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Abstract

Theminableoilsandsextractionprocesscanbeunderstoodonascaleofasin-

gleoilsandgrain. Whentheoilsandoreismixedwithwarmwater,eachsand

granuleisinitiallycoveredwithbitumenfilmwhichrupturesunderthecomposite

effectofshearandinterfacialforces,whilewaterspontaneouslydisplacesbitumen

untilthedropletsreachtheirequilibriumshape.Thedynamicsofthisprocessis

knowntobesensitivetothetemperatureoftheslurryandchemicaladditives.

Therefore,understandingthegoverningmechanismsofdynamicwettingiscrucial

forfindingoptimaloperatingconditionsforoilsandextractionprocess.Thiswork

utilizedmodifiedmicro-pipettetechniquetoinvestigatebitumendropletrecession

onmicro-sphericalglasssurface. Thedynamicshapeevolutionofthebitumen

dropletwasmodeledwithhydrodynamic,molecular-kinetic,andcombinedwet-

tingmodels.Theeffectofwaterchemistry,temperature,anddiluentadditionto

bitumenwasevaluatedinthelightofdynamicwettingmodels.Itwasfoundthat

theworkofadhesionalongwiththeratioofbitumen-waterinterfacialtensionto

viscositywerecriticalratecontrollingparametersforbitumendisplacement.The

combinedmolecular-hydrodynamicmodelwasfurtherextendedtowettingincap-

illarytubes,revealingpossibleenhancementstoin-situoilrecoveryfromporous

media.
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Preface

Someoftheresearchconductedforthisthesisformspartofaresearchcollab-

oration,ledbyProfessorZhengheXuandDr. FengLin. Utilizingamodified

micro-pipettetechniquealongwiththeapplicationofdynamicwettingtheoriesto

thesystemofthisstudyweredevelopedbyDr.Lin,whoalsoprovidedtheinterfa-

cialtensiondatareferredtoinchapter2.Iwasresponsibleforconductingbitumen

dropletrecessionexperimentsandperformingthedataanalysis.Theconcluding

analysisinchapters4and5aremyoriginalwork,aswellastheliteraturereview

inchapters1and3.

PartsoftheliteraturereviewanddatainChapter4ofthisthesisarebeingcon-

sideredforpublication.Iwasresponsibleforthedatacollectionandanalysisas

wellasthemanuscriptcomposition.ProfessorZhengheXuandDr.FengLinwere

thesupervisoryauthorsandwereinvolvedinrevisionofthemanuscript.
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“Iwasinthecafeteriaandsomeguy,foolingaround,throwsaplateintheair.

AstheplatewentupintheairIsawitwobble,andInoticedtheredmedallionof

Cornellontheplategoingaround.Itwasprettyobvioustomethatthemedallion

wentaroundfasterthanthewobbling.

Iwentontoworkoutequationsofwobbles. ThenIthoughtabouthowelectron

orbitsstarttomoveinrelativity.ThentherestheDiracEquationinelectrodynam-

ics.Andthenquantumelectrodynamics.AndbeforeIknewit(itwasaveryshort

time)Iwasplaying working,really withthesameoldproblemthatIlovedso

much,thatIhadstoppedworkingonwhenIwenttoLosAlamos:mythesis-type

problems;allthoseold-fashioned,wonderfulthings.

Itwaseffortless.Itwaseasytoplaywiththesethings.Itwaslikeuncorkinga

bottle:Everythingflowedouteffortlessly.Ialmosttriedtoresistit!Therewasno

importancetowhatIwasdoing,butultimatelytherewas.Thediagramsandthe

wholebusinessthatIgottheNobelPrizeforcamefromthatpiddlingaroundwith

thewobblingplate.”

RichardP.Feynman
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Symbols

A bitumen-sandinterfacialarea m2

Ca capillarynumber

Ėl wettinglinefrictionlossperunitlengthofcontactline J·s−1·m−1

Ėw viscousdissipationinliquidbulkperunitlengthofcon-

tactline

J·s−1·m−1

G Gibbsfreeenergy J

h Planck’sconstant m2·kg·s−1

kB Boltzmannconstant m2·kg·s−2·K−1

Kb frequencyofbitumenmoleculedisplacingwaterfromglass

surfaceperunittimeperunitlengthofwettingline

s−1

Kw frequencyofwatermoleculedisplacingbitumenfromglass

surfaceperunittimeperunitlengthofwettingline

s−1

L(t) instantaneouscurvedlengthofwettedregion(seeFigure

3.1)

m

ro instantaneousradiusofbitumendroplet m

rm radiusofmicro-sphericalglasssubstrate m

T temperature K

U three-phasecontactlinedisplacementrate m·s−1

Wa workofadhesion J·m−2

γSW sand-waterinterfacialtension J·m−2

γBS bitumen-sandinterfacialtension J·m−2

γBW bitumen-waterinterfacialtension J·m−2

x



Symbols

θS staticcontactangle,measuredfromwaterphase rad

θ dynamiccontactangle,measuredfromwaterphase rad

µb viscosityofbitumen Pa·s

µw viscosityofwater Pa·s

xi



Chapter1

Introduction

1.1 OilSandsExtractionProcess

FirstrecordsofAthabascaOilSandsdatebackto1719. Atthattime,bitumen

wasusedbyaboriginalpeopletowaterproofcanoesandwardoffmosquitoes.

Eventually,thewordabouttheAthabascaoilsandsspreadoutinNorthAmerica,

andfirstattemptsoftradeweremade. Explorersrealizedfuelsupplypotential

ofAthabascaregionandstarteddevelopingbitumenrecoverymethods.Thisled

toSidneyElls’discoveryofhotwater-basedextractionprocessin1915,which

promptedfirstcommercialdevelopmentsofbitumenreserves[1].

Viscousnatureofbitumencrudemadeitimpossibletoextractitwithconven-

tionalproductionwells. Bitumendidnotflowunderstandardconditions,and

itsviscositywaswellabove500Pa∗satroomtemperature[2].Hence,themost

viableoptionwastodevelopoilsandsreserveswithopenpitmining,whichisa

prevailingmethodinAthabascaoperationseventoday.

ClarkandPasternack[3]hotwaterbasedprocessliesattheheartofmodern

mineableoilsandsextraction.Freshlyminedoresarecrushedandmixedwithhot

waterandchemicalstoprepareaslurryat50◦C. Themixtureisthenpumped

throughhydro-transportpipelinesintoseparationvessels,wheresmallairbubbles
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Chapter1.Introduction

(a)oilsandgrain (b)filmrupture

(c)towardslibera-
tion

(d)aeration

Figure1.1:Schematicdemonstrationofbitumenextractionstepsonasingle
oilsandgrain

areintroducedtothesystem.Bitumendropletsattachtoairbubblesandfloatto

thetop,formingabitumen-richphase.

Bitumenextractionprocessinvolves,butnotnecessarilylimitedto,thethree

importantfundamentalsteps:bitumenfilmrupture,liberation,andaeration.I

discusseachofthesestepsinafewsectionsbelow.

1.1.1 FilmThinningandRupture

Whenoilsandsoreismixedwithhotwaterandpumpedthroughahydro-transport

pipeline,hightemperatureandshearstressablatelargerorelumpsintoseparate

oilsandgrains(Figure1.1a).Eachsandgrainisinitiallycoveredwithabitumen

layer,whichthinsundercompositeeffectofprocesswaterchemistryandoperating

conditions.

