensionalflow properties can be
directly measured. When the no slip conditias satisfied then the Iéw is more
complicated due to sheaand extensional flowaking place. It is however still possible to

correct for shear stresermsto work out extensionatomponentq167].
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In thisPhD oscillatory squeeze film flow where the +3tip condition is satisfiedias carried
out upon a range of fluid systemfn these experiments however théesar components

dominated the extensional components as e shown in the next section

2.5 Mathematical Description of Oscilliory Squeeze Film Flow Without
Sip

An illustration of themain type ofoscillatorysqueeze filnflow (OSFJcarriedout in this
PhD, which satisfies the no slip condition, is givenFigure 14. In this section a
mathematical description of oscillatory squedien flow of a Newtonian fluids outlined

as it highlights a number of important issues that are relevant to later chapters.

Z
1
H(t) Q '
—_— = r
R(t)
Hito) | [ Hits)
< Rsfto) Rs(t1)
Ht) | | i)
Rs(tz)

- Rs(tz)

Figurel4 Example of squeeze film flow without wall slip initiated ag,tthe bottom plate oscillates upwards
and downwards changing the gap distance resulting in the sample being squeezed and stretébtalthat in
the experiments caréd out in this PhD the radius of the samples compared to the height were manalers
of magnitude greater than illustrated here
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2.5.1 Oscillatory Squeeze Film Flow without 8p Constraints

As the height of the sample being squeezed is decreased, itith wf the sample in the
direction increases in order to conserve volufiié8]. This type of flow has both shear and
elongational components. If perfect slip where to occur instead in such squeeze flow,
which acurs in lubricated biaxial extension flows, there would be only be extensional
component$52]. The apparatus used to carry out this oscillatory squeeze film flow is

shown in chapter 4.

Assumptions

1. There is o rotation of the fluid as it is squeezed and stretched which is observed to be
the caseand there is no variation of properties with angular position around the
squeezingaxs A& GKS | yadsS I NRdzyR GKS 1

Bu,g 0
—_ — =
ad
2. There is no gnificant curvature of the fluid surface adststretched anl squeezed so
that surface tension effects can be ignored.
3. The flow is steady at each point in time even though it is transiEnis is valid foRe

<<l

Boundary Conditions

Fluid adheres to bitom plate(z=0)without slipwhere V(t) is the velocity of the oscillating
bottom plate

Atz=0;u,=V({t) u.=0
Fluid adheres to the top platg=H)without slip:
At z=Hu=u,=10

Governing Equations

Assuming the fluid beg squezed is incompresble and mass is conservdeqguation35is

a valid governing equation expressed in cylindrical cordinates:

18(ru,.) N 10uy du.

O=Vru="—"%% "2

Equation35
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As there is no rotatiorizquation35 can be simplified

1ad(ru du
oy o 100 Our

— =10
r  ar dz

Equation36

The momentum balance on the system using NaSiekes equation expressed in

cylindrical ceordinates is showtin Equation38 below where p is the equivalent pressure

where:
p=P—pgz
Equation37

du, dp 8 18(ru,) N d%u,

at 0 ar grr ar gz2

fil 0 +10 = 0 +n 0

du; 0/ 16,z _dp 1d ﬂ(’.r‘uz}_l_ 8%u,

at / re= 9z/ rp=z rdr dar 8z / raz
Equation38

At the bottom plate, the fluid motion is either uniformly in the positive or negative z
directions and is independemtf the radial positionThis implies that the zomponent of
the flow at a giverposition andmoment in time can be represented as a function of z
position.

u, = f(2)

Equation39

2.5.2 Determination of the Squeeze Film Flow Velocity Gradients

From the mass conservation equatidfgiation36):

19(ru,) _ of(2)
rooar dz

Equation40
IntegratingEquation40 gives:

B rdf(z) constant
=Tz T

Equation41l
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The constant ifcquatior41 must be zero to ensure that a0, u, is finite.

_ rdf(z)
=737z
Equation42

Examining the components &iquation38 and substituting irEquation39 and Equation4?2
givesEquationrd3 and Equation44:

0— dp 1 d3f(z)
T 2T s
Equation43
d%f(z
ﬂ==——EE+-n fE}
dz dz~©
Equation44

DifferentiatingEquation43 with respect toz givesEquation45s:

°p 1 d*f(2)
0=- —-nr T

drdz 2 dz
Equation45

DifferentiatingEquation44 with respect tor givesequatiorn46:

8%p
0=-

drdz
Equation46

Substitutingequationd6 into Equation45 givesEquation47:

a*f(2) _

dz*

0

Equation47

IntegratingEquationd7 with respect toz givesEquation48:
flz) =a+bz+cz? +dz®

Equation48

UsingEquation39 and Equation42, the boundary conditions can be restated in a more
convenient form.
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Restated Boundary Conditions

Fluid adheres to bottom plate

Atz = 0: £(2) = V(D), a“;‘f} —0
Fluid adheres to the toplate

_ _ it
Atz=H(t): f(z) = 5 0

Using the boundary conditionghe constantsa,b,cand d can be evaluated allowing the
velocity field to be found as shown lrguation49 and Equation50:

u, = f(2) = [V(©) = 30(0) [i] 1- Ei]

H(t) 3H (D)

Equation49

Equation50is obtained by substitutingquation49into Equation42:

B rdf(z) B Irzl(t) z ]
Y="37az; T WOzl TH@
Equation50
‘au,, |3V 1_£H

oz | [(HEDL" H(®)

Equation51
The above equatioshows that the shear rate is zero whzi= 0.5H(t) and whenr = 0.

Additionally the shear rate increases with radial position and is greatest at the top and

bottom plates atz = H(t) and atz = 0 respectively These facts are important to note, as

they have consequences during the OSFF of suspensidih§alinaas will be discussed in

Chapter 7
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Substitutingequation49 and Equation50into Equation52 gives the extra stress tensor

which defines the stresses within the fluid at a given p{Bai.

T=1m =" [7u+ (7u)]

Au, ﬂ(E) 1du,| [du, Ju, \'\
/ 2[6‘?] ras T a0 az+5]
=7 ﬂ{E) 1du, 19u, du,] [ldu. du
T8 Trae y88 | 1 ] 790 azg]
\ du, du, 1ldu, dug du
8z ﬁ] e +E] 2 E] vz
Equation52
6zV (L) [ .z ] 0 3rV (L) [ B Zz]
(H(1))? H(t) (H(2))? H(t)
B 6zV (t) z
=1 0 (H(1))? [ - H(t}] 0
ETV(t}[ B 22] 0 _122&'&}[ _z ]
(H(1))? H(t) (H(t))? H(t) e
Equation53

Equation 53 highlights another important issue. In squeeze film flow, when the radial
distance is much great¢han the gap distance, the shetarms the terms in the top right
and bottom left cornersgenerallydominate theextensionalterms (the leading diagonal
terms). This is important because in this Rh®typical gap distance used for OSFF

experiments wad00Qum while a typical sample radius was around &

2.5.3 Determination of Squeezing Forces and Velocities

Substitutingequatior49into Equationrd3and rearranging gas:

op 1 d3*f(z) 3 enV (tir

ar . 27 gz~ H®

Equation54
IntegratingEquation54 with respect tor givesEquation55where g(z)is an unknown

function ofz:
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InV(t)r?

p=—"—+ g

Equation55

Rearrangindzquatiord44 and integrating with respect to z givesere h(r) is an unknown

function ofr :

af(z) 6nVit)z z
P=n—7 + hi(r) =— e (1—m)+h(r}
Equation56

Combiningequation55 and Equation56 gives:

InV(t) z z 2
P=Pot—py (2 H(t}(H(t} - 1) - H_)

Equation57

Additional Boundary Condition

At the outer edge at the top surface, the valueRis equal to the atmospheric pressure

where_,, is the normal stress on a plane whose normal points in tbgection:

, du,
Atz=H(t),r=R.: 0=1..,=—-P+ 2?}5

Equation58

Substitutingequation57 into the above initial condition givesquation59:

N 3nV(t)R:

Atz =H(t),r=R.: 0=1__.=—p E

Equation59

InsertingEquation59into Equation57 gives an expression of the equivalent presssralar
field:

_3?]1-’&} z z RZ —r?
p(rz) =—p (EH(t}(H(t}_i)_ H? )

Equation60

Neglecting the weight of the sgrte being squeezed, the force required by the bottom
plate to move the bottom plate at a given velociban be calculated by integrating the

pressure at the bottom platever the contact area:
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3TV (RS
2H3

~Rz i

InvVie) . . -
J i ,::]tﬁ;—r-}andr=
o H? )

Rz

F = j 2rrp(r, 0)dr =
]

Equation61

The applied stress is therefore:

_F_ 3nV()R?

A 2HF
Equation62

Assuming the fluid droplet takes on a circular shape then:

_ 3mpV(e)RE
~ 2H?

Equation63

In squeezdilm flow, as the flat plategome closer together, the force required to further
squeeze the fluid increases as is describedHopation 63. This effect needs to be
considered during squeezw and for a Newtonian fluid the sgezing force is described
here. The sinusoidal force exerted by the bottom plabering OSFEan be represented by

Equation64, where_j is the peak stress

F = 1,5imn(wpt)
Equation64

Rearrangindzquation63 and substituting irEquation64 gives:

T2H? 2H3

Vit) = —= = 1,5i t)——s

(t) RE = infwp }3?? e
Equation65

Integrating the above equation with respect to tingeves the displacement of the bottom
plate as shown below (care must be taken when applying this equation over a given

interval as the above equation changes from being positivgeiognegative).

. _2H® r, . 2H®
S(I} = J‘ 1"._,52'?‘1 waQrJ E!JR::‘ dt = —M—ZEDSU,LJDI}E

Equation66

61



Equation65 gives the velocity of the bottom plate. As the gap distance decreases so does
the velocity.SubstitutingEquation65 into Equation53 givesEquation67 which defines the

stresstensor ateachpoint in the fluid.

gtz ) 0 el 2z )
nR: H(t) nR: H(t)
_ 0 gztH [1 =z ] 0

== nRE I H(D)

drtH 2z lb6ztH z

».qT[ ‘%] 0 T | _H(t}]

r.8.=z

Equation67

Equation67 shows thatas the applied stresincreases, so does the shear and normal stress

terms as expected.

2.5.4 Reynolds Number and Practical Considerations

As will be detailed in chapter 4 and chaptergbycerol (a viscous Newtonian fluidjas
often subjected to OSFF as a baseline beforeentrated suspensions were subjected to
the same OSFR is useful here to show some exampalculations that describesome

experimental parameters during the OSFF of glycerol.

A typical peak applied squeezing stress was 1000fatlze typical sample rdius was
approximatelyl.5cm, the gap distance used was 1000 micrdree viscosity of glycerol at
standard conditions id.42Pa.g[169], which is of a similar orderot the concentrated

suspensions examined in this thesis except sometimes when extreme DST was occurring.

Substituting this data int&quation65 shows that themaximum instantaneousgelocity the
bottom plate shoudl be able toachieveduring squeezingstretchingis around 2000 pm.s*

asshown below

(+1000) [Pa]E(ﬂ.ﬂﬂi}E[m]f A& +0.002[m.s~1] = +2000[um.s71]

Vi) = 3(1.42) [Pa. 5)(0.015) 2[m)?
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The correspondingraximum displacemerdf the bottom plate during such a@SFIeycle

at 40HZrom its initial positioncan be estimatedrom Equation66 as showrbelow:

(+1000)[Pa] 2(0.001) 3[m]?

> -1
2720[s-113(1.42) [Pa. s1(0.015) S * ToLm-5 7]

5(t) =

This means that during an OSFF cycle the maximum peak to peak displacement of the
bottom plate isF16um. This shows the displacement of the bottom plate is small relative to

the gap distanceThis has an iportant consequence that will béiscussed in chapter 4.

It is important to have an idea of what the maximum shear stress occurring within a sample
during OSSF iat a given peak squeezing or stretching stress apftiiethe bottom plate.
Substitutingthe relevant dataEquation67 into allows the maximum shear stresgerm
during OSFo be calculatedwhichoccurs at the top and bottom plates where rER

_4?".':?,H

Tzr' -

2z ]_ 4[0.0015]1000(0.001}[ 2(0)
CH(l T 1.42[0.0015]2 ~ 0.001

- ~ 1900[Pa]
Ul ]

From this example we see thahe maximumshear stress within the sagpfe is actually

higher than the applied squeezing or stretching stress.

In order for the initial assumption of stokes flow to be valithe value of the Reynolds

numberfor squeeze flowneeds to be much less tharas shown irEquation68[168].

dr,pH*
Re=—227 4

3n“R:
Equation68

As mentioned previous)ythe maximumpeak appliedstress usedvas around 1000Pa a
typical sample radius was T andthe gap distance was 1000 microrSubstituting this
data into Equation 68 shows that the assumption oRe <<1lis vald when squeezing

glycerol.

_ 4(1000)[Pal1261[K g.m~3](0.001)*[m]*
- 3(1.42)2[Pa. 5]3(0.015)2[m]?

= 0.004

Because theconcentrated suspensionsxamined in this PhDad viscositieof a similar
order to glycerolor higher then we can be certain that the Reynolds number was always

very snmall meaning that the assumptiaof Re <<Masalways valid.
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2.6 Summary of Oscillatory Squeeze Flow

As the gap distance decreasdken for a given applied squeezing or stretching
stress, the magnitude of the plate velocity decreases rapidly as directly
proportional to the @p distance cubed.

At a given point in time the shear rate is dependent on radial and vertical positions
within a sample. The shear rate is zero on the central verixawherer=0, and

on the central horizontal plane wheeH/2.

At the central horizontal plane withirhe samplethe shear rate is zero at all radial
positions. However on all other horizontal planes the shear rate increases with
radial position within the sample.

On a given horizontal plane wherg0, as vertical distance away from the central
horizontalaxisincreases the magnitude of the shear rate increases.

On a given horizontaxiswhere zr' H/2, as radial distance away from the central

verticalaxisincreasesthe magnitude of the shear rategreases.
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Chapter 3 Introduction to Microalgae in Complex Flows

3.1 Chapter Summary

In this chapter a brief introduction to microalgae and theircurrent and potential usess

given Special attention is focused on swimmingcroalgae grown indstrially and in
particular the species known &unaliella SalinaThe existing literature on the behaviour

of swimming algae in a variety of flosonditions isbriefly explored. A model from
literature which describesmany aspectsof D.Salin&) &ehaviouris also exploredand is
applied to the situation of parallel plate oscillating shear flow described in the previous
chapter. In contrast to colloidal particles aneimulsionsetc, suspensionsf swimming algae

are essentiallysuspensions oparticles that ae motile, ie impose their own transport as
well as being transported by flow. Hence one expects the response of motile particles to

potentially differ from how normotile particlesrespond in a variety of flow situations.

3.2 What areAlgae?

Algae is aery vague and broad term that cdoe applied to a diverse range of chlorophyll
containing organisms that are primarily Eukaryotic and are usually classed as being from
the kingdom Protista. There are almost 100,000 different known species, many of which
are unicellular and are called microalgae while others are multicellular and may grow well
over 20 metres in size such as the giant Kelp. Algae are distinguished from plants by the
fact they lack roots and other structures, however like plants they cansusdéight to
produce their own food using carbon dioxide and water through photosynthesis. Most
algae are aquatic although some are capable of living on land. Some live in fresh water
while otherslive in salt water. Some types of microalgae can be deedribs being
flagellate, meaning that thepossessone or more flagella which are relatively long thin
whip like appendages udé¢o propel themselves through suspendingedia. Textbooks are

available that describe the various known types of algae in gretaiild170].

3.3 Current Uses of Microalgae

Microalgae arecurrently grown onan industrial scale in photbioreactors of various

designs for use in health foods, vitamin supplements and cosmetics. Due to food safety

65



regulations and commercial factors, the market for microalgae is dominated by three
speciesChlorella, Spirulina and Dunaliella Sal@hlorellaand Spirulinaare commercially

grown because their protein content can be as high as nuts and they congdirahiounts

2 TF-carotene and vitamins A and B as well as a wide range of other vitamins and nutrients

in smaller amounts.Dunaliella Salind & 3INB ¢y T2 NJ Ay Rczbtéerdkridf LINE R
vitamin A.D. Salinacan manufacture 5@ A Y S & -caib#érie hat Spirulinacan produce

and can tolerate extremely high salt concentrations that most potential contaminants

cannot survive in, making cultivation relatively efsyl].

3.4 Potential Uses of Microalgae

Microalgae are currently being investigated for biofuel production, carbon capture and
wastewater treatment. Microalgae have simple growing requirements suchylas CQ

and the elementsN, P, andK Through photosynthesis they can produce lipids,
carbohydrates and proteins within their structures that can then be processed into
biofuels. Microalgae and in particul&r.Salinahave the potential to produce biofuglin
higher yields than even the best oilseed crops currently being used to produce biofuels as
they can be grown all year long. They have the added advantage that they need less water
than terrestrial crops and can be cultivated in brackish water onfeatiie land meaning

that using microalgae, unlike crops, to produce biofuels would not necessarily have an
adverse effect on food supplies. It has yet to be shown that production of biofuels from
microalgae is economically feasiblehis is partly due tdhe fact that cells currently need to

be concentrated through the use of centrifuges which are energy interjéive2]. As a
result of this, there is interest in developing methods to promote -seticentration of
swimming algag173]. Research isalso being done on the possibility of increasing the
profitability of such processes through the collection of valuabl@mmlucts. Additionally

just as crops have been thertgets of genetic engineering experiments to enhance their
productivity and tolerance limits so have algaghich could increase their industrial

potential [171,174]
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3.5 Important Behavioursof Svimming Microorganisms

Swimming microorganisms are known to show a variety of interesting behaviours and
responses that separate them from lifeless passive partidles.term bioconvectionefers

to the formation of patterns of swimming microorganismsithin a suspension.
Bioconvection is a result akertain Yaxeexhibited bycertain swimming microorganisms

A taxis is a movement & givenorganismin responseto certain stimuli found in its
surrounding environment such as the presence of light and heat sources for example.
There are a variety of differentaxesthat can cause organisms to bias theiovenmentsin
certaindirections. In principle the taxes that a given cell exhibits can be used to guide that

cell.

Some swimming algae can be referred tdasg gyrotacticGyrotaxis describehe way in
which the swimming directions @fmicroorganismmay beguided by how gravitational and
viscous forces act on an organism whose mass is distribaggchmetrically{175]. Many
microorganisms lik®.Salinaare bottom heavy. When bottom heavy orgisms are within

a flow field, their swimmmg direction is heavily influenced by the combination of the
viscous dragwhich generally acts to orientate them in the direction where the flow is most

rapid andthe gravitational torquewhich acts to orientate them upward$76,177]

Microrganisms can be referred to as phototactic ieyhare sensitive to light intensity
gradients, that is, they move towards or away from the stimulus of light. Organisms which
require light for photosynthesigienerally display positive phadgxis which means they
swim towards regions of higi light intersity, however if the light intensity is too high then
they can also display negative phtdgis This has consequences in designingrbiactors

for phototactic microorganisms as they have a tendency to swim towards surfaces in
search of light and in so @ fouling the surface. This blockght for the rest of the

microrganismsvithin the reactor[173].

Chemotaxis is the movement in responte the presemre of certain chemicals in the
surrounding environment. Positivehemotaxis is said to occur if the movement of the
organismis in the directiorof increasing concentration of the chemical in question, while

negative chemotaxis is said to occurtiie movementis in the direction ofdecreasing

67



concentration. Many organisms haveevolved displayg positive chemdaxis towards

chemicals whiclthey feedupon. E.colifor example swims along oxygen gradiefiis8].

3.6 Swimming Microorganisms inFlows

In both natural and industrial environmentmicroorganismsreside within fluidswhich
undergoflow. Recentinvestigations of micro swimmers in flowsve resulted in a number
of bioconvection patterns that could potentially be relevant tthe design of
photobioreactors and an understanding of hauspension®f micro-swimmerscan self

organize179-181].

For examfe recent investigations by Garaad coworkers have shown that it is possible
exploit the combinationof gyrotactic and phototactic biases ahicro-swimmers in
Poiseuille flows [173]. In their experiments they showed that by using the right
combination of light smuli and flow vorticity that itwas possibleto influence their
swimming directionand force the alga& selfconcentrateat the centre of a channeThis
has the potential to reducéhe accumulation of algae at pipe walls and prevent fouling of

surfaces due&o adhesion.

The classical Taylor dispersion of passive particles has been shoewery different from

that involvinggyrotactic algae in that thedrift faster and disperséess[180]. Therheology

of suspensions containing dispersed swimming microorganisms dlas shown
counterintuitive results. Recently it has been discoveredhat bacterid suspensions
containing live cells are less viscous than bacterial suspemsiontaining only dead cells,
while algal suspensions of live swimming algae are more viscous than suspensions

containing only dead algae ce]ts82].
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3.7 Description of Dunaliella Salina

In this PID we are primary concerned with a specific species of green biflagellate single
celled algae calledunaliella Salinahat belong to the phylum Chlorophyta. It is a
halophile meaning that it prefers to live in media of high salt concentrations; however it
can adapt to live in verpw salt concentrations. The behaviour andemicalcomposition

of D.Salinas highly dependent on the salt concentratiomits suspending medid.Salina
primarily reproduces asexually through cell division, however at lowcsealtentrations

sexual reproduction is also significdh83].

D.Salinalacks a rigid cell wall and in order to protect the cell from osmotic pressure
associated with living ihighsalnity environmentsit produces glycerol to balance osmotic
forces and also maintains enzyme activilySalind: f & 2 LINdarBtez® ® &nhibit the
formation of free radicals due to interaction with ultraviolet light. It has been found that
glycerol afR -carotene production is highly dependent on the salinity of the medium and
is greatest at high NaCl concentrations in the range cbM5D.Salinalso has a very wide
pH tolerance ranging from a pH ofll, and is tolerant to environmental temperatige
ranging frombelow 0°C to around 4% It is therefore one of the most environmentally

tolerant known eukaryotic organisms which is a major industrial selling pB6{.

The shape bD. Salinavariesdependingon environmental conditions, but thosesed in

this D were patrtiallyellipsoidal in shapdt is bottom heavy, this means that in a stagnant
body of water they are biased to swim upwards due to a gravitational torque thattact
make cells face upwards. There is also a sedimentation torque due to the fact that their
bodies are denser than their flagella. This effect of certain algae tending to swimming

upward onaverage is known as gravitajly5].

D.Salinais morphologically similar taChlamydomonageinhardtii which isa commonly
used microorganisnfor experiments in literatureThe main difference is th&.reinhardtii
possesses rigid cell wall.Both possess flagella of equal lengthd both are of similar
shape and size (roughly 12 micromsdiamete)). Both displaychemotactic, phototactic,

gravitacti¢ and gyrotactic behaviolji83,184]

D.Salina swims ata modal speed of around0& Y« by pulling itself forwardin a
breaststroke likefashion by beatingts flagellaat around 50HzAs it swims it rotates at a

frequency of2Hzalong thelongitudinal axis and tras®ut a helical patj185].
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3.8 Swimming Microalgae Literature

A model describing v the orientationof gravitactic helicaswimmingalgae is dependent

on flow parameters and characteristics of the algae was given by Ba&8&nThe model

was based on a sp&s of spherical swimming algae callddterosigma akashiwavhich
switches between straight and helical swimming patterfisis alga has a leading flagellum

that sends waves along its length and pulls the organism forward. This organism also has a
2" flagellum at its side however it is not clear what its function is. The model is valid for
other species of algae as long as certain parameters that correspond to unique
characteristics of the algae under consideration enanged. Similar models which negle

helical swimming have beemualitatively successful at predicting the observed

phenomenology ofravitactic algag¢l81,187]
In this modelV is the local fluid velocityg is a unit vecto that points in the direction that

the cell is swimming inyp is the swimming velocity vector. Thé& Magellumproduces an

intrinsic torque(due to the way in which the alga beats its flagedaulting in a rotational
torque) which points n direction of the unit vecton resulting in helical motiofil86]. The
unit vector n can be thought of as the axis which takya rotate around as theswimin

the direction of p. This is illustrated ifigurel5.

The change in cell positian) can be given by the following equation

ar V+
_ T_JJ
at - P
Equation69

The cell rotates with an angar velocity, £1, given byEquation 70where w; and wgy

represent the strength of the gravitactic and intrinsic torquespectively¢ KS a & Yo 2 f
represents the vector cross produand . is the vorticity of the surrounding local flow
field.

Q=wpAg;+ wyn+ S

Equation70
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Equation71represents how swimming direction changes with timleich is given by the

crossproduct of the swimming direction and the d@langular velocity.

dp
—=0n
ar =P
Equation71

Equation72 representshow the direction of the intrinsic torquehanges withitime, which
is given by the cross product of the &lhangular velocity andirection of the intrinsic

torque.

dn

E_an
a =&

Equation72

Viscous Torque
(due to flow field)

Example Flow Field A |
z
p

—
—_—
—

=

Gravitational Torque
(due to algae being bottom heavy)

Figure 15 lllustration of a bottom heavy biflagellate algae swimming throhga flow field corresponding to
parallel plate shear flow.In this case kear flow causes a viscous torque that acts to rotate the alga
downwards while the gravitational torque acts to rotate the alga upwards. Talga swimsn the direction of

p but rotates as it does so around. This results in helical swimming as the swimming direction also rotates
aroundn.
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3.9 Model of D.Salinain Parallel PlateOscillatory Shear Flow

In this PhD, e motion ofD.Salinan oscillatory paralleplate shearand squeezdilm flows
was examinecexperimentally In this section, the oscillating flow field describedsettion
2.3 andthe ranges of theexperimental parameterslescribed in section 4.5elevantto
the parallel plate shear experiments carried outsuspensias of D.Salinaare substituted
into Bearor®@ model[185-186].

3.9.1 Relevant Scales
It isfirst useful to definesomescaleso make the analysis easier

The significant tira period is given by the period of oscillation of the top plate:

Equation73

The significant length scale is given by amplitude of displacement of the top plate:
E = AD

Equation74

Dimensionless displacemt is given by:

r' =

T ¥
1~ Ap
Equation75

Dimensionless times given by:

T
Equation76
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3.9.2 Dimensionless Mixed Equations

By substituting the scaleslefined in theprevioussection, Equation 7@nd the flowfield
defined byEquation28, into Equation69, Equation71 and Equation72 respectively gives
the following dimensionlessnixed equationg189]. The unit vectors in the x, y and z

directions are given bg; , &, andé: respectively

dr' A

ADMDd_E = EJJD}"FD Cﬂs(t’}ﬁ +p
Equation77

ap . 14p . ..
MDE = [mcﬂﬂi + wyh — OJDEFCGS(I }E_z] ﬂE
Equation78

dn [ AE 4+ 14 C' ()& ]

Ddt.« wzp E‘_ iy — mgz % os(t')éz|An

Equation79

Grouping together the constant coefficienfeom Equation77 to Equation79 gives the

followingnew dimensionlesparametes.

o v e Wy
_.l,ﬁ = » ﬂG = ﬂH =
H Apwp in &n

=

Dropping the primesand substituting in theabove parameters indb Equation 77 to

Equation79 gives:
dr AD R
o Cas(t}e_x+,|5’E
Equation80
g [ﬂ(ﬁ. )n +Oun AD — = aCos(DE n]
=% (pAE)Ap+0unAp - aCos(E Ap
Equation81

[DG(_E-LE}) n——nxﬂ'as(t}ezﬁn]
Equation82
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3.9.3 Example Parameters

In this subsection, the experimental parameters relevant to the oscillatory parallel plate
shear flow experiments carried out during this PhD are substituted. The purposésa$ th

to show the relative importance of the parameters involved on the movement of the algae.
The gap distance usédy’ LJ- NI £ £ St LI FG§S &aKSFENAY3I SELISNAYS

H = 400um

The displacement of the top plate during parallel plate shearing experinveas the
rangeof 55H c H>Y X GKSNBF2NBY

Ap = 55— 262um

The range of shearing frequencies usknling paallel plate shearing experiments in the

rangeof 0.56Hz therefore:
wp = 2nfp =2m(0.5—6s"1)=3.1—-38s71

The gravitactic reorientation time &.%linais approximatelylO second$185], therefore:

1
wg=—=0.055"1
21z

Thefrequencyat whichD.&linarotates is around2Hz[185].
fa=2s"1

Therefore the angular fragencyat which it rotates is:

wy = 2nfy = 2n(2s71) = 12.6rad.s ™1

Themodal speed oD.&linais around:

V., = 60pms—1

Substitutingthese values into theimensionlesgoefficients gives:

_Ap_S5—262um _
“H T 1w0um '
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04 60ums—1

— - =6x107% —0.35
B Apwp (55 —262um)(3.1—38s571)
0y = 2B 126577 _ 03—41
H T wp (31-38s"1) '
g 0.055°1 _
0z = =10"% —0.016

wp  (3.1—38571)

Asfl; is dways low relative to the otheterms (meaning gravity has little effect on the

alga & & 6 A Y Y A yhSuchoscIBodyifldwailyen Equation81 and Equation82 can
be simplified intoEquation83 and Equation84 respectively:

dE— [n ! C (r}’“]n
e = [fn g acosOE| e
Equation83

dn 1 -

d—; = [—Eaﬂ'asft}e_gﬂg]
Equation84
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Chapter 4 Apparatus and Methods

4.1 Chapter Summary

This chapter describes the main apparatievelged in this work andised in experiments
throughout this PhDIt starts with describing the electromechanical squeeze cell and how it
was used to carry out oscillatory squeeze film flow on samples of particulate suspensions
with a gap distancef 1000 micons, as well as algal suspensiavith a gap distance aio

more than 400 microns. A variety of squeezing frequencies and peak squeezing forces were

used.

It then goes on to describe the electromechanical shear cell, which was used to carry out
oscillatay shear flow on samples dadlgae with a gap distancef 400 microns at
frequenciesin the range of 0.%Hz at a variety of shearing amplitudes. It finishes by
describing the piezoelectric squeeze cell that was used to squeeze samples of algae

suspensionsvith a gap distancef 300 micronsand at frequencief the range of 0.8Hz.

A brief introduction isalso given into to how particle tracking software works and in
particular how particle tracking was used to trdgknaliella Salinén oscillatory flowsand

how the resulting data was then analysed.
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4.2 Electromechanical Squeeze Cell Description

The electromechanical squeezellEESCsqueezes droplets of fluids between a mobile glass
bottom plate and a glass cover slip supported by an alumirstationary plate which is
screwed on to an aluminium base plate. The glass plate is moved up and down in an
oscillatory manner by electromechanical exciter drivers as illustrateBigaore 16. The
apparatus was plzed underneath a microscope objective so that the local deédron of
samples within the ES€an be viewed and recorded using a high speed caniEna.

macroscopic deformation could be seen by using a camera without a microscope.

Microscope Objective
Linked to a High Speed
Camera

Glass Cover slip

Stationary Top Plate

Sample to be Squeezed

Mobile Glass Plate

/

Screws

Spacer g Exciter Driver

Light Source Red Light Filter

Figurel6 Labelled diagram of the electromechanical squeeze cell.

A sinusoidal DC voltage is applied by a TG310 function generator which is then amplified
and then passed to the Visaton EX 45S exciter drivers as is illustnakégure17. This
causes the exciter drivers to oscillate upwards and downwards at the same frequency as

the originalappliedvoltage signal.
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In order to prevent noise generated by one exciter driver from affectiveggother, the
signal from the function generator is split between 2 different amplifiers, each of which is

powered by a separate DC power supply operating at 12 volts.

In order to prevent electrical noise in the mains supply from affecting the DC power
supply, the power supplies were plugged into a Tacima gang socket containing an audio

noise filter. The signal that reaches each separate exciter driver is in phase with the other.

Mains Voltage

Noise Filter
DC Power Exciter Drivers DC Power
Supply Supply
. pe N
Amplifier |—| Amplifier
v v /

Voltage Signal

Function
Generator

Figurel7 Diagram of the overall layout of thegparatus. Black lines show the direction of the signal from the
function generator. Blue lines show where the power to the amplifiers comes from.

The peak force exerted by the glass plate at a given frequency of oscillation can be
controlled within a limied range by altering the pramplified voltage from the function
generator. The frequency of oscillation can be altered by changing the frequency of the

appliedvoltage waveform using the function generator.
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4.3 Calibration Issues with theElectromechancal Squeeze Cell

The amplifiers were required in the setup shown Rigure 17 because the function
generator had a high internal resistance of 50 Ohms compared to the resistance of the
exciter drivers which is onl8 ohms. The function generator could only apply a voltage of
between 20 and20 volts. This meant that only small voltages could be developed over the
exciter drivers without an amplifier because most of the voltage would be developed over
the functiongenerator itselfldeally the requirement for amplifiers could be avoided by the

use of a function generator capable of producing much stronger voltage signals.

4.3.1 Peak Applied Force

A problem wih amplifiers is that the degret which they step uphe power of the
original signal passing through theisidependent on the frequency tiie incomingsignal.
This means that as the frequency of the signal increases, the power passing through the
exciter drivers increases. This means that the peak strepfiedpby the bottom plate

increases with frequency fa given preamplified signaésillustratedin Figurel8:

1.4

1.2 4

y =0.0165x+ 0.1866 i §

0.8 ~
0.6

0.4 ~

Force (Newtons)

0 10 20 30 40 50 60 70
Frequency (Hz)

Figurel8 Frequency vs. Peak force detected &y A201 Force sensitive resistat a fixed preamplified
voltage of 112mV.

As frequency of a signal with a constant applied-gmeplified voltage is increased the
detected forceincreases. Theseesults were obtained by squeezing a metal puck against
the force sensitive resistor (FSR) within the exciter driver squeezer and measuring the

change of resistance (aonductance) using a Nationaistrument DAQ device. This is
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illustrated in Figure 19. The peak squeemj force can be easily converted to a peak
squeezing stress if the contact area between the plates and thenmabeing squeezed is

known.

Metal Puck

Stationary Top Plate

Force Sensitive Resistor

Mobile Glass Plate

/

Spacer Exciter Driver

Figure19 This is the arrangement used to deteiime the peak force applied by the ES®iGring squeezing

The change of conductana# the FSR due to the appliedjueezingorce of the bottom

plate can then be converted to a force by comparing with a calibration curve as shown in
Figure20. This curvavas constructed by applying a known force to the FSR and measuring

the change of the conductance.

The DAQ device used to monitor the resistance of the FSR was-th&B6R51, this has
an extremely high sampling rate and is very sensitive so that idetct small voltage

developed over a resistor.

0.000008

0.000007 - y = 6E-06x + 5E-07
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Figure20 Calibration curve of the conductance of the A201 Force sensitive resistor at a given applied force.
This curve was created by applying knowrrées to the FSR and noting the conductance.

80



Figure21 shows that at a given applied fyaency, the force from the E®@n be varied by
altering the peak voltage. This means that it is possible to increase theemeguvhile
keeping the applied peak force constaoy adjusting the supplied voltagdt should be
noted that above 40 Hz, it is more difficult to measure the peak force over such short

squeezing cycles which accounts for the scatter in the rembfdrceson both Figurel8

andFigure21.
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Figure21 Detected peak force vs. applied pramplified voltage for a set of frequeties. Here the frequency
of the applied voltage signal is held constant while the paenplified voltage is varied. As the pramplified
voltage is increased for a given squeezing frequency, the detedtede thatis measured by the A201 force
sensor incrases

Figurel8 and Figure21 imply that the squeezing force is highly variable but this is not the
casein practise. The reason for threlativelylarge spread in the detted forces is due to

the difficulty in measuring the peak force, rather than the peak force exerted by the ESC at
a given set of conditions being erratlo. practise the peak squeezing forepplied by the

ESC at a given applied voltage drejuency ishighly consistent. This is known to be the
casebecauseconsisent and reproducible deformatioiis observed when squeezing fluids

at a given set of conditions.

In this PhOFigurel8 and Figure21 were usedas calibration curves to estimatee applied
peak squeezing force at a given set of conditions. Although th& pgaeezing forces are
consistentwhicheach other it must be noted that the true value of the applipdak force
andtherefore peak stress is n@recisely knownThis is due to difficulties in using the FSR

to measure rapidly changing forces.
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4.3.2 Maximum Displacement

Another complicatin of the experimental setip was that even when nothing but air was
being squeezed, the maximum possible displacement of the bottom plate increased with
frequency for a given pramplified voltage signal. Thisdsice agairbecause the gain of

the amplifiers used to increase the power of the signal from thection generata

increases with frequency. This is illustratedrigure22 and Figure23:
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Figure22 Frequency vs. observed peak t@gak distance of an exciter driver for a given paenplified voltage.
As frequency increases for a given paenplified voltage, the displacement increases. Obtained by observing
one of the exciter drivers on its side while oscillating under underneath anmscope objective as illustrated

in Figure24.
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Figure 23 Displacement of a plate attached to set of electro dynamical exciter drivers as a sinusoidal
waveform was passed through it. For each curve the frequency of the applied voltage waveform is constant.
The displacement was noted as the applied voltage signal was varied.
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The displacement of an electromechanical exciter driver was measurg@thbyg one of
the drivers sideways under a microscope. A thin cover slip was attached to the top of the
driver and the maximum peak to peak displacement of the cover slip was noted using a

high speed camera to monitor its movement. This is illustratdeignre24.