AccordingtoVrij[4],earlystagesoffilmthinningarenormallygovernedbygravity

andhydrodynamiceffects.Otherforcesbecomeincreasinglyimportant,asthefilm

thicknessisreducedtoabout100nm.Vander Waalsattractiveforceassistsfilm

2



Chapter1.Introduction

drainage,whiledoublelayer(orotherforces)resistsit. Atthisstage,filmsare

verystableanddifficulttobreak.

Furtherthinningpromptsliquidfilmtoenterametastablestate,whereattractive

andrepulsiveforcesarebalanced.Spontaneousrupturingofmetastablefilmsstill

requireshighactivationenergy;hencemostlyfilmruptureoccursduetothermal

shock,vibrations,andcontaminants[4].

Ifthefilmentersunstablestate,characterizedbycriticalthickness;itruptures

spontaneouslyduetosmallsurfaceperturbations[5]. RuckensteinandJain[6]

analyzedspontaneousruptureofthinfilms,andhighlightedstabilizingeffectof

surfactants.Surfaceactiveimpuritiesdampendisturbancesthatoccuratliquid

interface,increasingrupturetimebyseveralordersofmagnitude.

1.1.2 Liberation

Oncebitumenfilmruptures,athree-phasecontactlineisformedonsandgrain

surface(Figure1.1b). Atthewettingline,waterspontaneouslydisplacesbitu-

menfromsandgrainsurfaceuntilbitumenphaseformsdropletsofoptimalshape

(Figure1.1c).

ThewholeprocesscanbequalitativelyanalyzedwiththeapproachofMasliyah

etal.[2],assumingthatchangesinbitumen-waterinterfacialareaarenegligible.

Then,changeinGibbsfreeenergyofbitumenrecessioncanbewrittenas

∆G=γSW∆A γBS∆A. (1.1)

Bycombiningrelation(1.1)withYoung’sequation,wecanobtainsimplifiedgov-

erningequationforbitumenrecession

∆G

∆A
= γBW cosθS, (1.2)

wherestaticcontactangleθSismeasuredfromwaterphase.

3



Chapter1.Introduction

Aslongasstaticcontactangleofbitumenphaseissmallerthan90◦,changein

Gibbsfreeenergyisnegative,andbitumenrecessionisspontaneous. Generally,

smallervaluesofstaticcontactanglemakeexpression(1.2)morenegative,which

makesbitumenrecessionfaster.Thisanalysisconfirmstheintuitivenotionthat

oilisdisplacedbywaterfasterfromhydrophilicsubstrates.

1.1.3 Aeration

Whenbitumendropletsobtaintheirstaticshape,onewouldwanttodetachbitu-

menphasefromsandsurface.Inidealizedcaseofthisseparation,bitumen-sand

contactareaisreplacedbyequivalentlylargeareasofbitumen-waterandsand-

waterinterfaces.AssociatedchangeinGibbsfreeenergyisasfollows:

∆G=γSW∆A+γBW∆A γBS∆A. (1.3)

Onceagain,weincorporateYoung’sequationtoderivegoverningrelationforbi-

tumendetachmentfromasubstrateasfollows:

∆G

∆A
=γBW(1 cosθS). (1.4)

Since(1 cosθS)isnevernegative,equation(1.4)suggeststhatbitumendoes

notseparatespontaneouslyfromsandsurface. Additionalworkhastobedone

tofacilitatethedetachment.Inindustrialoilsandsextraction,thisisdoneby

introducingfluiddraginhydro-transportpipelineandincreasingdropletbuoyancy

byaddingairbubblestooilsandslurry.

1.2 ThesisObjectives

Themainfocusofthisthesisisonbitumenliberationdynamics. Weexamine

governingmechanismsofliquid-liquiddisplacementfromsolidsurfaces,explor-

ingmajordrivingforcesandrestrainingfactors. Majorparametersdefiningthe

4



Chapter1.Introduction

displacementrateareexploredalongwithimplicationsforoilsandsextraction.

1.3 Background

1.3.1 ExperimentalStudiesofBitumenLiberation

Anumberofstudiesonbitumenrecessiondynamicswereperformedinthepast.

Ageneralnotionwasdevelopedthatchemicaladditives,pH,temperature,and

shearrateplayimportantrolesindefiningrateofbitumenliberation[2].

Walker[7]studiedbitumendisplacementfrommicroscopeslidesinflowingwater,

undercontrolledconditions.Ratesofbitumendisplacementwereestimatedfrom

darknessofbitumen-coatedglass. Whenflowingwatertemperaturewasincreased

from35◦Cto60◦C,bitumenliberationratesincreasedbyoneorderofmagnitude.

Thiswasmostlyattributedtolowerviscosityofheatedbitumenphase.Addition-

ally, Walker[7]observedthatadditionofCa2+ionswasdetrimentalforbitumen

liberation.

Basuetal.[8]investigatedbitumenliberationatasmallerscale.Cleanmicroscope

slideswerecoatedwithcircularlayerofbitumenof9mmindiameterand0.7mm

inthickness. Then,thesetupwasplacedintoawaterbathofcontrolledpH

andtemperature.Spontaneousbitumendropletrecessionwastrackedwithahigh

speedcamera,andtemporalevolutionofcontactanglewasobtainedfromresulting

images.Basuetal.[8]gaveaquantitativedescriptiontobitumendropletrecession,

andwasabletolinkpositiveeffectofhighsolutiontemperature(andlowviscosity)

withlowerhydrodynamiclossesinbitumenphase. Atthesametime,theeffect

ofsolid-liquidinteractionwasonlydiscussedqualitatively. HighervaluesofpH

resultedinlowerstaticcontactangles,whichmeantthatpHwascapableofaltering

interfacialpropertiesofthesystem.

Bitumendisplacementfromsilicasurfacescanbeviewedaspartofalargerpoolof

studiesonwettingdynamics.Investigationofthreephasecontactlinemotionwas

5



Chapter1.Introduction

initiallyfueledbyinterestinsurfacecoating,detergency,painting,andlubrication

applications.Significantadvancesweremadeinunderstandingphysicsofwetting

linesinrecentyears.Carefulconsiderationofmajortheoreticaldevelopmentsin

thisfield,canleadtobetterunderstandingofbitumenliberationphysics.

1.3.2 WettingDynamics

Majorityofthepreviousworkinwettingdynamicsfocusedonliquid/gas/solidsys-

tems.Atypicalexamplewouldbespreadingofasmallliquiddropletonsmooth,

homogeneous,flatsurfaceinair.Toquantifytheprocessmostinvestigatorstook

eithermolecular-kineticorhydrodynamicapproaches,whichdiffermostlyincon-

siderationofdominantenergydissipationmechanisms. Bothmodelsarewidely

implementedinnumerousliquid-gasexperiments,andoftenbothcanbefittedwell

tothesameexperimentaldata.Thereareseveralthoroughreviews[9–11]available

onliquid-gasdisplacementfromsolidsurfaces. Ontheotherhand,liquid-liquid

displacementonasolidsurfacehasbeeninvestigatedsparsely,andnewinsights

wererevealedonlyrecently.