Exciter Driver

Microscope Objective
Linked to A High Speed
Camera

< | Microscope cover slip

coming out of the page

v

— Fixed Metal Block

Figure24 Arrangement used to determine maximum displacement of exciter drivers during oscilation.

To summarise, for agn applied voltage to the ESthe force andmaximum possible
displacement of the bottomplate increases with frequenchecause the gain of the
amplifiers increases with frequency. Additionally for a given applied voltage frequency, the
force exerted by the bottom plate and maximum possible disptee@ of the bottom

plate increases with the applied voltage in the range of parameters investigated.

The fact that the maximum displacement the bottom platefor a given voltage and
frequency shown ifrigure22 and Figure23 appears low relative to a gap distance of 1000
microns is not ideal. Th&houldbe kept in mind as thisssentially shows that equipment is
limited in the maximum deformation of a sample at a givenakestressthat can be
achieved However this issue has no real impact on squeethiadluid samples in this PhD
as in practise it is the peak force that can be applied by the apparatuslithis$ the
maximum deformationover an OSFF cydtather than themechanical limitations of the

equipment. This was illustrated in section 2.5.4
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4.4.1 General Experimental Procedure for the Use of the
Electromechanical Squeeze Cell on Particle Suspensions

In order to ensure that the mobile plate the electromechamial squeeze cels flat, an
engineering spirit level was used and the spacers underneath each exciter driver were
adjusted. Thin metal sheets may also be placed underneath certain sides of the ESC to
ensure the setup is flat. The gap distance betweenstagionary top plate and the mobile
glass plate is controlled by inserting or removing spacers to move the top plate upwards or

downwards.

It was important to wait until the sample is completely at rest before starting experiments
as moving the apparatusnto the microscope can cause samplrift which takes time to
dissipate. When squeezing a sample, it is best to view a section of the sample where
particles are being cleanly translated back and forth over a straight line as this is what is
expected for gueeze film flow. In order to check that particles are being cleanly translated,
minimum intensity plots of a recorded video can be quickly takeimgimage processing
software, mage J as shown iRigure25. Minimum intensity plots of atack of images
essentially plo@all the dark spots from all the images onto one picture. This is a quick way

of mapping out a flow fielthecause it results in tracer particles tracing out their own paths.

lll [TE L

Figure 25 Minimum intensity plot of a dilute suspension of melamine particles (10.2 microns in diameter)
suspended in glycerol over a period of 0.5 seconds while being squeezed. The gap distance was 900 Microns
and the sampé volume was approximately 1ml. The plot was taken at a squeezing frequency of 10.22Hz. The
peak stress exerted by the bottom plate was roughly 600H#e black lines traced out the motion of the
tracer particles.Different grey level or intensity indicate particles at different heights relative to the plane of
focus.
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Depending on factors such as; how the sample wets and spreads across the surface of the
bottom plate, how parallel the top and bottom plates are relative to the gap distamd
the extent ofsqueezingit was often the case that particles were not cleanly translated
across straight lines as shownhigure26A. Sometimes particles were seen to follow ron
perfectly straight lines or elliptical paths ahown irFigure26B.
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Figure26 Minimum intensity plots of a dilute glycerol suspension with melamine particles (10.2 microns in
diameter) over a period of 0.5 seconds. The gap distam@es 1000 Microns and the sample volume was. a)
(left) the plot was taken at a squeezing frequency of 20.32Hz. The black lines are not perfectly straight. b)
(right) this plot was taken at a squeezing frequencies28f.15Hzand the gap distance was 500 @rions. Many
of the tracer particles are following elliptical paths.

If the paths of particles are unsatisfactory as showFkigure26B then the section of the
sample being viewed is changed in order to find thetsphere theflow lines are the
straightest so that deviations fromthe nom when squeezing concentrated colloidal
dispersionswould be easier to characteris@he areas viewed were at the edges of the

sample where flowield resulting from OSHEstrongest.

Imperfectionssuch as elliptical paths are more common at the lower end of gap distances
used and get worse as the squeezing amplitude increases because the gap distance across
the whole volume of the sample varies by a greater percentage if the glate not
perfectly parallel. In order to mitigate this effect a gap distance of 1000 microns was used

for experiments where peak stresses of gredtean 500Pa were being applied.

Another important reason for selecting a larger gagtahce was to reduc¢he force
required to squeeze a fluid between two parallel plates which is inversely proportional to
the cube of gap distancas shown in chapter.Ancreasing the gap distanteyond 1000
microns also was ngpractical as many loweviscosity fluid sampks would no be thick

enough to wet the top surface. This can cause the fluid sample to wet amdetithe

85



surface while squeezing is occurring which can contribute to the samples drifting out of the

squeeze cell during squeezing.

4.4.2 Experimental Procedre for the Oscillatory Squeeze Film Flow of
Concentrated Suspensions using the Electromechanical Squeeze Cell

Samples of colloidal dispersions of volume fractions in the range of00&XB were
subjected to two different sets of oscillatory squeeze filoww experiments.

In one set of experiments the peak oscillatory stress of roughly 600Pa was applied at
frequencies in the range of 40Hz at a fixed initial gap distance of 10Wicrons. In
another set of experiments a fixed squeezing frequency of A@htzapplied and the peak

squeezing stress was varied in the range of-6000Pa.

In both sets of experiments the flow field and sample shape were observed during
squeezing and the conditions at which ANlewtonian behaviours were encountered were
noted asis discussed in the results and discussion chapter in more dékelpreparation

of samples is discussed in section 4.8.1

4.4.3 Experimental Procedure for the Oscillatory Squeeze Film Flow of
Dilute suspensions ofD.Salinausing the Electromechanical §ueeze Cell

Samples oD. Salinasuspensions of number concentration of approximately délis/ml

were subjected to oscillatory squeeze film flow experiments with an initial gap distance of
either 200 or 400 microns. Videos of the algae were recorddtkwiie oscillatory squeeze
film flow took place so that particle tracking software could be used to gather information

on the swimming directions of individual algae.

Squeezing frequencies in the range e8Hz were applied. The bottom plate would osédla
upwards and downwards with a peak to trough displacement-&8 9nicrons to achieve a
given maximum translation of individual algae the central plan®f the sample which is a

measure of the extent of shear.

When tracking was carried out the plane fotus was 100 microns down from the top
plate. When a gap distance of 200 microns was used the plane of focus was at the centre of
the sample. However algae on other planes throughout the sample were clear enough to
be viewed and subsequently tracked. Whamgap distance of 400 microns was used the

plane of focus was at the top quarter of the sample, though algae in the top half of the
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sample could beeen clear enough to be tracked. Thieparation of samples dd. Salinas

discussed in sectiofh.8.4

4.5 Experimental Setup and Procedure for the Electromechanical Shear
Cell

Oscillation flow experiments have also been conducted with a parallel plate shear cell, for

comparison with squeeze flow experiments.

Microscope Objective

Electromechanical Linked to A High Speed
Driver Driven by a Camera

Function Generator
Glass Slide '

-

Metal Frame

S

= s

| Sample to be Sheared | g Red Light Filter

Light Source
Shearing Directions

Figure27 Simplified diagram of the shear cell. An oscillatory voltage from a function generator causes the
arm of the electromechanical driver to extend and retract. This extension and retraction is done at the same
frequency as the applied voltage hE displacement of the arm is proportional to the applied voltage. The
frequency that the top plate oscillates at is the same as the frequency of the applied voltage waveform.

When an oscillatory voltage is applied by a function generator to the electrioamécal
driver, the arm moves in and out, causing the top plate to move with it. This shears the
sample between the plates as shownFigure27. By varying the applied voltageaveform

the displacement of the topplate per cycle varies and therefore the extent of the applied
shear changes. The shearing frequency was altered by altering the frequency of the voltage
waveform applied by the function generator. The gap distance is set using spdcars
desired thicknesand can be accurately determined by focusing on the top plate using a
microscope, and then moving the microscope focus down to the bottom plate and noting

the distance that the microscope stage has moved.

As with the electromechanical squeeze ciélis important to ensure that when a sample is
being sheared, tracer particles follow straight paths. This can be checked using minimum
intensity plots as shown in the previous section. It is also important to ensure that there is

no drift of the sample. Tik can be mostly avoided by checking that the base of the shear
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cellis flat by using a spirit levednd by waiting a few minutes after loading the shear cell

and placing it on the microscope before carrying out an experiment.

Tocheckthat there is nosampledrift, a minimum intensity plot can be quickly taken when
no shear is being applied. If there is no drift, then the plot will show that all the stationary
particles do not move, if not any nemotile particles will make straight lines in the

direction of the drift.

The shear cell was used to apply oscillatory shear to suspensi@nsSaflinaat frequencies

in the range of 0.%Hz and at peako peakdisplacements of the top plate afp to 525
microns with a fixed gap distance of 4@ficrons.The numler concentration ofD.Salina
within the suspensions was of the order ®€° cells/ml The reason this approximate
number concentration was used, was that at higher concentrations the particle tracking

software had problems tracking all of algae at the saime.

The microalgae were observed using a mikotron high speed camera connected to the
microscope in which the shear cell was placed. The pddifecus of the shear cell wa®@
microns from the bottom plate. Theeason for this was to redudée effect of translation
of the algae during shear to make it easier to track individual algae using particle tracking
software. Throughout the gap the shear rate at a given point in time is the same however,
the closer the plane of focus is to the moving toptelthe greaer the distancealgae are

being translated back and forth making individual algae harder to track.
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4.6 Experimental Setup and Procedure for the Piezoelectric Squeeze Cell

A second method of applying oscillatory squeeze film flow wss developed, this one

using piezoelectric devices to provide controlled displacement of a bottom plate.

Connector

Piezoelectric
Transducer

Microscope Attachedto
Camera

Stationary Top Plate

Infrared
Light Ffter |

GapDistance Mobile

/ Bottom
Plate

Figure28 Diagram ofthe piezoelectricsqueeze cell. It squeezes samplas moving a bottom plate towards
stationary top plate using a piezoelectric transducer.

The piezoelectric squeeze cell (PSC) is showrigare 28. This was used to squeeze
suspensions db. Salindn almost eactly the same way as theectromechanical squeeze

cell. With this piece of apparatus, the bottom mobile plate was moved upwards a fixed
distance by applying a corresponding voltage to the piezoelectric transducers causing it to

move the mobile bottom plate upwards and squeeze a given sample.

In experinents using this piece of apparatus, a sinusoidal voltage wave form would be
applied causing the mobile bottom plate to oscillate upwards from its starting off position.
An example of a typical voltage wave form would be one with amplitude of roughly< volt

a peak voltage of 4 volts and a trough voltage of 0 volts. This means that the gap distance
would never exceed its initial value which was kept fixed at 300 micrbins. voltage
waveforms were controlledand applied using a labview DAQ box connected tan

amplifier.

The maximum displacement of the bottom plate was varied in the rangel@f@icrons in
order to give a desired maximum translation of algae that occupy the centre planas &his

measure of the extent of shear taking plaaea given positn in the sampleand will be

89



explained in more detail in chapter The applied squeezing frequey was varied in the

range of 0.83Hz and thénitial gap distance used in all experiments was 300 microns.

The main advantages of the PSC over gfextromectanical squeeze cellere that the
position of the bottom plate could be controlled extremely accurately, and a variety of
squeezing waveforms could be applied. The relative disadvantages of the PSC were that it
was vastly more expensive and prone to bregkieading to high repair costs. The PSC also
was unable to operate over as wide a range ofusoidal frequencies as the

electromechanical squeeze cell
4.7 RheometryExperimental Arrangement

Measurements of the rheology of samples were also carried wsihg a standard
commercial rheometer to explore the role of shear thickening in the particle systems
investigated.The DHR2 strain controlled rheometer manufactured by TA instruments is
shownin Figure29. Attachel to the device is paralleldisk geometry of 40mm in diameter

which was the only rheometer geometry used in tAisD

Figure29 A picture of the DHR2 strain controlledheometer used for rheometry experiments in this PhD.

Bah continuous shear ramps and large amplitude oscillatory shear experiments were

carriedout on concentrated particlsuspensions

In continuous shear ramp experimenthe shear ratewas ramped up linearly between
specified initial and final shear rateser a specified time periodf the torque requiredo

meet the target shear rate at a given moment is too high for the motor to handle (due to a
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increase in viscositifom shear thickeningor example) then the shear rate will fall below
its target value.The rheometer will however continue tmy and meet the target shear

rates at subsequent points in time.

In the large amplitude oscillatory shear experiments, a fir@kimum sheaistrain% of
200% was used and the angular frequem@sramped up from 0.400rad/s.It should be
noted that a maximum shear strain of 200% corresponds ® maximum angular

displacement of 0.1 radians.

The gap distance used in all experiments was @0with the exception ofexperiments
involving corn-starch suspensions in whidase the gap distance used was @60 The
reason for this is thasamples ofcorn-starch suspensions wetted the surfagesre than

the other samples usedneaning that the samples spread out so that their thickness was
less than 1000m. Therefore a gap diance of 100Qm could not be used here as the

sampleswould not wet the top surface of the geometry.

It should be noted that all experiments in this PhD carried out using the DHR2 strain

controlled rheometer were temperature controlled at 20 degrees Cslsiu
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4.8 Sample Preparation

In this section, the preparation of the samples used in experiments carried out in this PhD is

discussed.
4.8.1 Preparation of Colloidal Dispersions Samples

The colloidal particles used weneono-dispersepolymethylmehacrylate(PMMA) spheres

of radius 57414 nnfmeasured kg dynamic light scatteringlhey were sterically stabilised

with PHSA polymer hairs of roughly 10nm in length. When dispersed in a refractive index
matched mixture of decalin and tetralin, van der Wsaand electrostatic interactions are
extremely weak. Dispersions of this type are commonly used throughout the literature
because they are a good representation of an ideal hard sphere dispersion as patrticles can
be assumed to only interact through thetd sphere potentidl88]. The steps required to

prepare samplesf PMMAcolloidal dispersions are outlined here

Step 1

A dilute dispersionof polymer stabilised®MMA particles dispersedin a refractive index
matched solution ofmixed decalinand tetralin iscentrifugedfor 2 hours 30 minutes at
4000 RPM The refractive index mahed solvent is 66% decalin and 33% tetralin by
volume. After centrifugation, concentratedediment atthe bottom of a containeris

formed as shown ifrigure30:

Almost pure
decalin/tetralin

which can be easily
[ decanted off.

Container
which is placed
within
centrifuge.

Sediment formed
has a solid volume
fraction of = 0.638

Figure30 lllustration of the sediment formed after centrifugation.
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Step 2

All excess solvent from containes then removedo leave onlythe sediment and then the
containg is then weighedto determine the mass of the sediment. This sedimént
assumed to have solid volume frfaction of around 0.638this is true for same sized

spheres randomly packed togethi1].

Pipette with refractive index .

matched solvent inside.

Container

Scales . /

| Sediment

Figure31llllustration of the preparation of dispersions of known solid volume fraction.

Step 3

As the density of the PMMA particles atik index matchedsolvent are knownpsamples of

a desied volume fraction were madby adding a known massf solvent to the sediment

of known volume fradbn. The requirel mass of solvent to be added

(denotedT arget_dm..n.-n:) Was calculated by the followingormula which is derived
fromamassbalance KSNBE . A& (GKS a2t AR @2 fisdhe fargef NI O A 2
@2t dzyS TFMIBOUWAKRSY SRSy aAde 27T guihicShe Geddity o hek | £ LI

suspending medium and Ms the mass of the sitment

D _
® [psnlvem B 1:| +1

Equation85
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Step 4

The target amount of solvertb be added tathe sedimentto give the desired solid volume
fractionwas addedy pipette while measurig the weight of solvent added usisgales as

shown inFigure31.

Step 5

The actual mas®f solvent added (denoted b¥rciual dm.,;...:) was usuallyslightly

different from the target mass to be added to give the desired solid volume fraction.
Thereforethe actual mass of solvent addevas usedto estimate the actual global solid
volume fraction of the dispaion. Equation86(which is a rearrangement dquation85)

was usedo calculate the actual glab volume fraction of the sediment + solvent system
6 RSY 2.8 R

~ &
e Actmi_timgg:ugnr[[ P _q]o+1f+1
Ml} Peolvent
Equation86
Step 6

The samplavas then mixed for 10 minutes using a vortex mixesin attempt to make the

sample as homogeneous as possible.

Step 7

Using a spatularoughly 1ml of a given colloidal dispersioh known volume fraction is
scooped up from the container andplaced in the ESC. The refractive index matched
solvent is placed around the ESC in order to saturate the surrounding air with the matched

solvent. This reduces evaporation of the solvieatn the sample within the ESC.
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4.8.2 Uncertainty in Solid Volume Fractions

A detailed discussion on the difficulties and uncertainties involved in the preparing of
colloidal dispersions of known volume fractions was given by Poon ambiders. They
proposed that even when the greatest care is taken in preparing colloidal dispsref a
known volume fraction that the error in the solid volume fractida likely to be at best in

the range of 36%[42,188]

Error in samples prepared by centrifugation

In this PhD colloidal dispersions of a given volume fraction were prepared by centrifugation
as described in the previous section, errors in the volume fraction of the sediment obtained

are due to the following42]:

1. The true valueof the RCP is not known &otly however it likely falls in the region
2 F . I-016% tooacighly mondisperse dispersiof81].

2. The sediment can potentially be compressed and expand witie tafter
centrifugation ends which could potentially result in the value of the sediment
being higher than expected if the supernatant fluid is decanted off too quickly.

3. The dependence on the value of the RCP on polydispersity is poorly known,
however ths was noexpectedto be a significant issue in this thesis as the colloidal
particles used were highly mordisperse.

4. The dependence of the sediment structure on centrifugation procedure is

unknown.

As long as a consistent procedure is followed in thetrifeigation of colloidal dispersions
such as keeping the centrifugation speed and the time spent undergoing centrifugation
constant then the volume fraction of the sediment takes on a reproducible JdRjeThis
essentially means that using this method there is a systematror in knowing the true

value of the solid volume fraction

An inevitable source of error occurs when transferring a sample from a container holding a
stock concentrated dispersion of a well known volume fraction to another container or into
experimentl apparatus. If a pipette were to be used to transfehigh volume fraction
sample from one containeo another, thiscould result in seffiltration where the volume

fraction of the sample collected is of a lower volume fraction than the sftbdK]. This
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effect depends on the solid volume fractions and becomes more serious at high volume
fractions near and above the glass transition. Within a stock container the local volume
fractions may be different from the global volume fraction which can leadrtorg even
when scooping samples out from the stq@éR0]. Additionally due to difficulties in scooping

out a highly viscous shear thickening dispersion that can jam during the act of scooging, it i
likely that areas of lower viscosity and volume fractions are more likely to be transferred
than the more viscous regions which essentially tfiggainst the act of scooping to a
greater extent. Howeversalong as a consistent procedure is followed, dltained sample
volume fractions should be consistent and comparable etreugh the absolute value

cannot be known exactly.

4.8.3 Preparation of Corn Starch Suspensions

The cornstarch used in all experiments was 27% amylose and 73% amylopectin by weight
and wasunrefined (purchased from Sigma Aldricihe average patrticle size was measured
to be roughly 14 microns using microscopy. Dry esiarch particles are very hard with a

compression modulus of the order of Y®a and are very hydrophilit3].

Cornstarch can be purchased refined or-tefined. Unrefined corsstarch suspensions
generally show slightly higher viscosity in the shear thinning and continuous shear
thickening regimes than refined costarch;however it is not yet clear why this is the case.

It has been shown that in the discontinuous shear thickening reginee rheological
behaviour does nibappear to be affected by whether or not the cestarch is refined or
unrefined. The rheology of costarch suspensions has been known to change over time as

particlesabsorb watef{191].

Cornstarch suspensions of a desired mass fraction were created by adding a fixed mass of
deionised water by pipette to a given maskdry cornstarch within a small container to

give a suspension with a desired solid mass fraction. Theleamvould then be mixed
aggressively in a vortemixer for 10 minutes. Roughlyml of cornstarch suspensions
would be used immediately after being prepared to limit changes in the rheology of the

suspensions

In literature many experiments used cestarch dispersed in a density matched solution of

CsCl in water to prevent sedimentation; however this has the disadvantage that it induces
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charges on the granular particles. Even without density matching it can take several hours

for sedimentation to be sigficant within concentrated suspensiofs3].

The most important variable as far as determining the rheological properties of a
suspension is concerned is the solid volume fraction, however as this cannot be known
accurately due to swelling of hydrated cestarch suspensions, mass fractions were used

instead as a more ralble indicator of concentratian
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4.8.4 Preparation of Suspensions d@. Salinafor Oscillatory Flow
Experiments

Dunaliella 8lina cultures were grown in medium corresponding to the commonly used
recipe by Pick[192], which is also similar to recigey Hejazi and Wijffel§l93]. When
inoculating, roughly 15 ml sample of a relatively higtoncentrated4 week oldsuspension

of DSalinais placed in fresh mdium of volume 135ml in 500ml wide neck Erlenmeyer
flasks.The initial cultureof the specific strain oD. Salina(CCAP 19/18Wwhich was used to
create further cultures, was purchased from an organisation c&lédPGultureCollection

of Algae and Pitozo3).

Cultures ofD. Salinawere exposed to white light at an intensity of approximatdl§00
2000 lux This is a good intensity for ensuring quick growth but not so high that the algae
become stressed The light sourcewas a set of cool fluorescent whit light bulbs.

Automatic timers were used to ensure day/night cycles of 12 Hours each.

The whole setup was covered in such a way as to ensure that the only light reaching the
algae came from the lightin@ultures were grown in an enclosed hut due to thle space
being in a large open area surrounded by windows. Ideally algae cultures would be grown

in an enclosed room.

Figure32 Setup used to grow batches db. Salina
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4.9 Basics of Particle Tracking

Particle tracking inideos relies on the simple fact that images made up of an array of
individual pixels can be represented as a matrix of values where each pixel is represented
by a numerical value. In a black and white image, each pixel is represented by a number
indicating how intense the white colour of the pixel is. For example a value of 0 could
represent black and a value of 256 could represent the maximum allowable intensity of

white. Particle tracking generally involves three steps.

Step lldentification: In each frame of a given video, particles with desired characteristics
are identified. Features of each identified object are recorded in every frame such as
position, size, eccentricity and intensity of the pixels that represent a given object. At this
stage every idntified object in a given frame is assumed to be different from objects
identified in other frameseven if it is obvious to any human observer that it is the exact

same object just at a later point in time.

Step 2 TrackingUsing the information recordedn each identified object in a givdrame,

the program identifies which objects in a given frame are likely to be the same particles
that have been identified in other frame$his is done by®1 setting a maximum distance
within which an identified pdicle can move between frames, this means that when a
particle is identified in one frame, the program will only search for that same particle
within a given maximum distance from its last known position in the next frame. This is to
prevent it looking t@ far and mistaking the identified particle in thé' frame for a
completely different particle in the next frame. Within this maximum distance, particle
properties such as size and shape are used to determine which identified particles between

consecutie frames are In fact the same.

Each unique object is theassigned an identification number and its properties such as
positions in every frame aréhen associated with th identification number, allowing

movementsto be displayed frame by frame.

Step3 Analysis Once the cardinates and other properties of given particles have been
identified, then how these properties change over time frame by frame can be analysed
For example by processing the initial and final position of a tracked particlecvefigld

and the direction of travel can be determined.

99



In this PhD a modified version of particle tracking sofawvariginally written by Maria
Kilfoil in Matlab was used to track the positions of alga@4]. This was used to give
positions of tracked algaat a given point in time. This daisthen processed in Matlab
using a program specifically designeddetermine the speed and swimming directions of

individual algae.

4.10 Identification of Algae Swimming Directions and Speed

When DSalinais obsened through a microscope, they are seen to swim in random
directions in a given plane as long as there are no external factors that cause a bias to any
particular directions under such conditions they aldend to change their swimming

directions over a peod of around 1Geconds 185].

Figure33 below shows the angle of trajectories of a batch of swimning§alinaobsewved
and recordedthrough amicroscopein the plane of focusas well ashe corresponding
histogram of the observed speed. The angle of trajectory of a given algae can take values

between 0 and 360 degrees as is showRigure33.
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Figure33 (left)Histogram of the speed of algae thiin the shear cell with no applied shearright) Angle of
trajectory histogram of algae swimming directions over periods of 2 seconds with no applied shearing

The angle of trajectory histogram is constructed by considering the starting and end points
of eachindividualalgae track from a collection of multiple videoand then finding the

angle in which the displacement vector points. It can be seen that the distribution is mostly
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circular corresponding to no preference in swimming direction, whidwslthe analysis is

successful on this front

The number per biaxisof the speed and angle of trajectory histograomresponds to the
number of algae tracks lastirgyspecified time period corresponding to a specific number
of frames N If a track lastanore thanN frames it is split into multiple tracks lastiniyl
frames For example if a track lastét+2 frameghen the track would be split into 3 tracks
each of which would be represented in the histograise f' track corresponding to this
specific &ga would take place from the™frame to theN" frame and the 2 track would

take place over the"d frame to the(N+1J'frame and so on.

A histogram of speed is constructed by dividing the displacement achieved by each
individual algae trackby the time which the track lastedD. Salinas known to havean
instantaneouamodal speed in the range of @Dmicrons/s[185]. It is expected that when
observing algae with a microscope that the observed speed will on average be lower as a
component of the veladty vector of a given algae track will point inet vertical direction

which can no be detected.Additionally if an individual alga chargdirection over the

time period which the speed is analysdlden the recorded speed will be lower than if it
moved in a straight line. Figure 33 displays a modal speed oD#&icrons/s which is
consistent with expectations, showing that the analysis is successfuDarthlinaare

behaving normally.

4.11 Identification of AlgaeSwimming Directions and Speed in Oscillatory
Flows

When a sample is subjected to an oscillatory parallel shear, the flow field within the sample

oscillates back and forth asillustrated inFigure34 .
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Figure34 An illustration of osdlatory shear flow.The flow field can point in 2 different directions depending
on the point in the cycle.
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The oscillatory flow causes algae to be translated back and forth as they swinmig&zat
if they swim perpendicular to the flow field they trace out a sinusoidal shape, while lifeless
tracer particles are simply translated back and forth over the same line as shdviguire

35.

Plot of Algae Tracks
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Figure35Plot of tracks made byp.Salina and tracer particlesnside the shear celit a shearing frequencpf
2Hz over 5 Seconds. Maximum displacement of tdatp of 200 microns with a gp distance of500 migons.

Figure36 shows example tracking plots of algae being subjected to an oscillatory shear of
1.5 Hz over 4 seconds arfeigure 37 shows the correspondingspeed andangle of
trajectories of the swimmingD.Salina Both Figure 36 and Figure 37 show that the
swimming directions preferentially point in the two directions perpendicular to the

translations due to the oscillatory flow. This Wil discussed in more detail in chapter
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Plot of Algae Tracks Plot of Algae Tracks
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Figure36 Plots of algae tracks over period of 4 seconds over which a shearing frequency of 1.5Hz was
applied. The average shear ratwas 1.97¢ where the maximumpeak to peak displacement of the top plate

was 524 micronsThe gap distance between the plates was 400 microns. The video was recorded at a frame
rate of 300 FPS.
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Figure37 (left) Histogram of the speed of algae within the shear cell wighearing at a frequency of 1.5 Hz at
an average shear rate of 1.97sover a periods of 4 seconds. (right) shows the corresponding angle of
trajectory histogram of algae swimming directions ovexr periodof 4 sconds.

In order to determine the overall swimming directions of algae, the displacements must be
analysed over a time period (represented by a number of frames) which is an integer
multiple of the time taken for one oscillation to complete. By doing #mig displacements

due to the oscillatory shear are cancelled out and the resulting displacement is due to
A6AYYAY3I f2ySo LT GKAA Aa y20 R2ySs GKSy LI

will be due to it being translated by the act of shearing
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In order to determine the shearing directions, the angles of trajectories of &aflalina

alga are analysed over a series of time scales much less than the time taken to complete a

full oscillation. The displacement of a giverf 3 SQa LJ2 aeisbeardsygenBrets (2
much greater than displacement due to swimmiriganalysedover a shortenoughtime

period. This means that the angle of trajectory distribution will have peaks in the shear
directions as shown irFigure 38. As expected the peaks@&r -~ NI RALF ya | LI NI

directions are antparallel.

a0

20000

270

Figure 38 historgam of angle of trajectories ofveimming Dunaliella Salinain osdllatory shear flow at a
frequency of 1.5 Hz taken over intervals of 0.33 seconds whichniglier than the time taken for a full
oscillationwhich is 0.66 seconds.The peaks here are in the the directions ofbigied shear.
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Chapter 5 Rheometry of Colloidal and Granular Suspensions
Results

5.1 Chapter Summary

In this section example cotinuous shearrheometry results that were carried out on
concentratedparticle systems using a strain controlled DHR2 rheometer wigarallel
plate geometryare shown This is followed byxample large amplitude oscillatory shear
results that were carrig outon the same concentrated suspensiofitiese results are then
discussed in the context of otheesults within the surrounding literatureMost of the
systemsexamined here correspond closely to the systamed in the oscillatory squeezing
experimens shown inchapter 6. The primary purpose of this chapter is to describe the

rheology of the systems that are examined in chapter 6.
5.2 Continuous Shear of Concentrated Colloidal Dispersiofesults
In this subsection the displayed results correspondh application of continuous shear

ramps (as described in 4.@h a variety ofsterically stabilied colloidal PMMA dispersions

in a refractive index matched solution of Decalin and Tetralin.
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Figure39 Shows how the resulting shear stress varies as the shear rateoigtinuously ramped upfor
concentrated colloidal dispersions of varyin§VE All dispersionsconsisted of PMMA patrticles of 574nm in
radius.The gap distance used was 1Q08.

Figure39 shows that as the solid volume fraction of the colloidal dispersions incsgase
then theshear rate at which DST beguhscreases as expect¢81,196] It also shows that

at low enough solid volume fractions, DST does not occur within the range of shear rates
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examined which is also expectefB1]. At the end of the DST regime wteethe shear
stresses reachedvalues ofaround 25086000Pa, the sample would show fracturand
distortion effects such as sharksKiR2] and would partially slide oudf, or eject from the
geometry. This resultedn the recorded shear stresss and viscositiedecreasingdue to
the fact that there was less material being shearemjure40 showsexamplesof sample

of concentrateccolloidal dispersionafter and during DST.

Figure40A) Shows a sample of a colloidal dispersion of PMMA particles with a solid volume fraction of 0.57
after it had undergone contiuous shear corresponding t&igure 39. After the period of extreme DST at
around 200s", the fluid partially flowed out of the gap smoothly with slight ripples in the surface being
observed. Figure 40B) Shows a sample of a colloidal dispersion of PMMA particles with a solid volume
fraction of 0.58 as it was undergoing DST during continuous shear correspondifigtoe39. At ashea rate

of around 50s”, the dispersion displayed ripples on its surface and also partially flowed out of the gap. The
fluid that exited the gap remained distorted unlike in A).
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Figure41 Shows how the resulting shear stss varies as the shear rate is linearly ramped dgpr a variety of
highly concentrated colloidal dispersions consisting of PMMA particles of 574nm in ra@ieasured by DLS)

The gap distance used was 1000.
Figure4l shows that d high volumefractions above).6, the DST regime was less sharp
DSToccurred over a wider range of shear ratmsd greaterfluctuations in the resulting

shear stress were observed. This was observed to be due to sample fracture and escape
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from the geometry occurring more gradually and at lower stres3éés causethe large

discontinuous jump in theshear stresses observed during D&Y be less distinct than

observed at lower solid volume fraction3his also caused the values of the peaksdes

obtained during DST to decreases sme of the sample had already escaped by the time

the maximum peak sheastress (oftenreferred to as_uax that the sample could sustain

was reached.

It is important to note at this stage that the ejection of sample from the gap was not due to

centrifugal forces athe ranges of shear rates were too low for this to be an issue.

Figure42 shows how thevalue of the shear rate at whicBST begawaried with solid

volumefraction, during shear ramp experimentBigure42 shows thatas the solid volume

fraction increasesthe shear rate at whiclbSTbegandecreases sharply
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Figure42 shows a plot of the shear rates at which DST began against the solid volume fraofi@olloidal
dispersions consisting of PMMA particles of radius Bt This figure wa primarily derived from the same
data used to constructrigure 39 and Figure41. The particles were dispersed in refractivéndex matched
solutions of decalin and tetralin Some data from dispersions containing smaller colloidal particlesliso
included for comparison.
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It was commonly observed that at high solid volume fractions, during DST, jammed

granules would be expelled from gap as showRigure43.

Figure43A) and Bshow permanently jammed granules that were expelled from the geometry gap during the
DST of a dispersion of PMMA particles of radius 574nm and solid volume fraction of Ul gap distance

used was 100Qum.
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Figure44 Shows how the resulting shear stress varies as the shear rate is increased for a variety of colloidal
dispersions consisting of PMMA particles of 524nm in radilibe gap distane used was 100@m.

Figure 44 confirms the findings displayed iRigure 39 and Figure 41 with colloidal
dispersions consisting pfrticles with a slightly smaller radius. As the solid volume fraction
increasesthe DST regime becomes less distinct and occurs at lower shear rates. The peak
stress sustainable by a given sample decreased as the solid volume fraction increased. At
low enough concentrations no DST was observed and the initial viscosity increased with
volume fraction as expected.he shear stresses observed at the onset of DST were very

similar for dispersions of different volume fractionsvhich is expected from literater

[13,15]
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It was observed that when DST was occurring in a vaoiehighly concentratedcolloidal
dispersionsthat large change# the developed shear stresses correlated strongly with
large fluctuations in the normal stress that could be either ifpos or negative as

illustrated inFigure45andFigure46.

- 20000
i \
15500 g «««e««. Shear Stress
] .
i Experiment
13500 - 16000 1
11500 -
’ —
= [\’ X 12000 & — — ShearStress
P:'. 9500 - { "l . a E' Experiment
3 7500 - R L W S 2
= ELAF TN, A, - 8000 2
= 5500 - £ %y M = Normal
2 £ “.'IV Yy h,“'r\ : s 5 Stress
v 3500 - ol ", bt - 4000 = Experiment
{\ Al ‘.“ ] |.| 1
1500 J -, Yo entart “rN 0 = = Normal
500 - T ‘-l'"l—;v T T T T T T T T T T T T T T T T Stress
E'] 20 40 60 80 100 Experiment
2500 L 4000
Shear Rate[1/s] 2

Figure45 Shows how the resulting shear and normal stregsries as the shear rate is increased for colloidal
dispersions consisting of PMMA particles of 384nm in radius with a solid volume fraction of. 068 gap
distance used was 10Q0n. Experiments 1 and 2 were carried out on separate samples from the sanik
dispersion with a solid volume fraction of 0.59. Both experiments give relatively consistent results
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Figure46 Shows how the resultig shear and normal stress vaag the shear rate is increasedrfa colloidal
dispersion consisting of PMMA particles of 384nm in radius with a solid volume fraction of.0.6& gap
distance used was 10Q0n.
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Comparingrigure45 and Figure46 showsthat the peak stress that marks the end of the
extreme DSTegimeis almost identical despite tharge difference in volumefraction

between the samples.hE signs of the peak normal stresses diffewever.

In continuous shear experimentarried out on colloidal particles of radius 384, 524 and
574nm it was generallyfound to be the casdahat when DST wa®bservedat volume
fractions of around and above3®-0.6, the normal stress fluctuationsould belarge and
positive.At lower volumefractions the normal stresdluctuations thatwould be observed

during DSTvere generallylargeand negative

Large negative peaks in the normal strass generally observed during the end of the DST
regime when the samples was breaking up or ejectiognfthe gap.The large negative
valuescouldtherefore be the result of gressure differencereatedwithin the sampe as

somefluid exts the gapeaving an empty pocket within the sample

Interestingly it was found that when large and positive nornteésses were observed
during the shear of highly concentrated dispersiotie recorded normal stresseg each
point in time appeared to correlate with the correspondirghear stressess shown in
Figure 47. Howeer this was not the case when large negative normal stresses were
observed. In these cases rmnsistentrelationship between the measured shear and

normal stresses could usually be obtained withoermoving negative outliers.
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Figure47 Showsthe recordedshearstress values againghe correspondingrecorded normal stressvalues
during at each instant duringcontinuous shear ramgxperiments on colloidal dispersion cosisting of PMMA
particles of 574m in radius The shear rate was varied from 0:1]000[3‘1]. The gap distance used was
100Qum. The particles were dispersed in a refractivly index matched solution of decalin and tetralin.
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Figure47 shows that at veryhigh volume fractions, the values of the shear and normal
stresses recorded during a shear ramp experiments at each moment in tinzecaunighly
correlated by a relationship of the fornshown inEquation87, where _spes IS the shear
stress, " normal IS the normal stress andy is a best fit constanteferred to as the

macroscopic friction coefficienby Fall[15]. Thiswill be discussed in detail later sections.