Someofthefirstliquid-liquiddisplacementexperimentswereanalyzedusinghy-

drodynamicapproach.Foister[12]investigatedspontaneousdisplacementofone

liquidbyanotherfromsmoothsolidsurfaces.Heusedimmiscibleliquidsofwide

viscosityrangeandobservedthatviscosityratiocanhaveasignificanteffecton

therateofdisplacement.Foister[12]tiedhisexperimentalobservationswithhy-

drodynamictheoryofCox[13],whereliquidviscosityratioplaysacriticalrole.

Essentiallyhydrodynamicapproachassumesthatthree-phasecontactlineisdriven

bycapillaryforceswhileexcessenergyislostthroughviscousdissipationineither

liquid.However,FermigierandJenffer[14]pointedoutthatpurelyhydrodynamic

modelsystematicallyunderestimatesdynamiccontactangleswhencarefullycom-

paredwithexperimentalobservations.Infact,ShengandZhou[15]suggestedthat

anotherdissipationmechanismmightplayanimportantrole,especiallybelowcer-

taincapillarynumberrange,wherecapillarynumberisdefinedasCa=µU
γ
.

6



Chapter1.Introduction

Atlowcapillarynumbersviscousdissipationinliquidbulkbecomesnegligibleand

contactlinedisplacementrateiscontrolledbyadsorption/desorptionprocesses

describedinmolecular-kinetictheoryofBlakeandHaynes[16]. Thisapproach

suggeststhatmajorityofenergydissipationtakesplacewithinimmediatevicin-

ityofthreephasecontactline,anddisplacementratedependsonthenatureof

liquid-solidinteractions.Ramiasaetal.[17]investigatedslowdisplacementofwa-

terbydodecanedropletsfromthiol-coatedgoldsurfaces.Immiscibleliquidphases

werekeptconstant,whilesubstratewettabilitywasalteredbyapplyingvarying

degreesofthiolcoating.Ramiasaetal.[17]wasabletodemonstrateexperimen-

tallythatwhenevermolecular-kineticapproachwasapplicable,wettinglineenergy

dissipationchangedexponentiallywithworkofadhesion.

Fetzeretal.[18]suggestedthatitispossibletodecidebasedoncapillarynumber

rangewhethermolecular-kineticorhydrodynamicmechanismscontroltherateof

wettinglinemotion.Theyestablishedthatmolecular-kineticapproachdescribes

liquid-liquiddisplacementfromsolidsurfacesverywell,aslongasassociatedcap-

illarynumbersarebelow2∗10−4.Intherangeofcapillarynumbersabove2∗10−4,

Fetzeretal.[18]recommendedhydrodynamicmodelsalthoughtheystillproduced

unrealisticfittingparameters.Authorsexplainedthediscrepancybypossiblein-

ertialdeteriorationofcontactlinemotionathighdisplacementrates.Later,Lin

etal.[19]investigatedaseriesofdynamicwettingexperimentsatamicroscopic

scale,whereinertialeffectscouldbesafelyneglected.Theyfoundthatincertain

casesbothmolecular-kineticandhydrodynamicsbasedmodelsproducegoodfit

toexperimentaldata.Thisfindingsuggeststhattheremightbearangeofexper-

imentalconditionswherebothadsorption/desorptionmechanismsandhydrody-

namicdissipationinliquidbulkcouldhavecomparablecontroloverliquid-liquid

displacementrates.

7



Chapter1.Introduction

1.4 ThesisContributions

Inthisthesis,weexaminedspontaneousdisplacementofbitumendropletbywater

frommicro-sphericalglasssurfacesusingamodifiedmicro-pipettetechnique. We

testedapplicabilityofhydrodynamicand molecular-kinetic models,andfound

capillarynumberrangeswherecombinedmolecular-hydrodynamicmodelshould

beconsidered. Moreover,weinvestigatedhowaqueoussolutionpH,electrolyte

concentration,temperature,substratewettability,anddiluentadditionimpact

bitumendisplacementdynamics.

1.5 ThesisOutline

Chapter1givesabriefintroductiontobitumenextractionprocessandprovides

theliteraturereviewforpreviousbitumenliberationstudiesaswellasthecurrent

stateofknowledgeinthefieldofdynamicwetting.

Chapter2describestheproceduresfordropletrelaxationexperimentsusedinthis

study.Thischapterincludesdetailsonsubstratepreparation,coating,experimen-

talconditions,andmaterialcharacterization.

Chapter3isconcernedwithbuildingquantitativemodelsofbitumendropletre-

cessionfrommicro-sphericalsubstrate. Twodynamicwettingmodelsbasedon

hydrodynamicandmolecular-kinetictheories,alongwithmorerecentcombined

approacharederivedforthecurrentsphericalsystemindetail.

Chapter4discussestheexperimentalandtheoreticalmodellingresults.Thethree

modelsdevelopedforourexperimentalgeometryasdescribedinchapter3areap-

pliedtoevaluatingandunderstandingexperimentally-observedtemporalevolution

ofapparentcontactangles.Effectofsolid-liquidinteractions,substratewettabil-

ity,pH,temperature,concentrationofaqueouselectrolytesandadditionofdiluent

tobitumenonwettingdynamicsisdiscussedalongwiththeirimplicationsforin-

dustrialapplications.

8



Chapter1.Introduction

Chapter5extendsourviewofdynamicwettingtotheflowinporousmedia.Some

ofthemostcommonin-siturecoverytechniquessuchasSAGDandwaterflooding

arediscussedintermsdynamicwetting.

Chapter6summarizesmajorfindingsofthiswork. Thedetailsofournewly-

developedautomatedangleacquisitiontechniquearegiveninAppendixA.

9



Chapter2

Materialsand Methods

2.1 DropletRelaxationExperiment

Bitumendropletrelaxationonsphericalglasssubstratewasinvestigatedutilizing

amodifiedmicro-pipettetechnique[19]. Micro-pipettetechniquewasinitially

introducedbyYeungetal.[20,21,22,23]intotheresearchofoilsandsand

emulsions. Thistechniquewasfurthermodifiedtosuittherequirementsofthe

currentstudy. Here,theprocedureofso-calleddropletrelaxationexperimentis

described.Inthisstudymicronscale,ballshaped,glasstipswerecoatedwith

bitumeninair.Thenthesamplewasplacedintoaqueoussolution,wherebitumen

dropletspontaneouslyrecededfromthesubstrate(Figure2.1).Thewholeprocess

wasrecordedwithhigh-speedcameraunderopticalmicroscope(ZeissAxiovert

200).Resultingimageswereanalyzedwithautomatedangleacquisitionmethod

describedindetailinappendixA.

Figure2.1:Typicalbitumenmicro-dropletrelaxationimages

10



Chapter2.MaterialsandMethods

Figure2.2: Substratepreparationimages:a)asharpmicro-pipettetipob-
tainedafterstretchinginhot-wirepuller;b)thesubstrateisfurthermelteduntil

asphereofdesiredsizeisacquired

2.1.1 PreparationandTreatmentofSolidSubstrate

Substrateswerepreparedfromcleanglasscapillarytubes(DrummondScientific

30µLMicrocaps).Eachtubewas78mminlengthand1mmindiameter.First,

glasspipetteswereaxiallystretchedusinghot-wirepuller(DavidKopfInst.730)

untilseparatedintotwo. Bydoingso,weproducedclose-endedpipetteswith

needle-liketipsasshowninFigure2.2a. Resultingtaperedhollowtubeswere

furthermeltedbyahotplatinumwiretoformsphericallyshapedtipsasshown

inFigure2.2b.Thesizeofthemicro-sphereswascarefullycontrolledto35µmin

radiuswithlessthan5%deviation.

Hightemperaturetreatmentoftheglasscapillariesservedseveralpurposes.Firstly,

bybringingmicro-pipettetipsabovetheglasstransitiontemperaturewewereable

togenerateverysmoothandhomogeneoussubstratesurfaces.Secondly,wecould

safelyassumethatalloftheorganicimpuritieswereremovedduringthisprocess,

sinceglasstransitionpointwasabove550◦C.Finally,byapproachingtheglass

transitionpoint,wemostlikelyremovedhydroxylgroupfromtheglasssurface.

Thefreshlyfabricatedmicro-sphericaltipswereshowntobelesshydrophilicin

nature.

Thesubstratewettabilitywasadjustedbycontrolledhydrolysis.Thefreshlypre-

paredmicro-sphericalglasstipswereimmersedinthebaselineaqueoussolution

(section2.1.3)foraperiodoftimepriortobitumencoatinganddisplacementex-

periments.Thelongertheglasswasexposedtowater,thehigherwasitsaffinity

toaqueousphaseandhencethehigherthewater-wettability.

11



Chapter2.MaterialsandMethods

2.1.2 BitumenPhase

Coker-feedbitumenusedinthisstudywasprovidedbySyncrudeCanada.Bitumen

isahighlyviscous,complexmixtureofheavyorganiccomponents,withsignificant

presenceofnaphthenesandaromatics[2].Onanelementallevel,bitumenismostly

composedofcarbon(83.1%),hydrogen(10.3%),nitrogen(0.4%),oxygen(1.1%),

sulfur(4.6%),andsomemetals[24]. Relativelylowhydrogentocarbonratiois

normallyexplainedbydepositionalhistoryofAthabascabitumen. Originaloil

accumulatedinaformationwithhighbacterialactivity,andhydrogen-richlight

hydrocarboncomponentswereconsumedasafoodsourcebythebacteria.Leftover

organicsformedresultantAthabascabitumen.

2.1.3 AqueousPhase

Aqueoussolutionswerepreparedfromdeionizedwater,towhichcertainamounts

ofsaltswereaddedtomimicindustrialprocesswater. Abaselinesolutioncon-

tained100ppmofNaHCO3and500ppmofNaCl,anditspHwascontrolledat

8byadditionofNaOH.Thissolutionwasfurthermodifiedtostudytheeffectof

Ca2+,Na+andpHonbitumendisplacementdynamics.

2.1.4 ExperimentalSpecifications

TheeffectofsolutionpH,NaClandCaCl2concentrationsonwettingdynam-

icswasexploredonfreshlyfabricatedmicro-sphericaltips. Aqueousphasewas

preparedbyadjustingthebaselineaqueoussolution(section2.1.3),whilebitumen

phaseandsubstratewerekeptconstant.Thisseriesofexperimentswereconducted

atroomtemperature.

TheeffectoftemperaturewasinvestigatedonabaselinesolutionwithpHvalue

of8. Eachofthedisplacementtestswasconductedonfreshlypreparedmicro-

sphericalsubstrates.Beforethetests,aqueoussolutionwaspre-heatedtoadesired

temperature.Itisimportanttonotethat,whensolutiontemperaturewaselevated

12



Chapter2.MaterialsandMethods

Figure2.3:Schematicdiagramofrotationalrheometer

to50◦Candhigher,thebitumendropletliberationtookonlyafewseconds.Thus,

wecanassumethatthetemperaturewasconstantthroughoutthedisplacement,

evenwithoutanexternalsystemfortemperaturecontrol.

2.2 BitumenViscosity Measurement

BitumenbehavesasaNewtonianfluid[2],anditsviscosityisindependentofin-

ducedshearrate.However,greatcareshouldbetakenwhenconductingbitumen

viscositymeasurements. Duringthemeasurements,bitumentemperaturemight

increaseduetoviscousdissipation,whichmakestheliquidexponentiallylessre-

sistanttoflow. Thus,oneshouldcarefullycontrolbitumentemperaturewhen

applyingsheartoit.

TAInstumentsARES-2Grotationalrheometerwasusedtomeasurebitumenvis-

cosityatcontrolledtemperatures.Inprinciple,therheometerconsistsofaPeltier

plateandaspindle,towhichdifferentgeometriesareattached(Figure2.3).The

baseplatehasamountedtemperaturecontrolsystem,whichiscooledbycircu-

latingwaterbathandheatedelectrically.

BitumensampleswereplacedbetweenthePeltierbaseand20-mm-diameterpar-

allelplategeometry. Thesamplevolumewascarefullycontrolledatabout0.06

mL.Thiswasimportantsinceoverfillingorunderfillingofthesampleholdercould

resultinbiasedviscosityreadings.Viscositydatawasobtainedbyincreasingthe

shearratefrom0.01s−1to2.00s−1,whiletemperaturewascontrolledat25◦C,

13
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50◦C,or70◦C.Figure2.4showsreliableviscositymeasurementswithminimalvis-

cousheatingeffects.Temperaturehadasignificantimpactonbitumenviscosity-

asthebitumentemperaturewasincreasedfrom25◦Cto70◦C,theviscosityvalues

droppedfrom1041Pa·sto8.8Pa·s.

2.3 InterfacialTension Measurement

Measuringbitumen-waterinterfacialtensionatroomtemperatureisachallenging

task. Bitumendensityisalmostidenticaltodensityofwater. Asaresult,any

ofthetechniquesthatrelyondensitydifferentials(pendantdrop,sessiledrop,

spinningdrop)wouldnotbeeffective. Moreover,matcheddensityofbitumenand

waterphasesmakesitverydifficulttoobtainaflatliquid-liquidinterface.Hence,

force-basedtensionexperiments(Wilhelmyplate,DuNöuyring)wouldhavea

significantbiastoo.

Inthisstudybitumen-waterinterfacialtensionvalueswereobtainedusingmicro-

emulsiondrop-shaperecoverytechniqueintroducedby Moranetal.[25]. Here,

micron-scalebitumendropletwasaxiallystretchedwithsuctionpipettes.Then,

thedropletwasreleasedononeend,andallowedtorecovertoanoptimalshape

(Figure2.5).Thedropletmotionwasdrivenbybitumen-waterinterfacialtension

Figure2.4:Bitumenviscositymeasuredatcontrolledtemperatures

14
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Figure2.5:FigurefromMoranetal.[25],showingtypicalbitumendropshape
recoveryexperiment,fittedwiththeboundaryleastsquaresapproach.Rdisthe
radiusofthedropinitssphericalstate.Lisinstantaneousaxiallengthofthe
droplet.t,γ,µaredropletrelaxationtime,interfacialtension,andbitumen

viscosity.