Tsheer = KkTnormal

Equation87

At slightly lower solid volume fractionbiowever it is not possible to relat¢he in phase
shear and normadtresses values such a simple wags shown irFigure47, even though
large changesn shear and normal stresses may be perfectly in phasévetr volume
fractions, thevalues of thenormal and shear stressemnnot be neatlyrelated to each

other by an equation of the form given Bguation87.

Figure 48 shows the shear and normal stress values obtained from a shear ramp
experiment carried out on auspension of PMMA particles with a solid volume fraction of
0.6. FHgure 49 shows thateven though the shear and normal stress fluctuations appear to
be in phaseas shown irFigure48, the values of the shear stress amet a simple function

of the normal stress, as was the cagéenigher volume fractions as shownkigure47.

8000 -~ - 5000
7000 -
- 4000
6000 -
ra L —_
%5000 4 3000 g = = Shear
b4 ] Stress
& 4000 - - 2000 £
[ [y]
$ 3000 - 5 Normal
5 - 1000 £ Stress
1 S
2000 - Z
. _ 0
1000 "
0 L e s s s s s Sy . —r+ -1000
0 200 400 600 800 1000
Shear Rate

Figure48 Shows how the resulting shear and normal stress varies as the shear rate is increased for aalolloid
dispersion cosisting of PMMA particles of 5% in radius witha solid volume fraction of 0.6The gap

distance used was 10Q0n. The particles were dispersed inrafractive index matched solution of decalin

and tetralin.
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Hgure 49 shows the recorded shear stress values againsthe recorded normal stressvalues during a
continuous shear ramp experimendn colloidal dispersionwith a solid volume fraction of 0.6consisting of
PMMA patrticles of 574m in radius The shear rate was varied from OSHDOO[s'l]. Thegap distance used was
100Qum. The particlesvere dispersed in a refractivendex matched solution of decalin and tetralin.

To summarise, during and after the DST of colloidal dispersions whershear stress
increases drastically in response to a small increase in shéarlarge changes in the
normal stress are observedelow around 0.59, thecolloidal dispersionsgenerally
displayed large negative changes in the normal stress during O#&, av 0.590.6 and

above the large changes in normal stress were large and positive.

At extremely highvalues of the solid volume fractisrof around 0.61the in-phase values
of the shearand normal stress appear to be correlatess shown inEquation87. However
they become lessorrelatedas the volume fraction decreasas can be seen by comparing
Figure47 andFHgure 49.
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For clarity, it is important to highlight that it is very common for particle suspensions to
display small negative normal stresses durishear even when there are no stress
fluctuations or shear thickeningccurring as illustrated iRigure50 over the range of shear
rates of 0600s'[197].
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Figure50 Shows how the resulting shear and normal stress varies as the shear rate is increased for a colloidal
dispersion cosisting of PMMA particles of 54hm in radius witha solid volume fraction of 0.56The gap
distance used was 10Q0n. The particles were dispersed in a index matched solution of decalin and tetralin.
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5.3 Continuous Shear of Concentrated Corn Starch Suspensidesults

In thissubsection the displayed results correspondthe application ofcontinuous shear
ramps on corrstarch in water suspensionkigure51 and Figure52 show that DST occurs
for such suspensions witplid mass fractions at and above Oasthin the range of shear
rates examined At mass fraction in the range of €054, the peak stresses observed
during DST were all around 700Pa. At mass fractions aboveriush stronger DSWas
observedas can be seen iRigure52 and Figure55, and wasaccompaniedy the ejection

of jammed granules from the gags showrin Figure56.
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Figure51 Shows how the resulting shear stress varies as the shear rate is increased for a variety of corn
starch in water suspension of varyirgMFE The gap distance used was §00.
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Figure52 Shows how the resulting viscosity varies as the shear rate is increased for a variety of corn starch in
water suspension of varyin@MF The gap distance used was §00.
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Figure52 uses the same data asfiigure51, except that it is plotted as viscosity versus the
applied shear ratelt shows that at lower mass fractions shear thinning was observed as

expectedfrom literature[31].

Figure53 showshow the normal stress varieas the shear rate was ramped upurihg and
after DST, dinges in normal stressed coincided very well with changes in the shear stress

as was the case witAMMAcolloidal dispersions.
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Figure53 Shows how the resultingiormal stressvaries as the shear rate iacreased for a variety of corn
starch in water suspension of varying mass fractidrhe gap distance used was 808.

Figure54 shows the sheaand normal stressesgersus theapplied shear rate for a cofn
starch n water suspension with solid masdraction of 0.57 The curvs in Figure54 and
Figure55 appear strange as they loop back on themselgas to intermittent jamming
causng the applied shear rate to rapidly decrease unexpectdtliig. easy to see that the
changes in the shear stress directly correlate to changes in the observed normal stress.
Figure55 shows the same data used kigure54 but expressed in terms of viscosity versus

shear rate.
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Figure54 Shows how the resulting shear streasid normal stresvaries as the applied sheaate is increased
for a corn starch in water suspension with a solid mass fraction of 0.57. The same sinaeebeen split into
two different parts to improve clarity, as the curve lgus back on itself at a roughlya®s® due to the DHR2
rheometer beingunable to apply the necessary stress to maintain and increase the shear rate.
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Figure55 Shows how the resultingiscosityvariesas the applied shear rate is increased for a corn starch in
water suspengn with a solid mass fraction of 0.57. The same cuhasbeen split into two diferent parts to

improve clarity.
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Figure56 Shows an example of stable famed granules that formed and ere ejected from the geometry
during DST ba sample of solid mass fraction of 0.57 at a shear rate of “afisresponding toFigure54 .

Figure56 shows the formation and ejection of stable jammed granules frbm gample

geometrywhen DST was occurring. Theganules remain jammed unless additional liquid

isadded tothem in which case they appetur revert to beingafluid.

Relationship between Shear anddimal Stresses

Figure57 and Figure58 show howthe values of then-phaseshear and normal stresses

recorded at each point in time during shear raexperiments on corstarch suspensions

compare to each other. Aswas the casewith colloidal dispersionsat high enough

concentration it can be seen that the shear and normal stressesapproximatelyrelated

by Equation87 for some constanfi.
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Figure 57 shows the recorded shear stress values againsthe recorded normal stressvalues during a
continuous shear ramp experiment on highly concentrated cestarch suspensionsThe shear rate was
varied from O.ZElOOOEl]. The Rvalues showhow well the data fits the associated trend line.
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Figure 58 shows the recorded shear stress values againsthe recorded normal stressvalues during a
continuous shear ramp experiment on cosstarch sispensionsThe shear rate was varied from 61000[s™.
Thegap distance used was 8. The Rvalues show how well the data fits the associated trend line.

Figure57 and Figure58 show that as thesolid mass fraction increasdbe in phase normal
and shear stress values generally become less well correldtdditionally the fitting
constant canbe generallyseen todecreasewith increasing concentratignrmeaning that

the normal stresses are increasing relative to shear stress

Figure59 shows the viscositgand normal stresses obtainaglith a corn starch suspension
of mass fraction of 0.48Both shear thinning and continuoushear thickening was
observed and the normal stress was always small and negative. The slesaestdid not
show any correlatiorwith the normal stresses as was observed at higher concentrations
where DST was observedhis highlights that there is naush correlation between the

shear and normal stresses at lower particle concentrations.
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Figure59 Shows how the resulting viscosity and normal stress varies as the applied shear rate is increased for
acorn starch in water suspension with a solid mass fraction of 0.#8e gap distance used was §0f.
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5.4 Discussion of Continuous Shear of Concentrated Suspensions Results

A number of authors have suggested that DST is closely relajacthtoing[10,13,15,198]
The experiments displayed section 5.2support this. The fact that permanently jammed
granules were formed during extreme DST, and that their formation corresponded with

large increases ihoth shear and normal stress, implies that all three are linked.
5.4.1 Effect of Particle ize and type on DST and Jamming

It was noticed that the peak stresses obtained during extreme DST before the sample gave
a thinning responsedue to sample ejectio, were much higher with dispersions of particles

of radius 384nm than particles with radius of 574nm and 524nm.

When DST was observed in dispersions of particles of 384nm in rHukugeak stresses
recorded were always greater than 15000Pa. Because DRHR2 rheometer was not
designed to apply shear stresses above 15500P, it would often have difficulty maintaining
the shear rate ramp and the shear rate would unexpectedly decrease as a result. When DST
was observed in dispersions of particles of 574nmaidius, the peak stresses recorded
varied from roughly 7000Pa atvolume fraction of (68 to 1500Pa aa volume fractionof

0.61. Similarly with dispersions of particles of 524nmaddius, the highest peak stress
recorded was roughly 8000Pa at volume fimgs of 0.58. This implies that samples
consisting of smaller partickeare capable of sustaining higher shesdresses before they

fracture.

This agrees well with thieory thatthe maximum value of the stresgaxobserved during
DST(in an open rheorater) scaleslinearlywith the maximum capillary force that the fluid
can exert on a particle during dilation, as this increasieearly with decreasing particle
size[10,13,198] As was mentioned in chapter it has been proposed that maximum value
of the confining capillary stress théimits _yaxin an open rheometeis given by the surface
tension divided by the particle diametét/d). In practise it has been found thafiax scales

with 0.11/d which agrees well with the values gfaxpresented in this chaptgi 3].

For example for the colloidal dispersions of PMMA particlesadius 574nm used in this
PhDQ 0.1/dF 2500Pa which is well within the order of magnitude of the valwds yax

experimentally obtained.
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The DST observed during the continu@lmear of corn starch suspensions differed from
that observed in the colloidal dispersions. At mass fractions ¢D(h8, DST was observed
without any obvious sample breakup, and although the samples shear thinned after the
DST region as shown kigure52, the resulting shear stresid not deceases shown in
Figure51 which was not the case for the colloidal dispersions. The reason the shear stress
continued to increaseslightly afterDST was because the sample was Io@ing ejected

from the gap as was the case with colloidal dispersions.

Within this range of mass fractions examined, the peak stresses obsetrtieel end of the
DST regime werapproximately 700Pa whictompares relatively well with values found in
and predicted from literaturg13,15,191] This again supports the idea thaixis inversely
proportional to the particle size of the suspensions due to the value of thetaining
capillary stressThe observedralue of_yax for cornstarchsuspensions of mass fractions
between 0.500.54, was roughly 10 times smaller than thosbserved with colloidal
dispersions of roughly 1 in diameter. As the colloidal PMMA patrticles wesaghly 10
times smaller than the corstarch particlegaverage diameter of around 14 micrgnghis
againsupportsthe theory that the value ofyaxis inversely proportional to the particle size
of the suspendegbarticles[10,13,198]

Additionally as the concentration of starch suspensidmsreasedbeyond solid mass
fractions above around 0.54, the peak shiegrand normal stresses observed during DST
increased dramatically ahown inFigure51 and Figure53. As the solid volume fracin of
colloidal dispersions wasncreased, the peak shearing and normatesses stayed
approximately constant except at very high solid volume fractions where it decreased

slightly due to premature break up and escape of the sample.

During the continuous shear ramp experiments involving corn starch in water suspensions
with mass fractions of 0.57, the normal stress valobserved exceeded0000Pa and were

far beyond those observed during the continuous shear ramp experiments of any of the
colloidal dispersions that were examined. The shear stress values during DST were also so
high that the shear rate decreased rapitiigcause theeheometer could nbapply enough

force to even maintain its current shear rate until large jammed granules had been ejected

from the gap.
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For cornstarch in water suspensions of mass fractions of @bé above, the shear and
normalstresseobserved were also far beyond values recorded or expected from literature
which are of the order of 1000H&3,15] The cause for these unexpectedly high values of
the normal and sheartesses ipossiblyrelated to the formation of the jammed granules
that were seen ejecting from the geometry gap. Given that individual-starch particles

are relatively incompressibld 3], it islikely that force chainsould sustan normal stresses

of the order of 40000Pa and that very high shear forces would be required to move large

jammed granules past each other.

A possiblaeason for corrstarch samples of mass fraction of 0.56 and ak&lvewing such
extreme DST and jammingltwaviour compared ta@orn-starch suspensions of lower mass
fractions as well as highly concentrated PMMA suspensionthasefore the onset of

granulation.

5.4.2 Relationship between Normal and Shear Stresses during DST

As was mentioned ichapter 1 Lodens carried out experimentsusing a cone and plate
geometryoperating at a fixed shear raten concentrated suspensions rough colloidal
silica particleof 1 um in diameter. Heshowedthat large correlated fluctuations iboth
the shear and normal stesesoccurredfrequently [88]. Lootens observed that at volume
fractionsbelow a threshold valuahe large normal stresBuctuations thatwere in phase
with shear stress fluctuationsvere negative, but that atigher . 5 the normal stress

fluctuations werepositive.

This agrees well with the results presented in section 5.2 involvingppécationof shear
ramps ona variety of colloidal dispersions. In these experiments the large normal stress
fluctuations that were in phase with large positive shear stress fluctuations during DST,
were generallynegative at volume fractions below around 0.59 and positive at higher

volume fractions.

Using confocal microscopy, Lootens observed that the large positive normal stresses
fluctuations were causedy the dilation of force chains made up aflusters of colloidal
particles [88]. He suggested that theeason for the large negative normal stresses he

observed at lower solid volume fractionsgo be due to flowanisotropy such as the
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formation of ordered layer§s4,197] Thisis knownto causesmall negative normal stresses

during the sheabof suspensions at low shear ratetere DST is not occurrifigl].

Lootens also showed at higtoncentrations (where the normal stress fluctuations were
always positivethe magnitude of the shear stress fluctuations appeared to be a linear
function of corresponding positive normatress values that wereecorded & the same

instant[54].

Similar large increases in the normal stresses in the DST regime during shear ramp
experimentson density matchedcorn-starch suspensionsave been reportedy Fall[15],

andby Chag and ceworkers but usingolloidal dispersion of particlesf roughly 300nm

in diameter [114]. Both sets of authors usegarallel plate geometries In these
experiments however, the large fluctuations in the normal stress coinciding with DST were
always positive, as was the case with thejority of resultson cornstarch suspensions

shown in section 5.3

Fall showed thatduring a shear seep experiment ona cornstarch suspension with a
volume fraction 0.44the shear stress was related the normal stress by théollowing

equationwhere py,=0.62
Tehear = Wk Onormal

This corresponds well tieesultsexpaiments presented isection5.2,

In section 5.2 it is showthat a similarrelation can be used to describe thelationship
between the shear and normal stresses fextremely concentrated PMMA colloidal
dispersions duringhear ramp experimentisut that the relationship breaks dowmt lower

solid voluméfractions.

We also show that as the particle concentration increases, the valupk @enerally
decreasesmeaning that the normal stresses correspondin@tgivenshear stressncrease
with concentraton. We also show that as theoncentration isincreased, generallyhe
magnitudes othe normaland shear stresses become increasirggyrelated This implies
that the shear thickening at these high volunfeactionsis likely due to direct frictional
contact between the particld45]. If particles are closely packed then dilation has to occur
in order for the sspension to flow, this resuli® the applied sheaforces causing normal

stresses.
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5.5 Large Amplitude OscillatoryShear (LAOS)of Concentrated Colloidal

Dispersions

In this subsection the displayed results correspond to the application of LAOS on a variety

of stericallystabilisedcolloidal PMMA dispersiorthat were dispersedn a refractive index

matched solution of dcalin and ¢tralin. LAOS is discussed in chapter 1.
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viscosity varies with the angular frequegcof oscillation applied to a colloidal disperiowith a solid volume
fraction of 0.56. The dispersion consistedf PMMA particles of 574nm in radiusThe shear strain% every
cycle was 200% which corresponds to a maximum angular displacement of 0.1 madiha gap distance used

was 1@0um.

Figure60 shows that the colloidal dispersion with a solid volume fraction of 0.56 displays

strong viscoelasticity in response to LAOS and that the modulus of the complesityisco

canshow oscillatonDST during LAOSatgular frequencies beyond around 20rad/s.
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Figure61 Shows how the elastic and viscous moduli of a colloidal disperion of PMMA particdees as the
peak strain% is increase@he angular frequency of the applied odtatory strain was fixed at 20 rad/s.The

solid volume fraction was 0.58nd the particle radius was 574nm.
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Figure61 shows that when the dispersion undergoes oscillatory slsé@in at 20rad/s and

at peak strains above around 2%, the response of the dispersion is out with the linear
viscoelastic regm& KSNSX DQ 'y R DQQ I NBB258[5it ik theBcfore NP dz3 K
safe to refer to such oscillatorffows at higher peak straings being LAOS rather than

SAOCS.

Figure62 and Figure63 showhow the modulus of theomplexviscosityarieswith angular
frequencyduring the LAOSf a variety ofvolume fractions of PMM#Aolloidal dispersions

at a fixed shear strain of 200%he angular frequecy was increased from 0400 rad/s
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Figure62 Shows how the modulus of the complex viscosity varies with the angular frequency of oscillation
applied to colloidal disperions of PMMA particles of 574nm in radilifie shear strain% every cycle was 200%
which corresponds to a ndmum angular displacement of 0.1 radians.
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Figure63 Shows how the modulus of the complex viscosity varies with the angular frequency of oscillation
applied to colloidal disperions of PMMA particles 884nm in radiusThe shear strain% every cycle was 200%
which corresponds to a maximum angr displacement of 0.1 radians.
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It is important to note that some authors prefer to plot the complex viscosity and viscous
and elastic moduli against a variableledlthe dynamic shear rate which is simply given by
the peak strain multiplied by the angular velocity Higure62 and Figure63, it is simple to
convert the xaxis fromshowing angular frequency of oscillation to showing the dynamic
shear rateby simplymultiplying the xaxis values by a factor of 2, this is because the strain

every cycle is fixed at(200 strain%)

Both Figure62 and Figure63 show that at solid volume fractions above and around 0.58, it
was common fosamplesto display sharp decreases in the complex viscosity directly after
oscillatory DST. This was observed to beseduby the sample partially ejecting from the

geometry as shown iRigure64.

Figure64 Shows a picture of a sample of a colloidal disperions of PMMA particles of 384nm in radius with a
volume fraction of 0.59, after it had undergone LAOS.