Table2.1:Resultsofoil-waterinterfacialtensionmeasurements

AqueousSolution NaCl(ppm) CaCl2(ppm) pH γ(mJ/m2)
baseline 500 0 8.0 13.92
Ca100 500 100 8.0 14.26
Ca200 500 200 8.0 15.24
Na1000 1000 0 8.0 10.01
Na2000 2000 0 8.0 9.78
pH10 500 0 10.0 7.94
pH11 500 0 11.0 4.89

andretardedbyviscousresistanceofbitumenphase.Hence,byfittingthebound-

aryleastsquaressolutionofdropletrelaxation[25],wecouldobtaintheratioof

interfacialtensiontoviscosity(γBW
µ
). Withaknownvalueinviscosityofbitumen,

bitumen-waterinterfacialtensioncouldbeobtained.

ByadjustingthewaterchemistryincludingpH,sodiumandcalciumionconcen-

trations,bitumen-waterinterfacialtensionswerealtered,andthemeasuredresults
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areshowninTable2.1. Athabascabitumenisknowntocontainnaturalsurfac-

tants,whichhavehydrophilicheadgroupsandhydrophobictails. Hence,when

bitumenmakescontactwithwater,surface-activecomponentsmigratefromthe

bitumenbulktobitumen-waterinterface[2].IncreasingtheaqueoussolutionpH

ionizessurfactantheadgroups,makingthemmoresolubleinwater.Asaresult,

increasingpHfacilitatestheaccumulationofnaturalsurfactantmoleculesfromthe

bulkbitumenontotheinterfaceandtheirconsequentmigrationintotheaqueous

phase[2].Thisobservationexplainsthereductionofinterfacialtensionathigher

pHvaluesinTable2.1. AdditionofCalciumions,ontheotherhand,increases

thebitumen-waterinterfacialtension.Calciumionsareknowntoreactwiththe

naturalsurfactantheadgroups,formingcalciumsaltsofverylowwatersolubility

[2]. Thisresultsinsmallerconcentrationsofsurfactantsinaqueousphase,and

thusaccumulationofthesurfactantsatthebitumen-waterinterfacealsoreduces.

Finally,additionofSodiumionstotheaqueoussolutioncausesrelativelysmall

reductionsinbitumen-waterinterfacialtension(Table2.1).Itispossiblethat

highelectrolyteconcentrationsscreenchargedsurfactantheadgroups,allowing

additionalsurfactantadsorptiontotheinterface.
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TheoryofDynamic Wetting

3.1 GeometricRelations

Letusconsiderasmallbitumendropletonsmoothsphericalglasssurface(Figure

3.1). Welimitourattentiontomicrometer-scaleoildropletsurroundedbyaqueous

phase.InallofourexperimentsbothBondnumber(ratioofgravitationalto

capillaryforces)and Webernumber(ratioofinertialtocapillaryforces)were

manyordersofmagnitudesmallerthanone,sogravitationalandinertialeffects

canbesafelyneglected.Initiallythesystemisatnon-equilibriumstate,andthe

dropletrecedesspontaneouslyfromthesubstratetoattainoptimalenergystate.

Consideringthatthemotionisdrivenbycapillaryforces,weassumethatbitumen

phasemaintainstruncatedsphericalcapshapeontheglassspherefortheduration

Figure3.1:Schematicviewofbitumendropletonsphericalglasssurface
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ofrelaxation.Thendropletvolumecanbeexpressedas

V=
π

3
r3o[2+3sin(α+θ) sin3(α+θ)]

π

3
r3m[2 3sin(α)+sin

3(α)]. (3.1)

Sincebitumenisimmisciblewithwater,thedropletvolumeshouldremainscon-

stantthroughouttheprocess,whereanglesθandαchangeasafunctionoftime.

Therefore,bysettingfirstderivativeofthevolumeexpression(3.1)equaltozero,

wecanobtainusefulgeometricrelationshipbetweenthetwoangles

dθ

dt
=
sinθ(2 sin(θ+α))

cosα

dα

dt
. (3.2)

Hereangleαcanbefurtherlinkedtothesizeofbitumen-coveredglasssurface

(dL(t)
dt
= rm

dα
dt
).Thus,therateofthecontactanglechangecanberelatedtothe

speedofthewettingline

dθ

dt
=
sinθ(2 sin(θ+α))

rmcosα
U, (3.3)

whereequation(3.7),(3.11),or(3.16)canbeusedforU,dependingonwhether

hydrodynamic,molecular-kinetic,orcombinedapproachistaken.

3.2 Hydrodynamic Model

Hydrodynamicconsiderationofslowwettinglinemotiontypicallyinvolvessolving

creepingflowequationinthevicinityofthethreephasecontactline. Huhand

Scriven[26]wereamongthefirsttotakethisapproachwheninvestigatingflow

nearsimplewettinglinewedge.Takingaconventionalno-slipboundarycondition

betweentheliquidandsolid,theyfoundthathydrodynamicsolutionresultsin

unboundedstressatthewettingline[26]. Thisunboundedstressisacommon

problemtoallhydrodynamicsolutionsofdynamicwetting,whichisnormallyat-

tributedtorheologicalanomaliesandbreakdownofcontinuumapproximationat
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thecontactline.Onewayaroundthisproblemistorelaxno-slipboundarycon-

ditioninimmediateneighborhoodofwettingline,henceatypicalhydrodynamic

solutionwouldincludeaphenomenologicalslip-lengthparameterLm.

Oneofthemostcompletehydrodynamicsolutionsofliquid-liquiddisplacementat

thesolidsurfacewasdevelopedbyCox[13,27].Hedividedwettinglineneighbor-

hoodintoinner,intermediate,outerregionsandusedmatchedasymptoticexpan-

sionstolinkapparentcontactanglewiththewettinglinevelocity.Theresulting

solution,tothelowestorderincapillarynumber,isasfollows

U=
γBW

(
g(π θ,µw

µb
) g(π θS,

µw
µb
)
)

µbln(L/Lm)
, (3.4)

whereUisthewettinglinevelocity,θisthedynamiccontactangle,θSisthestatic

contactangle,γBW andµbarebitumen-waterinterfacialtensionandbitumen

viscosity,LandLm aremacroscopicandmicroscopiclengthscalesofthesystem.

Functiong(π θ,µw
µb
)isdefinedas

g(π θ,
µw
µb
)=

∫π−θ

0

dβ

f(β,µw
µb
)

(3.5)

and

f(β,
µw
µb
)=
2sinβ

[
(µw
µb
)2{β2 sin2β}+2µw

µb
{β(π β)+sin2β}+{(π β)2 sin2β}

]

µw
µb
(β2 sin2β){(π β)+sinβcosβ}+{(π β)2 sin2β}(β sinβcosβ)

(3.6)

Weshouldnotethatinoursystem,bitumenviscosityismanyordersofmagnitude

greaterthanviscosityofwater. Thus,µw
µb
isnegligiblysmall,andf(β,µw

µb
)in

equation3.5canbesubstitutedwith 2sinβ
β−sinβcosβ

.Furthermore,accordingtoVoinov

[28],
∫π−θ
0

β−sinβcosβ
2sinβ

dβcanbeapproximatedwith(π−θ)
3

9
,aslongas(π θ)is

smallerthan135◦.Therefore,Cox[13]hydrodynamicsolutiontakesitssimplest

form,resultinginthefollowinggoverningequation

U=
γBW

(
(π θ)3 (π θS)

3
)

9µbln(L/Lm)
, forθ>π/4, (3.7)
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Essentially,inhydrodynamicsolution,surfacetensionalongwiththeimbalanceof

dynamicandstaticcontactanglesdrivethedroplettowardsoptimalshape,while

viscousdissipationinthebulkofthedropletretardsthewettinglinemotion.Itis

importanttonotethatmicroscopiclengthscaleLm isnotknownapriory,andit

isoftenusedasafittingparametertoexperimentalobservations.Thissliplength

isexpectedtobenosmallerthanmolecularlengthscale[10],andthussystems

withsmallerfittedvaluesofLm couldbegovernedbyothermechanisms.

3.3 Molecular-Kinetic Model

Molecular-kineticapproach[16]suggeststhatwettingratecanbecontrolledby

adsorption-desorptionprocessesatthewettingline.Itassumesthatsolidsurface

hasalargenumberofidenticaladsorptionsites.Liquidmoleculescanattachtoor

detachfromthesesites,andthereareenergybarriersassociatedwiththisprocess.

Letusconsiderbitumenmoleculedisplacingwaterfromtheglasssurface. The

numberoftimesthisoccursinunittimealongunitlengthofcontactlineisKb,

whichcanbeexpressedthroughthetheoryofabsolutereactionrates[16,29]

Kb=
kBT

h

Z∗

Zb
exp(

ϵb
kBT
), (3.8)

wherekB istheBoltzmannconstant,Tistheabsolutetemperature,histhe

Planck’sconstant,Z∗andZbarestatisticalstatefunctionsforactivatedandinitial

states,ϵbistheactivationenergyforthedisplacement.

Whenthesystemisseeminglystatic,thefrequenciesofbitumendisplacingwater

andwaterdisplacingbitumenareequal.Thusthewettinglinefluctuatesaround

itsoptimalpositionatamolecularscale.

Kb=Kw=k
0 (3.9)

kBT

h

Z∗

Zb
exp(

ϵb
kBT
)=
kBT

h

Z∗

Zw
exp(

ϵw
kBT
)
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However,whenapparentcontactanglediffersfromthestaticvalue,unbalanced

Young’sforceputsworkintothesystem(W =γBW(cos(π θS)cos(π θ))).Such

workalterscorrespondingenergybarriersforthedisplacementevents(bitumen

displacingwaterandwaterdisplacingbitumen),andcontactlinemovestowards

anewequilibriumposition.Consideringequation3.9andexpressionforW,the

netfrequencyofdisplacementeventscanbeexpressedas

Knet=
kBT

h

Z∗

Zb
exp(
Wλ2 ϵb
kBT

)
kBT

h

Z∗

Zw
exp(

Wλ2 ϵw
kBT

)

=Kbexp(
Wλ2

kBT
) Kwexp(

Wλ2

kBT
)

=2k0sinh(
γBW(cos(π θS) cos(π θ))λ2

kBT
) (3.10)

Bymultiplyingthenetfrequencyofdisplacement(Knet)withtypicaldistancebe-

tweenadsorptionsites(λ),weobtaintherelationshipforthewettinglinevelocity

U=2k0λsinh(
γBW(cos(π θS) cos(π θ))λ2

2kBT
) (3.11)

Inmolecular-kinetictheory,energydissipatedatthecontactlineismeasuredwith

wettinglinefrictioncoefficient(ζ=kBT
k0λ3
),andviscousdissipationinbulkliquidis

considerednegligible.

3.4 Combined Model

Combinedmolecular-hydrodynamicmodelisaunifiedconsiderationofbothhy-

drodynamicflowandmolecularprocessesatthethreephasecontactline. Here

capillaryforcesdriveliquid-liquidinterfacetowardsitsequilibriumconfiguration,

whileexcessenergyislostduetobothhydrodynamicdissipationandwetting

linefriction.IfweadoptdeGennes[10]viewofdynamicpartialwetting,then

spontaneousdisplacementisdrivenbyuncompensatedYoung’sforce(F=γSW
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Figure3.2:Simplifiedgeometryofbitumenflowonsolidsurface.Thedroplet
issubstitutedbyliquidcylinderofequivalentsizeandvolume

γBWcos(π θ) γSB),andoveralldynamicsofoildropletrelaxationcanbede-

scribedby

FU=Ėl+Ėw (3.12)

whereĖlisthewettinglinefrictionlossperunitlengthofcontactline,andĖwis

viscousdissipationinbulkliquidperunitlengthofcontactline.

ThedissipativecontributionatthecontactlineĖlcanbeestimatedfrommolecular-

kinetictheoryofBlakeandHaynes[16].Proposedrelationship[11]atlowcapillary

numbersis

Ėl=ζ[
dL(t)

dt
]2, (3.13)

whereζ=kBT
k0λ3
isthecoefficientofwettinglinefriction.

TheseconddissipativecontributionĖwcomesfromhydrodynamicconsiderationof

theproblem.HerewemakeuseofdeRuijteretal.[30]viewofdropletrelaxation

toobtainanexpressionforĖw. Viscousdissipationinoildropletisestimated

consideringquasi-steadyCouetteflowofacylindricalliquiddiskofidenticalsize

L(t)andvolume(Figure3.2).Thevelocityprofileforthisflowcanbewrittenas

V(r,z)=Cz
r
,whereCisaconstant.Byimposingthatthetopedgeoftheliquid

cylindermoveswiththesamespeedasthespeedofthedropletwettinglineU,we

obtain[30]

V(r,z)=
dL(t)

dt

L(t)

h

z

r
(3.14)
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Thentheviscousenergydissipationrateperunitlengthofthecontactlinecanbe

expressedas

Ėw=
µb
∫2π
0

∫L(t)
Lm

∫h
0
r(∂V(r,z)

∂z
)2dzdrdβ

2πL(t)

=3µbϕ[
dL(t)

dt
]2ln(

L(t)

Lm
)

(3.15)

where

ϕ=
(π
2
α)4

sinα
/
( cos3α

cos3(α+θ)
[2+3sin(α+θ)

sin3(α+θ)]+[2 3sinα+sin3α]
)

originatesfromequalityofbitumendropletvolume(3.1)tovolumeoftheliquid

cylinderunderconsideration.

Combiningequations3.12,3.13and3.15,andconsideringnegativedirectionofmo-

tionleadtothefinalexpressionforthecombinedmolecular-hydrodynamicdroplet

relaxationmodel,whichisnearlyidenticaltothesimilarrelationsreportedinlit-

erature[11,30]

U=
dL(t)

dt
=
γBW(cos(π θS) cos(π θ))

ζ+3µbϕln(
L(t)
Lm
)

. (3.16)

Inthisrelationship,thenumeratorrepresentsthedrivingforceforbitumenreces-

sion,whileζandµbϕln(
L(t)
Lm
)aretherate-limitingenergydissipationfactorsfrom

thesimplifiedmolecular-kineticandhydrodynamicapproaches.Ifweneglectone

ofthedissipationmechanismsoveranother,thecombinedmodelreducestoeither

hydrodynamicorlinearizedmolecular-kineticmodels. Whenζ≫ 3µbϕln(
L(t)
Lm
),

thehydrodynamicexpressioncanbesafelyneglectedandequation(3.16)reduces

tolinearmolecular-kineticmodeldevelopedbyBlakeandHaynes[16].Inthe

otherextreme,equation(3.16)doesnotaccountforthewettinglinefrictionlosses

andturnsintothehydrodynamicmodel[19].