Figure 64 shows an examplepicture of a ample of a colloidal dispersiowith a solid
volume fraction of 0.59, after it had undergone LAQiScan be seen thamuch of the
sample from the centre of the gap has escaped and that some of the dispersion on the

outer rim has formed a stable jammed structure.

Figure65 shows that as the solid volume fraction of the dispersimtseased the angular
frequency at whicloscillatory DSegan decreasegharplyfor both sets of dispersions.
Figure66 shows a plot of the complex viscosity at the onset of oscillatory e&ls the
solid volune fraction It shows that the critial complex viscosity increases shanpith the

solid volume fraction.
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Figure 65 shows a plot of the critical angular frequency observed at which the onset of oscillaD&T is
observed vsthe solid volumefraction during frequency sweeps at a fixed peak strain of 200%.
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Figure66 shows a plot of the critical complex viscosity observed at the onset of oscillatory &SWolume
fraction during frequency sweeps at a fixed peak strain of 200%.
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5.6 Large Amplitude Oscillatory Shear of Concentrated Corn Starch
Suspensions

In this subsectiojresultscorrespondingo the application of LAOS on corn starch in water
suspensions of solichassfractions between 0.48.57are displayedThe gap distance used

for all such experiments was fixed at §00. The peak strain was fixed at 200% every cycle.
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Figure67 Shows how the modulus fathe complex viscosity of corstarchin water suspension varies with the
angular frequency of oscillationThe shear strain% every cycle was 200% which corresponds to a maximum
angular displacement of 0.1 radians.

Figure67 shows that as the solid mnsa fraction of the corn starch in water suspensions
increases, oscillatory discontinuous shear thickening occurs at lower shearing frequencies.
It also shows that the peak complex viscosity generally increases with the solid mass

fraction as does the iri@l complex viscosity.

Figure68 shows that as thedid mass fraction of the corstarch in water suspensions
increases, the critical angular veloaigquiredto cause the onsebscillatory DST decreases
sharply Figure 69 shows that as the ddid mass fraction of the corstarch in water
suspensions, the critical complex viscosity at the onset of oscillatory DST increases

exponentially.
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Figure68 shows a plot of the critical angular frequency observed at which the onset of oscillatory DST is
observed vs. the solid mass fraction during frequency sweeps at a fixed peak strain of 200%.
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Figure69 Shows a plot of the critical complex viscosity observed at the onset of oscillatory DST vs volume
fraction during frequency sweeps at a fixed peak strain of 200%.

ComparingFigure 68 and Figure 69 with Figure 65 and Figure 66 shows similar trends

betweenLAOS of colloidal dispersioasd cornstarch suspensions
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5.7 Discussion of LAOS of Concentrated Suspensions Results

Comparing-igure62, Figure63 and Figure67, aclear trendis shownthat oscillatory DST of

the colloidal and granular suspensions used in this thesis becomes more severecans!

at lower angular frequencies of oscillation as the volume fraction increases. This agrees
well with the continuous shear experiments carriaat on the same particle suspensioins

section 5.2

Additionally it was observeduring the LAOSfaconcentratedcolloidal dispersions that
permanent jamming and sample ejectionccurred just as it did in continuous shear
experiments. This impliethat DST jamming andsample yielding/fracturecan occurin

oscillatoryflowsin a similar way as they do in continuous shear flows

Comparingrigure42,Figure65 and Figure68, it is shownthat just as the critical shear rate

for DST in amtinuous shear flows decreases sharply with volume fraction,daas the
critical angular frequencyfor oscillatory DST of concentrated suspensionshtiuld be
noted that Fall reported a linear decrease in the critical shear rate at which shear
thickening occurred with increasing volume fraction , however those critical shear rates

referred to the onset of CST not Di3@5].

The vast majority ofexperimentsinvolving theoscillatory shear of particle suspensions
presented in the literatureinvolve the application ofstrain or stresssweeps at fixed
frequencies obscillation rather thanthe applicationof frequencysweeps at aixed strain
as was done in this PhDThe resultspresented in literaturecompare well with those
presented in this chapter despit@ significantnumber of experimentaldifferences

[103,114]

Oscillatoryexperimentswere carried out by Lee and Wagnen colloidal dispersions of
mono-dispersesilicaparticleswith radii of 223+ém dispersed in both aqueous solution
and ethylene glycolt volume fractions of 0.55 and O[603]. In their experiments they
appliedboth oscillatoy strain and stress sweeps at fixed angular frequencies in the range
of 0.1-10 rad/s.They showed dramatic increases in viscous dissipation during oscillatory
shear thickening Wich they attributed to the jamming of hydrocluster3hey also showed

that a aitical average stress was required in order for shear thicketarize observed that

decreased with the frequency of oscillatiofhe peak complex viscosities observed during
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DST by Lee and Wagner were much higher than those observed in this PhD seth afl
particles.This is likely due to the size of the silica particles used by Lee and Wagner being
considerably smallerallowing them to sustain higher stresses without the suspensions

fracturing[103].

Xu and ceworkerscarried outoscillatory strainsweeps &periments usinga paralleldisk
geometryon granular suspensionsf ZrQ particles of D0> Yin radius suspendedn a
variety of standard oils of differing viscosjti12]. They used a solid volume fraction of
approximately 0.54Their results compare well with thescillatory sheaexperimentson
corn starch suspensions presented Figure 67. Their experiments showedhat as the
viscosity ofthe suspendingnedium increaseshe transition into oscillatory DST becomes
less distinc112]. The peak complex viscosities obtainegl Xu and cavorkerscompare
well to the peak valueshserved during the LAOS of costarch in water suspensions
during this PhD that can be extracted fréfigure67.

Raghavan and Khararried out LAOS experiments on dilute suspensafnson-stabilised
fumed silica particles of mass fractions of between-B0%at large peak strains of 750%
[105]. The particles were roughly spherical and roughly 14 microngdidmeter which
compares well to constarch suspensionsTheir experiments showed that severity of
oscillatory shear thickening increased with particle concentration as is shown in this
chapter. However,their experiments also showed thé#te critical frequencyfor oscillatory
shear thickening appearedrelatively independent of the particle concentration.
Additionally despite the low concentration of the suspensions u#eslrecorded complex
viscositieswere high compared a those observed during the LAGS corn-starch

suspensions in this thesis.

Chang and cwvorkers carried out both steady and oscillatory shear experiments using
paralleldisk geanetry on colloidaldispersions afixed volume fraction of 0.58114]. The
dispersions consistedf polydisperse(irregularly shaped)olystyrene particles with an
averagediameterof 300nm dispersd in ethylene glycoln their experiments theycarried

out steady shear and oscillatosyrain sweeps at a range of fixed frequenciessfillation,

using a range of different gap distances. The largest gap distance they used was 800
microns andat thisgap distancéoth the steady and oscillatory shear experimental results
compare well to results presented in this chapt@rong oscillatory DST was observed at

similar conditionsThey ado showed that as the frequenayf oscillation increasedower
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peak shearstrains were requiredo cause oscillatory DSIL.is interesting to note that the
peak complexviscositiesreported were higher thanthose presentedn this thesis. This
againcould be related in some way to the fact that the particles used werestabilsed

and were irregularly shapecdas well as being considerably smeathan those usedn this

PhD This would likely mean the maximum containing capillary stress would be much
larger, allowing the sample to sustain higher stresses before friagiland ejectingrom

the rheometer.

5.8 Summary of Parallel Plate Rheometry Results

As long as the concentration of colloidal dispersions of PMMA particles and suspensions of
corn starch suspensions were high enough, then discontinuous shear thickemisng
observal at high enough applied shear stresskging continuous sheaas expectedAs

the solid volume fraction of both colloidal PMMA dispersions and granularessgms of

corn starch increaseghen DST occurred at lower applied shear raaesexgcted This

proves that these systems display DST and that these systems are expected to show DST
during oscillatory squeeze film flow experiments as long as the applied stresses and the
system concentrations are high enoudhalso implies that these dgsns are expected to

show DST effects at lower squeezing frequencies as the particle concentration increases.

DST would often be accompanied by effects such as sharkskin, fracture and partial ejection
of the sample from the geometry. Often at extremelgHiconcentrations permanently
jammed granules would eject from the geometry ga@this implies that if DST occurs during

oscillatory squeeze film flow then similar effects may occur.

It was observed that as the size of the colloidal parsiglghin the dispersion decreased,
the peak shear stress obtained during DST tended to incre@bies compares will
predictions made by Cates and Brown as discussed in chapbet the maximum stress
jammed particle suspensions can sustain before fractiseproportioral the confining

stresses on the system

It was generally the case that when DST occurred during the continuous shear of colloidal

dispersions, the peak stress encountered before sample break up was approximately
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constant regardless of the volume fraxtias long as the solid volunfiction wasbelow

around 0.61This implies that similar behaviour may dleservedduring OSFF experiments.

The onset of DST coincided with large fluctuations in the normal stresses that could be
positive or negative depenayg on the solid volume fraction of the colloidal dispersion.

It was generally the case that when DST occurred during the continuous shear of corn
starch suspensions, the peak stress encountered befareple ejectiorincreased with the

solid mass fractio of the suspensionAt high enough mass fractignintermittent jamming

of the cornstarch suspensions temporarilgrought the rheometei@ motor to a halt.
Intermittent jamming also unexpectedly sledthe rheomete@ motor during the shear of

colloidaldispersions.

Fluctuations in the normal stresses were generally in phase with fluctuations in the shear
stresses during DSWwhich agrees well with results observed by Fall and Lootens as
discussed in chapter 1.At extremely high particle concentrationshere the RCP is
approached, the shear stresses and normal stresses observed during shear become
increasingly related by a linear functioAs the particle concentration increases, the
strength of thein phasenormal stressegenerallyincreaseal relative tothe shear stresses
during DST These observations support the idea that direct frictional interactions between

particles andlilation are important in understanding DST

During the large amplitude oscillatory shear of colloidal dispersions of PMMAlparéind
of corn starch suspensions, oscillatory DST was observed at high enough angular
frequencies of oscillationThis also implies that these systems are expected to show DST

during OSF&t high enough squeezing frequencies and peak squeezing stresses

As the solid volume fraction of both colloidal PMMA dispersions and granular suspensions
of corn starch increasedhen the critical frequency at whicbscillatoyy DST occurred
decreasedsharplywhile the magnitude of the complex viscosity at the onsébscillatory
DST increased sharplyhis also implies that these systems are expected to show DST

effects at lower squeezing frequencies as the particle concentration increases.
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During the LAOS of colloidal dispersions of PMMA particles of high enolighvelume
fraction, it was observed that they could give a shear thinning response after oscillatory
DST due to the sample partially ejecting from the geometry. Sections of the sample were
also observed to form stable jammed structuicigring LAOSIt wasshown that there are

a number of similarities between thBST ofsuspensionsni both continuous shear and
LAOSexperiments.This implies that it is possible for jammed structures to be formed

during OSFF.
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Chapter 6 Results and Discussion of the Squeeze Film Flow of
Concentrated Suspensions

6.1 Chapter Summary

In this chapter, it is shown that when concentrated enowgiioidal dispersions and corn
starch suspensions were subjected to oscillatory squeeze film flosi®g the
eledromechanical squeeze cellithey can show unusual nddewtonian responses
consistent with jamming. When a Newtonian fluid like glycerol or viscoelastic
polyacrylamide solutions were subjected to the same oscillatory squeeze flows, no unusual
responses wer@bserved. At high enough peak stresses and squeezing frequencies, it was
observed that the local flow field of colloidal dispersions became distorted.
Macroscopically the sample shape of concentrated enough colloidal dispeiesia corn
starch dropletswas observed to become continuously more distorted while subjected to
such oscillatory squeeze film flows. These results are discussed in the context of the
surrounding literature. Potentiateasonsfor the cause of the observed flow field and

sample shagp distortions are also put forward.
6.2 Oscillatory Squeeze Film Flow (OSFF) of Glycerol

Before applying OSFF to concentrated dispersions of collsithg the electromechanical
squeeze cell described in section 4if2is important to have a clear view what happens

when OSFF is applied to a Newtonian fluid in the same apparatus. As concentrated
suspensions are highly viscous, it makes sense to use a viscous Newtonian liquid such as

glycerol (which is roughly 1000 times more viscous than water) for acsgn

Being Newtonian, glycerol is not expected to show unusual behaviour as the rate of
deformation or the peak squeezing force changes. Therefore it was important that when
applying OSFF to glycerol that the expected results were observed, or it wolibcte
faults with the apparatus. For Newtonian fluids,a given position within a sample, the
oscillating flow field should nathange from one cycle to the next over time. The overall
shapeof the flow field also should nacharge as the rate ofleformation or the applied
stress changes. This is what was observed as showkigure 70A and Figure 70B.

Suspended melamine tracer particles within samples of glycerol bsiugezed and
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stretched traced out the same straight path lines back and f@ritthe horizontal plane)

every squeezing cycle without deviating.
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Figure70 A) (left) Shows a minimum intesity plot of a glycerol samplesqueezedat a frequency of 10.05Hz
with a peak stess ofround 600Pa.The gap distance was 1000 microns. The intensity plot was taken over 0.4
Seconds. B) (right) as for (Aut at a frequency of 5BHzwith a peak stress of around 106G.

As the peak squeezinfprce was increased, the distance the tracer particles were
translated each cycle increased as expected as is illustrategjime70B. Additionally, no
memory effectsare observed such that the history of the spha has no effect on its

response to the applied squeezing.

Macroscopically the sample shape is seerrdmain constantover time as it was being

subjectedto drivingoscillatory squeeze film flow as shownFigure71.

Edge of Sample Metal Frame Viewing Area

Figure71A) $ows the initial shape of a sample of glycerol beéoany oscillatory squeezing haaken applied.
Figure 71B) $iows the shape of the same sample of glycerol as showrFigure 71A after an oscillatory
squeeze film flow of 50Hz with a peak stressasbund 1000Pahad been applied for 4 minutes.
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Figure72 confirms that the glycerol sameused responded in a Newtonian manner as
expectedin responseto a continuous shearamp (using the DHR2 strain controlled

rheometer described in chapter Hsthe viscosity essentially remainednstant.

Viscosity[Pa.s]

0.1 T . .

1 10 100 1000
Shear Rate [1/s]

Figure 72 Shows the viscositys. shear rate curve of a sample of pure glycerol for comparison with
concentrated particle suspensionsThe temperature of the sample was controlled at 20 degrees Celsius.
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6.3 OSFF and Shear Flow of Potyglamide in Water Solutions

In order to check that the slight viscoelasticity that particle suspensions possess was not a
potential cause of any unusual behaviour observed during the oscillatory squeeze film flow
squeezing of particulate systems, mbtly viscoelastic viscous substance was subjected to
the sameOSFF

Polyacrylamide (PAM) solutions are commonly used as standard viscoelastic materials in
experiments. PAM solutions of varying molecular weight and concentration have been
extensively examined in literature using standard rheometers, showingslight shear
thinning, shear thickening, and hysteresis in addition to viscoelasticity. These solutions
have the added bonus of bej transparent which means tHow field can be examined by

dispersig tracer particles into the solutigi99,200]

Solutions of PAM in water were squeezed over a wide range of frequencies. Even above 70
Hz with pak squeezing forces above 1B@0no unusual behaviour (such as flow field
distortion and sample shape change) was seereither concentrated ordilute PAM
solutions. Under squeezing tracer particles dispersed in the solution follow straight path
lines back and forth thatlo not change over time as is shown kigure73A) andFigure

73B).

Figure 73A) (left) Minimum intensity plot obtained during squeezing of 50% PAM by weighverage
molecular weight of the polymer was 10000he peak applied stress vgd 000Paat a frequency of 50Hz. The
gap distanceusedwas 1000 micronsThe intensity plot was taken over 0.4 Secondd (right) as for A) but
using a25% PAM by weight solution
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Figure74 Shows viscosity vs shear rate curves of 50% by weight PAM in water solutions. The gueex ¢
which corresponds to the shear rate continuously increasing with time differs from the other curves
corresponding to flow sweeps, where the viscosity was analysed at only a few set shear rates but over a
longer time period to ensure the samples hadached equilibrium at a given shear rate.

Figure 74 shows the PAM solution has a viscosity similar to that of glycerol and is
potentially capable of showing both slight shear thinning and shear thickening beihavio
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Figure 75 Shows the response of 50% by weight PAM in water solutions undergoing oscillatory shear flow
within parallel plate geometry with a peak shear strain of 2(200%), which corresponds to ammaxi angular
displacement of 0.Tadians.

Figure75 showthat this PAM solution displayed some viscoelasticity at high frequencies of
oscillation.
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6.4 Squeezing of Concentrated Colloidal Dispersions Results

In these experiments, concentrated dispersions of solid PMMA particles dispersed in a
refractive index matched mixture of mixed decalin and tetralin were subjected to
oscillatory squeeze flow. Because the PMMA particles have the same refractive index as
the medium in which they are dispersed, thaye completely transparentin order tosee

how the dispersion responds OSFF, melamine tracer particles were added that were not

refractive index matched to the dispersing medium.

The methodology of these experents was tosystematically varshe peak applied stress
and squeezing frequency applied to colloidal dispersions of a given solid volume fraction.
The motion of the tracer péicles under the microscope wascorded to map out the flow

field identifyingresponses that diverged from an expected Newtonian response.

6.4.1 Local Flow field Distortions in Concentrated Colloidal Dispersions

At high enough solid volume fractions, as the applied squeezing frequencies and/or peak
squeezing stresses were increaselde local flow field was observed to change from a
standard Newtonian like response with straight path lines as shdvigmre76A to a locally

distorted field as shown irFigure76B.

A) B

4 . M

Figure76A) (left) S rows a minimum intensity plot of a sample of a PMMA dispersion of volume fraction of
0.61 being squeezed at a frequency of 10Hz with a peak farfcaround 600Pa B) Right) as for (A) but at a
frequency of 30Hz. As the squeezing frequency increased while keeping the peak squeezing force constant,
the local flow field was observed to chang&he radius of the dispersed particles was S74ém.

The observed flow field digttion usually appeared to be cyclic in that tracer particles
follow a similar distorted path over each cycle as is showFignre76B. This is true over a

time period of a few seconds as long as the gienshapedoes na change too rapidly.
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The observed flow field distortiorese reversible. By reducing the peak stress or squeezing
frequency during oscillatory squeeze film flow, the flow fielgverts to a normal

Newtonian response. This is illustrated-igure77.

Figure77A shows a minimum intensity plot of a colloidal dispersion 80.62 squeezed at

a frequency of 30.2Hz with a peak force6@DPa.The tracer particles trace out rectangular

like paths each cycl&igure77B showsthe same samplas shown inFigure77Aand at the

same position in the sample after the applied squeezing frequency had been lowered to 9.9

Hz whilekeeping the peak squeezing stress constant.