23



Chapter3.TheoryofDynamic Wetting

3.5 Solution Method

Temporalevolutionofapparentcontactanglecanbeobtainedfromcombination

ofequation3.3andappropriatewettinglinespeedrelation(equations3.7,3.11,or

3.16).Theresultingexpressionisanordinarydifferentialequation,forwhichno

analyticsolutionsareknown.Asaresult,thetheoreticalcontactangletemporal

profilesmustbeobtainednumerically.

Atypicalnumericalsolutioncanbedemonstratedonthecombinedmolecular-

hydrodynamicformulationofdropletrelaxation.Euler’snumericalprocedureis

appliedfordemonstrationpurposes,andmoreaccuratealternativemethodsare

verysimilarinprinciple.Thegoverningrelationforthecontactangleevolutionis

takenfromequation3.3

dθ

dt
=
sinθ(2 sin(θ+α))

rmcosα
U. (3.17)

Aftersubstitutingequation3.16intotheaboveexpressionweobtainordinary

differentialequation

dθ

dt
=
sinθ(2 sin(θ+α))

rmcosα

γBW(cosθ cosθS)

ζ+3µbϕln(
L(t)
Lm
)
. (3.18)

Weshouldnotethat ϕintheaboveexpressionisafunctionsofθandα,bothof

whichchangeasafunctionoftime.Inotherwords,wehavetwovariablesand

onlyoneequation. Hence,anotherrelationmustbeintroduced. Hereequation

3.2canbeusedtoobtainthefirstderivativeofangleα.Theresultingsystemof

ordinarydifferentialequationsisasfollows.






dθ
dt
= sinθ(2−sin(θ+α))

rm cosα
γBW(cosθ−cosθS)

ζ+3µbϕln(
L(t)
Lm
)
=f1(α,θ)

dα
dt
= 1
rm

γBW(cosθ−cosθS)

ζ+3µbϕln(
L(t)
Lm
)
=f2(α,θ)

(3.19)
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Euler’sformofnumericalsolutionisobtainedbyapplyingfinitedifferenceapprox-

imationandmakingsimplerearrangementstotheabovesystem.






θi+1=θi+f1(αi,θi)∆t

αi+1=αi+f2(αi,θi)∆t

(3.20)

Knowinginitialvaluesofθandα,thesolutioncanbepropagatedtoadesired

periodintime. Allofthealternativenumericalsolutionsaresimilarinprinci-

pletoEuler’smethod.Inourstudy,contactangleprofileswereobtainedwith

Matlab’sode45solver,whichutilizedmoreaccurateRunge-Kuttamethod. Nu-

mericalsolutionswerefittedtoexperimentaldatabyoptimizingvaluesofeither

Lm inhydrodynamicmodel,ork
0andλinmolecular-kineticmodel,orLm and

ζincombinedmodelusingtheleastsquareerrormethod. Theerrorbetween

theoreticalcurveandexperimentaldatawascalculatedasfollows:

Error%=
1

n

n∑

i=1

|θtheoretical θexperimental|
100

θS

wherenwasthenumberofexperimentaldatapoints.
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ResultsandDiscussion

4.1 ComparisonofDynamic Wetting Models

Beforediscussingamorespecificcaseofoilsandsliberation,weneedtoconsideroil

dropletrecessioninamoregeneralsense.Forthispurpose,weexaminethedroplet

recessionintermsofcapillarynumbers.Capillarynumbermeasurestherelative

importanceofviscousforcesandinterfacialtensionactingalongtheliquid-liquid

interface(Ca= viscouseffect
capillaryeffect

= µbU
γBW
).Itisadimensionlessnumber,andhencemost

oftheobservationsthatwemakeherecanbeextendedtootherwettingsystems

byanalogy.

Inourtypicaloilrecessionexperiment,wettinglinemovedrapidlyatearlystages

andsloweddownwhencontactangleapproacheditsequilibriumvalue.Therefore

capillarynumberdroppedfromitsmaximumvaluetozeroasthedropletneared

itsoptimalshape,andthetypicalcapillarynumberprofilewouldlooklikecurve

(a)inFigure4.1. Greatervaluesofcapillarynumberwereachievedbykeeping

droplet’sviscosityhighwhilestimulatingfasterinitialdisplacementrates.Indeed,

thiswaspossiblebymodifyingmicro-sphericalglasswettability.Figure4.1shows

threerepresentativedropletrecessioncurves,with(a)and(c)correspondingto

slowandfastdisplacementsrespectively.ImagesontherightsideofFigure4.1

showearlydropletshapesforeachcurve.Itisinterestingtonotethatdroplet
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Figure4.1:Apparentcontactangleevolutionprofilesforoildropletrecession
onglasssubstratesofdifferentwettability. Hydrodynamic(HD), Molecular-
Kinetic(MK),andCombined(CMB)modelswerefittedtoexperimentaldata
withcorrespondingfittingparameters:(a)HD:Lm =3.1∗10

−51m; MK:ζ=
824∗µb;(b)HD:Lm=4.7∗10

−12m;MK:ζ=20.2∗µb;CMB:Lm=2.92∗10
−5;

ζ=16.3∗µb;(c)HD:Lm =3.29∗10
−9m; MK:ζ=5.9∗µb;CMB:Lm =

5.2∗10−6;ζ=4.1∗µb.

shapeschangefromnearlysphericaltoperfectlysphericalasthecapillarynumber

decreases. Athighcapillarynumbersthedropletshapeissignificantlydistorted

fromsphericalshapeduetoviscouseffect(image(c)inFigure4.1).

Itwasourintentiontostudysuitabilityofhydrodynamic,molecular-kinetic,and

combinedmodelsoverdifferentrangesofcapillarynumbers. Suitabilityofone

modeloveranotherwouldimplicatethatthewettingdynamicswasdominated

byonemechanismovertheother. Forexample,ifmolecular-kineticmodelwas

mostappropriateforaparticularexperiment,thenwecouldsaythatmolecular-

processesatthecontactlinedefinetherateofliquid-liquiddisplacementfromthe

solidsurface.Intuitivelyonecouldexpectthatsignificanceofviscousdissipation
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inthebulkliquiddependsonthecapillarynumber. Athighcapillarynumbers,

viscousforcesarecomparabletocapillaryforces,andthusoneshouldexpectsig-

nificantviscousdissipationofenergy. Ontheotherhand,atverylowcapillary

numbersviscouseffectscanbeneglected,hencetheenergyislostmainlyatthe

contactline.

Infact,wecandemonstratethatviscousdissipationaloneisunlikelytocontrol

wettingratesatlowcapillarynumbers. Weshouldreinforcethatinatypical

hydrodynamicsolutionitisassumedthattheliquidslipsonthesolidsurfaceinthe

vicinityofthecontactline.Thismeansthatifwecalculatedtheviscousdissipation

fortherecedingdroplet,wewouldhavenoenergylossinthe“slippingportion”of

theoildroplet.Inotherwords,therateofoilrecessionisrate-limitedbyviscous

dissipationinthebulkdroplet,excludingthemicroscopicneighborhood(Lm)of

thewettingline.HydrodynamicfittingofexperimentaldatainFigure4.1shows

thatforslowdropletrecession(curve(a))thesliplengthLm wouldhavetobeas

lowas3.1∗10−51.However,thesliplengthvaluesbelowmolecularscalearedeemed

physicallymeaningless[10]. Thismeansthatviscousdissipationalonecannot

accountforthreephasecontactlinedisplacementdynamics,andhydrodynamic

descriptionofwettingdynamicsdoesnotrepresentsphysicsaccuratelyatlow

capillarynumbers.