A) B)

Figure77A) (left) Srows a minimum intasity plot of a sample of a PMMA dispersion of volume fraction of
0.62 sample being squeezed at a frequency of 30.2Hz with a peak foré®@PaThe gap distance used was
1mm.B)(right) as for (A) but with a peakjgeezing/stretching stress of 6% and queezing frequency of
9.91Hz.Both images were taken from the same experimerithe radius of the dispersed particles was
5744nm.
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6.4.2 Local Variation of Flow eld Distortion with Position

It was commonly observed that the shape of flow fieldtortions observedin a given
region of a samplavas not the same as flow field distortions observed in otrsémilar
regionsnear a different edge of the samplin fact it was common for some regionshe
heavily distorted and showlear bulk movementvhile other regions of a sample showed
little in the way of distortion or bulk sample movement. This is illustrateigure78 and

Figure79.

A) B)

-

O

]

Figure78A) shows a region of a sample of a colloidal dispersion of volume fraction 0.62 of PMMA particles of
574nm in radius. An oscillatory squeeze with a frequency of 20 Hz and a peak stfté&¥®awas applied. No
unusual behaviour was observed heres @an be seen by the straight path lindsigure78B) shows a different
region on the other side of the sameolloidal dispersionas in A) Unusual behaviour was observed here as
can be seen by the distorted patlnkes.
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Figure79A) shows a region of a sample of a colloidal dispersion of volume fraction 0.6 consisting of PMMA
particles of 384nm in radius. An oscillatory squeeze with a frequency of 50 Hz and a peak stré89@fa

was appied. Strong flow field distortion was observed he as can be seen by the rectangulpath lines.
Figure 79B) shows a different region of the same sample as in A). The shape of the flow field distortion
differed in this position
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6.4.3 Variatons in Flow Field Distortionsbetween Repeated Experiments

When an applied oscillatory squeeze flow brings about flow field distortion and the dpplie
squeeze is ceased and thenapplied, it wascommon that the shape of thflow field
distortion observedn the same region of the sample would changigure80A and Figure
80B showhow the observed flow field distortions in the same samplgisa at the same

OSFF conditions can change by ceafgin@ minuteand then reapplying OSFF.

A) B)

Figure80A) shows a minimum intensity plot of a sample of a PMMA dispersion of volume fraction of 0.62
being squeezed at a frequenaf 20.87Hz with a peak stress of 6B@.B) shows a minimum intensity plot of
the same samplafter cessation of squeezing for 1 minute followed by squeezing at the same frequency and
stress.
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6.4.4 Particle Migration and Sample Shape Change of|Gidlal
Dispersions

When the flow field becomes distorted, tracer partickzmbe seen to migrate locally over
time as the macroscopic sample shape changeure81 shows an example of such bulk

movement over a period of 2 seds.

Figure81 shows two images superimposed on each other from a sample of solid volume
fraction of 0.62. One image was taken at the beginning of a 2 second interval over which an
applied a peak oscillatory stress of 1000Pa wpglied at a frequency of 50.4Hz. Th¥ 2
image superimposethto Figure81wastaken at the end of the same 2 second interval. The
initial and final position of tracer particles over a period of 2 seconds can be seen. In order
to cancel out any differences in position due to the oscillatory flow without bulk

movement, the pictures were taken at the same point in the squeezing cycle.

Figure81 Movementof tracer particles over a period of 2 secondsring OSFFThe blue arrows show how
particles positions havehanged as the sample deformed.

Figure82A shows the initial shape of a sample of volume fraction 0.615 Eigdre82B
shows the sample shape after an oscillatoryiesege flow of 40Hz with a peak stresfs
1000P&had been applied for a period of 1 minuteigure82B shows that the sample shape
became significantly distortedue to the application of OSFF.
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Figure82A) Initial shape of colloidal dispersion with a volume fraction of 0.615 before any squeezing had
been applied.B) $iape of same sample ifFigure82 after a period of 1 minute at a squeezing frequency of 40
Hz and a peak squeezing stress of 1B@0

Figure83A shows the initial shape of a sample of volume fraction 0.605ignuate83B the
sample later after an oscillatory squeeze flow of 30Hz witlpeak squeezing stress of
700Pahad been applied for 1 minuté:igure83C shows the sample shape after the same

sampleis allowedto rest without squeeze flow for a period of 14 minutes.

Figure 83A) Initial shape of colloidal dispersion with a volume fraction of 0.605 before any squeezing had
been applied. BShapeof same sample ifFigure83A) after a period of 1 minute at a squeezing frequency of
30 Hz and a peak squeezing stress of P&0C) Showsthe shape of same sample iRigure83B) after a period

of 14 minutes whee no squeezing had been applied sinegure83B) wastaken.

Figure83C shows that he sample shape distortion fadesvay over time afteccessation
OSFFresulting in a derease in the surface area due to surface tensiBromFigure83, it
can also been seen th@SFF causéie fluid sample tanove. It was commonly observed
that the overall position of the samples could move across the plataridom directions

as sample shape distortion was occurring.
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To summarise, so far in this section it has been shown that when concentrated dispersions
of PMMA are subjected t®SFF at high enough frequencies and peak squeezing and
stretching stresses perycle, reversible local flow field distortion and macroscopic sample

shape distortion are observed.
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6.5.1 Squeezing of Concentrated CotBtarch Suspension Experiments

In this section, examples of the shape change of corn starch ssigpes of varying solid
mass fractions during the oscillatory squeeze film flow of corn starch suspensions are
shown. It wasnot possible to examine the local flow field of cestarch suspensions using

a microscope because they are not transparent.

The peak applied oscillatory squeezing/stretching stresses at fixed frequencies at 40Hz
and 50 Hz required to bring about deformation of a given samples shape are also
summarised. Suspensions of catarch in water of various mass fractions were squeezed

at fixed frequencies of 40Hz and 50 Hz while varying the peak squeezing stress in the range
of around 6M-1000 Pa. The strategy of these experiments was tong macroscopic
videos of corrstarch samples and note down whether the sample shape was chamging i

response to the applied oscillatory squeeze film flow.

Initially the shaps of the cornstarch amples were roughly circular fillindpe gap asa

Newtonian fluid would as shown iRigure 84A. Figure 84B shows how the shape of a
sample of a corn starch in water suspension of Och@ngesafter 4 minutes of an
oscillatory squeezat 50Hz and pak stress of 100®a Figure84C shows he same sample

shown inFigure84A after 6 minutes of applied OSFF.

Figure84A) A corn starch in water sample with a mass fraction of 0.B@fore squeezingThe gap distance
between the top and bottom plate was 1000 micronB) Taken after 4 minutes of squeezinipe same sample
at 50Hz with a peak squeezing stress of 1B@0Note the formation of bridges that appear to hold sections of
the sample together a common observation Q Sampleafter 6 minutes of squeezing
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Figure84 shows that the sample shapef the cornstarch in water suspensiochanges
significantly over time. Notehe presence obubbles inFigure84Cbut not in the previous
photos. Itiscommon that as the sample shape deforms, areas of the sample open up and
close on themselves trapping air. The observed air pockets often appeared to shrink or
collapse while mieing a surprisingly loud squeaking noise which will be discussed later. It
was also common for bubbles to escapeto combine with other bubbles as the sample

shape deformed.

Figure85A shows theshapeof a cornstarch in water suspension ahass fraction0.55
before any OSFF had been appliEdyure85B shows howthe samesample hadleformed
after 6 minutesof oscillatorysqueeze film flow abOHz with a peak squeezing/stching
stress of 1000 PaSmilar deformationto the more concentrated previous examples
shown Qualitatively the distortion of this sample was not as extremeatabigher mass
fractions and when squeezing was ceased, the distortions in shape werenatidi more

quickly.

Figure85A) A corn starch in water sample with a mass fraction of 0.5®fore squeezingThe gap distance
between the top and bottom plate was 1000 microns. Bamesample with a mas fraction of 0.55taken
after 6 minutes of squeezing at 50Hz and a peakisezing stress of 1000P&)1 minute after cessation of
squeezing
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6.5.2 Bubble Formation and Escape in Coi@tarch Suspensions

In this section théehaviourof bubblestrappedwithin corn-starch suspensions undergoing
OSFF is further disaed. During OSFF of catarch suspensions, trappdalibblesoften

tend to steadily shrink or collapse on themselves while making a loud squeaking sound.
Figure86A shows a sample of cosstarch subjected to OSFF with a peak squeegiress

of 1000Pa&at 50 Hz for a period of 3 minutdsigure86B) shows the same sample 2 seconds
later, note the formation of thebubble highlighted in blue due to surfaces of the

suspension merging and causing air to be trapped.

Figure 86C shows that the bubble highlighted in blue has vanished 4 seconds after it
formed. Studying the disappeance frame by frame it was observed that the bbbl
randomly and suddenly shramk collapsed in on itself while making a loud squeaking noise

rather than escaping from a rupture in the side of the suspen@tayure86D).

Figure86A) A corn starch in water sample with a mass fraction of 0.59. The gap distance between the top and
bottom plate is 1000 micronsAfter 3 minutes of squeezingt50Hzand a peak squeezing stress of 1000Bj.
After 3 minutes and 2 seconds of squeezimynother bubble was created over this 2 second time period and
is highlighted in blue C)After 3 minutes and 6 seconds of squeezing. Note that the bubble highlighted in blue
in Figure86B hascollapsed while making a high pitched squeaking noif¥ After 3 minutes and 27 seconds

of squeezing. The bubble highlighted in red Figure86C can be seen to escape here through the suraof

the suspension. Note the bubble highlighted in green formed after the bubble highlighted in blue had
collapsed inFigure86B.
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Thisshrinking/collapsing behaviour of trapped bubblgas commonly obseed during the
squeezing of corstarch suspensions but has not been observed during the squeezing of
colloidal dispersion&A possibleeasonis that dilation causegreater surface roughening in

the corn starch suspensions due ttoee largerparticle size[13]. This means that dilation
could cause greater gaps between the sample and the top or bottom boundaries,

potentially allowing trapped air to escape when a suitable pattobezsavailable.

Other potential causes foht bubble disappearance could be related to cavitation as this is
known to occur during OSHE01-203]. In industrial applications, cavitation is known to
cause loud sounds as bubbles collapse and split up intdlentzubbles however the
formation of smaller bubbles was not observed in experiments carried out in this thesis.
Additionally the bubbles are often stable over periods of the ordelens of seconds and
over hundreds of squeezing cycles, and so it isleancwhy bubbles would suddenly

undergo cavitation.

Esmonde and cworkers studied the cavitation of Newtonian fluids during oscillatory
squeeze flow159]. They showed that the conditions for cavitation to be avoid@dOSFF

can be summased by Equation 88, where Pysmospreric iS the atmospheric pressure,
Fiansits 1S the maximumforce during the stretching phaser squeezing phasef the

oscillatory flow and the contact area is the area ofrtact between the fluid and the

plates.

Fra naile
0.5
Pytmospheric * Contact_Area

Equation88
Substituting in themaximum force applied by the electromechanical squeezearellthe

minimum contact areaof the ESC with the fluid intBquation88, it can be shown that

cavitation is unlikely as shown below:

1.2[N]
— — — = 0.015
1.01325 x 10°[N/m?] x 8 x 10~*[m?]

It should be noted however that if dilation occurs, it is possible that this coulcbdee the
effective contact area due to particles poking out of the surface. This toeitdfore result

in higher stresses being exerted near bubbles that could cause cavitation.
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Yet another cause of such an effect could be the dissolving of the entire air bubbles into the
suspending liquid but this requires extremely high pressures faormeyny that could be

supplied by the apparatus.
6.5.3 Summary of Qualitative Observations

i Fora PMMA colloidal dispersiorat a high enough solid volume fraction, at high
enough peak squeezing frequencies and peak squeezing stresses, sample shape
and Iacal flow field distortions were observed over time.

1 Thelocal flow field distortion was completely reversible as distortions faded away
if the squeezing frequency or peak squeezing stress were decreased enough.

1 Forcorn starch suspensiaat highenough stid mass fractiog, peak squeezing
frequencies and peak squeezing forces, distortion of the sample shape was
observed over time.

1 The observed sample shape distortion was shown to be reversible as distortions
faded away after the OSFF had been cea3&iswasdue to surface tension acting
to reducethe additionalsurface area createduring theoscillatory squeeze film
flow of concentrated enough particle suspensions

1 Trapped bubbles were observed to spontaneously disappear while making a loud
squeaking nae which possibly indicates dilation. Dilation could create gaps

between the top and bottom surfaces allowing air bubblegsoape.
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6.6 Squeezing of Concentrated Colloidal DispersionBhase Diagrams

In this sectiona summary othe roles ofthe peak stress and squeezing frequency in the

NBalLlR2yasS 2F O2yOSYyiGNI SR RAALISNERAZYyA dzaAy3

In one set okxperiments a peak scillatory stress of 608a was applied and the frequency
was altered over the range oD40Hz.At a given frequency and sample volume fraction it
would be noted whether or not flow field distortion and/or particle migration was

observed Results arshown inFigure87 and Figure88.

In another set of experiments the applied squeezing frequemagfixed at 40Hzand the
behaviour across a range of peaktessesand volume fractions was noted ahown in

Figue 89.
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Figure 87 Shows a table describing the peak squeezing stresses and volume fractions field distortien w
observed in PMMA colloidal dispersions of particles of 574nm in radius at a fixed squeezing frequency of
40Hz Crosses denote aalitions where nolocalflow field distortions were observed anywhere in the sample.
Squares denote conditions where clear flow field distortion were consistently obsergedhewhere within

the sample Triangles denote conditions where mild flow field distiion was observed but not consistently
throughout the samplebetween repeated experiments

Figure87 and Figure88imply that for a given peak squeezing and stretclsiingss as the
solid volume fraction of the colloidal dispersions increases and as the applied squeezing
frequency increases, then observed flow field and sample shape distentomore likely

to be observed.
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Figure 88 Shows a thle describing the peak squeezing stresses and volume fractions that sample shape
changewas observed in PMMA colloidal dispersions of particles of 574nm in radius at a fixed squeezing
frequency of 40HzCrosses denote conditions where no particle migratior shape change were observed
anywhere in the sample. Squares denote conditions where clear particle migration and shape change were
consistently observedsomewhere in thesample Triangles denote conditions wamild shape change where
observed but not onsistentlybetween repeated experiments

Comparing Figure 87 and Figure 88 suggests that flow field distortion and particle

migration/shape change occur together
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Figue 89 Shows a table describing the peak squeezing stresses and volume fractions that sample shape
change and flow field distortion were observed in PMMA collolddispersions of particles of 5%m in radius

at a fixed squeezing fraqency of 40HzCrosses denote conditiawhere no local flow field distortions and
particle migration/shape changevere observed anywhere in the sample. Squares denote conditionseveh

clear local flow field distortions andshape change were consistentlybeerved somewhere in the sample
Triangles denote conditions where mild shape change flow field distortions were observedbut not
consistentlybetween repeated experiments
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Figue 89 shows that at a fixed squeiey frequency of 40Hz, as the solid volume fraction of
the dispersions and the peak squeezing/stretching stressease then flow field and

sample shape distortion are more likely to be observed.

Figure 90 shows the same experiments (at a fixed frequency of 40Hz) wittioidal

dispersions of 384nm idiameter.
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Figure 90 Shows a table describing the peak squeezing stresses aldme fractions that sample shape
changeand flow field digortion were observedin PMMA colloidal dispersions of particles of 384nm in radius
at a fixed squeezing frequency ofd#Hz Crosses denote conditichwhere no local flow field distortions and
particle migration/shape changeavere observed anywhere in the saple. Squares denote conditions vee
clear local flow field distortions andshape change were consistently observasdmewhere in the sample
Triangles denote conditions where mild shape change flow field distortions were observedbut not
consistentlybetween repeated experiments

ComparingFigue 89 and Figure90, oolloidal disperions of radius of 384nmat a given
solidvolume fractionwere less prone to shovlow field and shape distortion compared to
dispersions consistqnof particles of radius 574nnthis could be isome way related to

the fact that colloidal dispersions of smaller particles showed oscillatory DST at higher
shearing frequencies as shownHRigure65. Additionally itcould in some wape relatedto

the factthat colloidal dispersions of radius of 384nm could sustain higher stresses during
DST before fracturing than colloidal dispersions of radius of 574rangaten solid volume

fraction.
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6.7 Squeezing of Concentrated Cor8tarch Suspensions Results

Figure 91 summarises the peak oscillatory stresses dixad squeezingand stretching
frequency of 50Hz required tbring about sample shape change for a given solid mass

fraction of cornstarch.
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Figure91 Shows a table describing the peak squeezing stresses and mass fractions that sample shape change
was observed at fixed squeezing frequency of 50Hzrosses denote conditions where sample shape change
were not observed anywhere in the sample. Squares denote conditions where clear shape change was
consistently observed.

Figure92 summarises the peak oscillatory stresses at a squeexidgstretchingrequency

of 40Hz required to bring about sample shape change fovengsolid mass fraction of corn

starch.
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Figure92 Shows a table describing the p& squeezing stresses and mass fractions that sample shape change
was observed at a fixed squeezing frequency of 40HZrosses denote conditions where no sample shape
change werenot observed anywhere in the sample. Squares denote conditions where clé@pe change
was consistently observed.
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Comparingrigure91 and Figure92, it can be seen that at higher frequencisample shape

changeoccurs at lower gplied peak stress and lower masgactions.

6.8 Comparison ofColloidal Dispersions and Corntarch Suspensions
Results

Figure 91 and Figure 92 compare well withFigue 89. They show that sample shape
distortion only occurred at high enough squeezing frequencies and peak squeezing stresses
for both systems. They also showed for both sets of particle systems, that the frequencies
and stresses reqred to cause distortions decreasedas the particle concentration

increased.

While the results relating to the OSFF of corn starch suspensions implied higher stresses
are required for unusual behaviour to be displayed, thisnoaitbe said for certairsinee the
local flow field cannobe observedwhich could haveshown distortionsbefore sample

shape change is visible.

At this stage it is important keep in mind that the PMMA particles were rrtisperse and

a relatively close representation of namteracing hard spheres, while costarch particles

are polydisperse and are of a variety of shapes. As was mentionathapter 1 these
factors are known to strongly effect the transition into the shear thickening regime during
shear flow, this could have some effect on the unusualbehaviours observed during

oscillatory squeezélm flow of suspensions [31,53,80,81]
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6.9 Comparison of Results with Literature

In the literature, thereare no direct comparisons with thescillatory squeeze flow
experiments described in this chaptefThere are however some exfiments in the
literature with different geometries and types of flow that could potentially help to explain
the results presented in this thesith the following sectionselated work is discussd,
although the difference in flow geometries meathere is noattempt here to makeany

gquantitative comparisons at this stage.

6.9.1 Relation to Work done on DST, Dilation and Fracture of
Concentrated Particle Suspensions

As was mentioned in chapter en Smith and cevorkers carried out extensional flow
experiments using HAAKE CaBHRExtensional Rheometen concentrated dispersions of
sterically stabilised PMMA of 608nin radius[90]. It was observedor dispersions of

. 1.6, extensional DST, dimicy and distortion of the shape of the filament were
observed at rates of extension of around T:3#\t higher rates of extension, jamming
followed by fracture of the filament as observed, while at lower rates of extension the
colloidal dispersion essénally behaved as a viscous liquid. Using a cone and plate
rheometer to carry out continuous shear flow on the same colloidal dispersions, Smith
showed that DST began at shear rates of approximatelw®sch corresponds well with
extensional flow. Smittand coworkers summarised the rates of extension required to
cause dilation and distortion of colloidal dispersions with solid volume fractions of between
0.59 and 0.62. They showed that the higher the solid volume fraction, then dilation and
other effectssuch as cracking, shape distortion and jamming of filaments of colloidal

particles occurred at lower rates of extensi@0].

The results obtained byn8th and ceworkers agree well with the results in ghihesis in
that unusual mn-Newtonianeffects displayed by particulate systems are most apparent as
the rate of deformation and the solid volume fractiare increased. fie colloidal particles
used by 8ith and ceworkers and the range of solid volumeadtions explored were

almost identical to those used in this P[D].

It is however difficult to make comparisons #se experiments carried out byn8th
involved applying steady elongation rates, while esments carried out in this PhDenre

oscillatory and the peak stress and squeezing frequencies were controlled. There is
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however circumstantial evidence to link the observed flow field distortion and sample

shape changes to DST and jamniBj.

6.9.2 Relation to Work done on the Vibration of Complex Fluids

As was mentioned in chapter one, a significant amount of work has been done on the
vibration of complex fluids (such as concentrated particle suspesgicesting on an
oscillating bottom plate. In these experiments, it was shown that stable fingers and holes
would form in concentrated enough suspensions and in yield stress fluids when the
acceleration of the bottom plate exceeded a critical vaJL@5]. It was shown that these
unusual effects become more pronounced as the amplitude amdjuincies of the
oscillation ofthe bottom plate increased. This has similarities with the findings presented in
this chapter whth showed that above a given critical squeezing stress and squeezing
frequency, the sample shape change and flow field distortion of particulate suspensions
became more pronounced as the peak squeezing stress and squeezing frequency were

increased.

The man difference between these vibration experiments and the oscillatory squeeze flow
presented in this thesis is theresence hereof a constraining stationgy top platewhich
samples aresqueezed againgtnd whichpreverts the formation of fingers. It coulte that
the sample shape and flow field changes presented in this chapter are the oscillatory
squeeze flow equivalent of the formation of stable fingers and holes observed by various

authorsin vibrationexperiments [135L37].

It has been showthat theseunusual effect@re caused by stress hysteresig Degan and
co-workers [138,139] In the case of concentrated suspensions it was shown that the onset
of the formation of stable fingers and holes coincided with the onset of shear thickdning.
the caseof yield stress fluids thenset of the unusual behaviouwas observed when the
applied stresses reached the yield stress value of the fluids being exarhlystdresiamay

be a result of the formation of jammed regions of a sample formed at one stadleof
oscillation cyclepersistingthrough to the nextcycle even though the stress and shear have
changed Hence hysteresidue to jamming and unjamming of regions within the samples
during the cycle may caugdbe flow field and sample shape distortionsepented in this
chapter. This remains to be investigated further, for example by studying precisely what

happens locally during the oscillation cycle in more detail.
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6.9.3 Relation to Work done on the Dynamic Jamming of Particle
Suspensions

In chapter oe, dynamic jamming was described which relates to the temporary
solidification of a fluid like system upon a fast enough impahich then unjams over time
and becomes fluid like again. At a first glance, dynamic jamming could very well be related

to the shape change and flow field distortion of particle systems shown in this chapter.

1 When squeeze film flows ceased, the distorted shape dhe particle system
reverts to the initial fluid statever time. In dynamic jamming experiments, once
the impact hasceased the particle system becomes fluid like again and any
observed distortions in the shape of the suspension such as cracks fade away
[133]. The kehaviours aretherefore smilarly reversible on the removal of stress.

T LY AYLI OGO SELSNAYSyidazr AF GKS AYLL OGa
similarly tosqueeze film flow experiments where mon-Newtonianbehaviour is

observed at low squeezing and stretching frequenaies stresses
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6.10 Discussion of Potential Mechanisms

In this section, potential causes for the local flow field and sample shape distortion of
concentrated partile suspensions are put forward, based on the comparisons with other

Y dzy" dzdodzke$pbnses 6f concentrated suspensions.

Dynamic amming due to high frequency oscillatory flow

Squeezing and stretching at high frequencies could be analogous to dynamic jamming due
to high velocity impacts, in that it is likely that particles will becéal into close contact
during high stress portions of the cyclerming concentrated jammed regions. These
jammed regions could then unjam as the suspending fluidateentrates these regions
once the impatstressor the applied squeezinghanges If asection of thesystem being
subjected to OSHbecomes jammed and does not flow then, this will affect the flow field in
other regions causing distortiordepending onlocal position. Once dynamically jammed
regions have ujammed and randomised their struze on cessation ofsqueezingre-
application of squeezingwould lead to different regions of jamming, explaining vihg

shape of flow field distortions would often change when the squeezing was ceased-and re

applied after a period wherthe samples wex left to rest.

Static jamming and unjamming due to high frequency oscillatory flow

Applying evenvery small forces with a spatula is enough to cause concentrated
suspensioaof PMMA colloidal particles 6f>0.6 toundergostatic jamming.tlis likely that

static jamming could have been occurring during squeeze flow as the applied stresses
varied from 0 to abovehat required for DSTUnder oscillatorysqueezing/stretching force
chains could continuously form and then buckle and break as the applied sttessdsa

critical level Additionally as static jamming is fragile in that it can only sustain compressive
stresses in certain directions, the stretching phase of a cycle wikely unjam statically

jammed structureformed during the squeezing stagedavice versa

The shear and elongational stress can vary greatly with position throughout the sample at
a given moment in time. It is therefore likely that jamming and buckling could be occurring
at different stages in a given cycle at different positiofitiis could result in jammed
regions forming in one region while they are buckling and flowing in another region

resultingin flow field distortion.
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Specuative mechanism for flow fieldsample shapelistortion and reversal

Jamming of some regions of a paasion at the high stress regions of squeezing cycles
could cause hysteresis jgmmed structures do notlissipate rapidlyrelative to the time
period of oscillationOver a large number of cycles, such hysteresis could tie/déong
term cumulative effet of causingthe extreme sample shape change presented in this

chapter.

Both of the particle sstems used in the experimentsene highly concentrat. In the case

of corngtarch in water suspensions, the suspending particles were-Bromvnian and
therefore Brownian motiondoes notrandomize themicrostructure after deformation.
However n the case of the PMMA dispersions Brownian motioay also be insignificant

as caging effects prevent particles from diffusing past each aéihesuch high volume
fraction. This means that hysteresis is certainly a factor as any structures formed during
one stageof a squeezing cycle wiissipate very slowly and therefore the flow response is

the most significant factor

This implies that the only driving force thagsiss and reverseshapedistortion is surface
tensionafter the cessation of deformatiorit must also be the case that surface tension is
responsible for the surface area of distorted samples shrinking as their shape became more
Wy 2NXIFf Q 2y OS8ezidgh&l cdageatlt A SR & lj dz
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6.11 Summary of Results

When dispersions of PMMAatrticles at high enough concentratiomere subjected to
oscillatory squeeze film flows with a high enough peak squeezing stressjgindrfough
squeezing frequengythe observe local flow fields within the sample became highly
distorted. This distortion was accompaniedthg sampleshape changing significantly over
time. These distortions were shown to be reversible over time when the peak squeezing
stress and/or squeezing fgeencies were reducedlhe flow field distortion andshape
change is likely a result of local changes in the microstructure of regions within the sample
that is consistent with jammind.his observed flow field distortion arsthape change could

be relatedto the DST observedin continuous shear flows where jammed granules can be

formed within samples being subjected to high enough shear stresses.

Similarlywhen suspensions of costarch particles in wateat high enough concentration,

were subjected to oscillatory sgeze film flows with a high enough peak squeezing stress
and Hgh enough squeezing frequenane shape of th samplechanged significantly over

time. Thesedistortions were reversible and faded awayhen the peak squeezing stress
and/or squeezing frequenes were reducedSample shape change was observed to begin

at the edges of the sample where the shear stress and strain is greatest. This shape change
is likely a result of stress hysteresis as a consequence of the jamming of regions within the
sample. TIs is likely analogous to DST and jamming observed in continuous and oscillatory

shear flows wherstrongenough sheastresses were applied.

As the concentration of the particle suspensions increases, sample shape and flow field
distortions were observale at lower peak squeezing stresses and squeezing frequencies.
This is likely analogous the observation in continuous and oscillatory shear flows that

DST occurs at loweates of deformatioras the particle concentration increases.

As the squeezingdquency was increased, sample shape distortions could be observed at
lower peak squeezing stressedl the above observations are consistent with tkeeown
jamming behaviour of the systems studied and the various observations from other
complex flow scerarios However a detailed understanding of the roles of dynamic

jamming and hysteresigeeds to be further investigated.
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Chapter 7 Results and Discussion of the Response of D.Salinato
Oscillatory Flows

7.1 Chapter Summary

In this chapter, it is shown thavhen suspensions db.Salinaare exposed to oscillatory
shear at certain frequencies and magnitudd3Salina can preferentially ordertheir
swimming directionin the vorticity direction of the induced oscillatory flow fieldThisis
demonstrated in3 different experimental arrangementscluding both shear and squeeze

film flows.

For each experimental arrangementjstshown that ordering of swimming directions only
occurs at certain shearing frequencies and shear magnituatesrwise D.Salinaswims n
random drections similarly towhen no oscillatory flowis applied. These results are

discussed in the context of the surrounding literature.
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7.2 Responsef D Salinato Oscillatory Parallel PlateShearFlows

Using the shear cell describdd section 4.5, scillatory shear flows were applied to
suspensions db.Salinaand the movements of individual algae were tracked and analysed
as described in section 4.1&hearing frequencies in the range of % to 6 Hz were
applied. The gap distandeetween the top and bottom platewas fixed at 400 microns.
The maximunpeak to peakdisplacenent of the top plate was variebbetween 116525
microns in order to alter magnitude of the applied shgagr cycle The maximum
displacementof the top plate from the initial position which it oscillatedaround was

therefore variedin the range oft 55-263 microns The plane of focusvasat the centre of

the gap.
7.2.1 Behaviour ofD Salinawithin Shear Cell Before Any Applied Shear

When a suspension d@.Salinawas placed within the shear cell with no applied shearing
taking placethe modal speed was around &0 microns/secondvhich means the algae
being observed were healthythe swimming directions of algae showed no preference to

any given direction as is ifitrated byFigure93 and Figure94:
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Figure93 Histograms of the speed of a collection of algae and their corresponding swimming directions over
aperiod of 7 secondsvith no applied shear
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Plot of Algae Tracks
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Figure94 Tracks of algae over a period of 10 seconds within the shear @gth no applied shear, showingo
obvious bias to a paicular direction. Filled greertircles represent thestarting point of a given track and
hollow pink circles represent the end of a given track

It should be noted at this stage that the exact value of thedadlspeed and the shape of
the gpeed histogram of a collection of algae can be affected by a witlgeraf parameters
such as age ofulture, ime of day and exacthandling history The reason why speed

histograms areshown throughout this chapter it® confirm that the algae being observed

were healthy.
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7.2.2Responseof D Salinato Oscillatory Parallel PlateShear Flowsat Low
Shear

At alow shearstrain(relativelylow displacements of the top plate per cyclije algae
swimming directions wre distributed randomly sawas the case when no shearings
being applied. The modal speeflthe dgae distributions waalso within theexpected

rangefor D.SalinaThis is illustrated iRigure95 and Figure96:
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Figure 95 Histogramof speedof a collection of algae and their corresponding swimming directions over a
period of 4 seconds,with shear being aplied at a frequency of 6Hz ané maximum peak to peak
displacement of the top plate of 110 microns.
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Figure96 Tracking plots of algae over a period of 4 seconds with shear at a frequency o6Ha maximum
peak to peakdisplacement of the top plate of 110 microng.lled greercircles represent the starting point of
a given track and hollow pinkicles represent the end of a given track
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7.2.3 Ordering of D. Salinauk to Pure Oscillatory Shear Flows

At certain squeezing frequencies and maximum translatiohthe top plate ordering of
the swimming directions ob.Salinais visually observed ashown inFigure97 and Figure
98. Despite the observed ordering, theodal speed of the algawas similar to the case
where there was no applied shedfigure97 also shows that the swimming direction of
D.Salinais strongly focusedperpendicular to the oscillatory flow fiel@vhich flipped

between the in 0 and radian(0 and 180 degreedirections.
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Figure97 Histogramof the speed of a collection of algae and their corresponding swimming dimetw over a
period of 4 secondswith shear being applied at a frequency of 2Hmd a maximum peak to peak
displacement of the top plate of 224 microns. The swirmg direction distribution shows a preference to the
two directions perpendicular to the oscillatory flow field.

Figure98 shows track plots ob. Salinahat correspond toFigure97, demonstrating the

strong preference for swimming approximately perpendicular to the flow field.
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Figure98 Tracking plots of algae over a period of 7 seconds within the shear, gath shear being aplied at

a frequency of 2Hz ané maximum displacement of the top plate of 224 microns. These plots show a bias to
directions perpendicular the oscillatory flow field ithe plane of focus. Filled greenircles represent the
starting point of a given track and hollow pingircles represent the end of a given track.

Theabovetrack plots were @aken from the same experiment over different time periods
and plotted separately for clarityNote that not all algae are swimming perpendicularly to

the flow field.
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7.2.4 Dsappearanceof Ordering of D.Salinaafter Cessation of Oscillatory
Shear

The observeardering duringoscillatory shear vanishes if the applied shearing is ceased as

is shown inFigure99.
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Figure 99 Histograms of speed of a collection of algae and their corresponding swimming directions over a
period of 7 secondsneasured 1 minute after the cessation of shearinbhe algae swimming directions had
previously ordered perpendicular to the flowéid prior to the cessation of shear
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Figure100 Tracks of algae over a period of 10 secondsminute after the cessation of shearingshowing a
return to random swimming directions Filled greencircles represent the starting gint of a given track and
hollow pink circles represent the end of a given track.
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7.2.5 Results andConclusions: Response db Salinato Oscillatory Pure
Shear Flows

To quantify the degree of ordering of swimming directiBnis used which the ratio R) of
algae with swimminglirectionswithin = k H  NXbf Bh& Hingdlionperpendicular to the
oscillatory flow field to those with directieg A G KA Y - k H flbh¥ fiRld dirgétion 2 F

across theange of shearing conditions.

Surface Plot of Ordering Ratio Versus Frequency and Maximum Translation
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Figure101 Surface plot of the ordering rad R as a function omaximum peak to peak translation of the top
plate and frequency of oscillation for shearindlows. The gap distance used was 400 microns. The plane of
focus was at the centre of the sample.

Figure101 shows thatthe strength oforderingdepends on thenaximum translatiorand
on frequency This can be more clearly seen by examining plots where the maximum
displacement of the top plate is fixed @rthe shearing frequency variedyis is illustraed

in Figure102
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Figure102 Variation of R with shearing frequency at a fixed maximupeak to peaktranslation of the top
plate. a) Maximum peak to peakdisplacement of the top plate ofl10 microns.b) Maximum top plate
displacement of 224 microns.)Maximum peak to peaktop plate displacement of 391 micronsl) Maximum
top plate displacement of 524 micron$lote that the scale used in each figure is different.

Figure 102a shows no ordering or at the very most weak ordering at low shearing
magnitudes. This indicates that imposed shear flow needs to be of an appropriate
magnitude before orderings observed.Figurel02o to Figure102d show that the ordering

ratio appears to be highesit frequenciesn the range of 1.5 Hz to 2 HEkhe error bars
correspond to the standard error in the mean value ofrétn multiple experimentsat a

given set of conditions.
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7.3 Squeeze Film Flow of Algae Suspensions

In the next section, results showing the respons®@alinaduring oscillatory squeeze film

are displayed.

In the parallel plate shear experiments shown previousig, éxtent of the shear strain and
the average shear ratper cycle is defined bthe gap distance and how far thtep plate
moves per cycle. At a given moment in tintke shear rate ad shear strain is constant

throughoutthe samplebeingsheared

In squesze film flow experimentgefiningthe shearstrain/shear rate is more complicated
As was discussed in chapter 2, dur@8FF at a given moment in time, the shear strain and
shear rate varieswith both radial and vertical positionhroughout the sample.t is
therefore important to be able to have a measure of shear strain/ratthéspecific local

region being observed duriran OSFExperiment.

In these experiments the extent of the local shear occurring per ezjng cycle is related
to the maximum tanslationof algae onthe localcentral horizontal plane of the sample
during a squeezing cycle in the regionafifservation. Thias opposed to the maximum
translation of the topplate whichdefinesthe extent of shear in the cas# parallelplate
shearflows. For theOSFFexperiments detailed in thishapter, whenthe term maximum
translation is usedit is defined as the maximum peak to peak displacenoéiain individual
alga onthe localcentral horizontalplane of the samplas itis translated as aesult of the

shearing caused by OSFF.

As a suspension of algae is squeezed andqueezedalgae are translated back and forth
by the flow field. The larger the distance they are translaiadhe central horizontal plane
in a given region of observatipthe larger the shear strafrate per cycleat a given vertical

position within the sample

Figurel03showsthat as a fluid with suspended patrticles is squeezed or stretched in-the y
direction it causes suspended particles to toenslated back and forth in the-x plane
along a straight path lindt is important tonote that for a given maximum translation
algaebeingobserved near the top obottom plates experiencereater shear strainand
shearrates of the surrounding fldi compared to algae being observed near the central

plane.
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Oscillating Flow Field
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Figure103 shows that during squeeze film flow, suspended particles are translated back and forth with the
translation being the strongest othe central horizontal planeof the sample.
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