Molecular-kineticfitting,ontheotherhand,producedfairmatchtoexperimental

datauptothecapillarynumberof10−2(Figure4.1).Fittingparametersk0andλ

werewithinareasonablerange[11]forallcontactangleprofiles.Atthesametime,

thewettinglinefrictioncoefficientvalueζdropsfrom824µbincurve(a)to5.9µbin

curve(c).Thiscoefficientisameasureofenergylossesduetomolecularprocesses

atthecontactline.Parameterζhasthesameunitsastheviscosity,andcanbe

usedasaqualitativemeasureofrelativeimportanceofcontactlineenergylosses

andviscousdissipation.Thefrictioncoefficientofcurve(a)issignificantlygreater

thanbitumenviscosity,whichjustifiesneglectingviscousdissipationinbulkliquid

overadsorption/desorptionevents. However,curve(c)producesζinthesame

orderofmagnitudeasoilviscosity.Thisresultindicatesthathydrodynamiclosses

shouldnotbeneglectedforcapillarynumberrangeofexperiment(c).
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Moreover,inasystemwhereadsorption-desorptionmechanismsplayasignificant

roleincontrollingtherateofwettinglinemotion,wettinglinefrictioncoefficient

ζcanbelinkedwithworkofadhesionWa.BlakeandConinck[31]proposedthat

thefrictioncoefficientdependslinearlyonviscosityandexponentiallyonworkof

adhesion:

ζ≈
µbvL
λ3
exp(
Waλ

2

kBT
), (4.1)

wherevL isvolumeofflowunit. Hence,inasystemwheremolecular-kinetic

descriptionofwettingapplies,experimentalvaluesofWaversusln(ζ)shouldfollow

astraightline.

Infact,Figure4.2showstheplotofln(ζ)againstworkofadhesion,wherethefric-

tioncoefficientwasobtainedfrommolecular-kineticfittingofexperimentaldata.

Indeed,alloftheexperimentsinFigure4.2conformtoastraightline,withfewin-

terestingexceptions.Twoofthewettabilitypointsthatdeviatedfromthestraight

lineresultfromcurves(b)and(c)inFigure4.1.Thisdeviationcouldbeattributed

toasuddendecreaseinmagnitudeofµbvL
λ3
inequation(4.1).Thischangewould

needtobeatleastfive-foldinordertobringwettabilitypoints(b)and(c)back

tothestraightline. However,valuesofλwereverysimilarforallexperimental

pointsinFigure4.2,andthusλcouldnotaccountfortheobserveddeviation.Sim-

ilarly,thereisnoapparentindicationthattheflowunitvolumevLshouldchange

soabruptly.Oneoftheplausibleexplanationscouldbethatduringthebitumen

recessionenergydissipationwithinthedropletturnedintoheatanddecreasedthe

viscositysignificantly.However,MoranandYeung[32]demonstratedthatduring

amicron-scalebitumendropletrelaxationinaqueoussolutionsdissipativeheatis

transportedentirelytothesurroundings. Hence,itissafetoassumethatboth

temperatureandviscosityofthebitumendropletremainconstantduringthere-

cession.Asaresult,apparentdeviationoftwowettabilitypointsfromthestraight

linecouldbeyetanotherindicationthatmolecular-kineticdescriptionisnotthe

onlyrate-limitingfactorathighcapillarynumbers.Similarly,wecouldexplain

thedeviationofpoint“pH11”inFigure4.2bythefactthatsignificantportionof

itscontactangleevolutionprofileliesabovecapillarynumberof10−2,muchlike

curves(b)and(c)inFigure4.1.
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Figure4.2: Plotofln(ζ)vs.Wa.Inbitumen-water-glasssystemthework
ofadhesionisgivenbyγ(1 cosθS),whenapparentcontactangleismeasured

fromthewaterphase

Asaresult,acombinationofhydrodynamicandmolecular-kineticmodelsshould

beconsideredathighercapillarynumbers.Letusreturntoatypicalbehaviour

ofrecedingbitumendroplet.Oncebitumen-coatedsubstrateisplacedinaqueous

solution,thedropletrecessionstartsrelativelyquicklyandslowsdownasitgets

closertooptimalshape. Thus,atearlystagesoneshouldexpectconsiderable

viscousdissipationinoilphase.Hydrodynamiclossesgraduallydecreaseuntilthey

eventuallybecomenegligible,whereadsorption/desorptionmechanismsdominate

wettinglinevelocity. Hence,wheneverconsiderableportionofdynamiccontact

angleprofilehascapillarynumbersabove10−2,bothhydrodynamicandmolecular

processeshavesignificantcontroloverthewettingrates. Asaresult,combined

molecular-hydrodynamicmodelproducesclosermatchtocurves(b)and(c)in

Figure4.1,generatingreasonablefittingparameters.Theincreasingimportance

ofviscouseffectscanalsobevisuallydemonstratedinourmicro-scaledisplacement

tests.ImagesontherightsideofFigure4.1correspondtoearlyshapesofbitumen

dropletsforexperiments(a)to(c)respectively. Wecanseethatexperimentsthat

startathighcapillarynumbersexperienceahigherdegreeofviscousbendingnear

thethreephasecontactline,whichimpliesahigherviscousdissipationinoilphase.

Thisapproachwasusedasaguidewhenselectingdynamicwettingmodeltobe

implemented. Wheneversignificantportionofthetemporalcontactanglehad

capillarynumbersbelow10−2,molecular-kineticapproachwastakentointerpret
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theresults.Inalloftheothercases,acombinationofmolecular-kineticand

hydrodynamicmodelswasusedtofittheexperimentaldata.

4.2 FactorsInfluencingBitumenLiberation

4.2.1 EffectofSubstrate Wettability

HydrophilicnatureofsolidsinAthabascaoilsandsmadeitpossibletorecover

bitumenutilizingClarkandPasternack[3]hotwater-basedextractionprocess.

Whensolidshavehighaffinitytowater,bitumencanbeeasilyremovedfromthe

solidsurfacewhenoilsandsaremixedwithwater. Ontheotherhand,ifsolids

weremorehydrophobicinnature,itwouldtakeagreatdealofefforttodisplace

bitumenfromthesolidsurface.

Inourexperimentalsetup,freshlyprepared(freshlymeltedandsolidified)micro-

sphericalglasssubstrateshadonlyslightlyhigheraffinityforwaterthanforbi-

tumen.Thiswasreflectedinthestaticcontactangleof78◦,measuredfromthe

waterphase. Glasssurfacewaslesshydrophilicduetotheremovalofthehy-

droxidesurfacelayerduringtheglasstransitionportionofsubstratefabrication.

Therefore,thisslightlyhydrophilicglasssubstratewasagoodstartingpointto

investigatetheeffectofwettabilityonwettinglinedisplacementdynamics.

ByplacingfreshlyfabricatedsubstratesintotheaqueoussolutionofpH8.3,we

wereabletoincreasesubstrates’affinitytowaterbysurfacehydrolysis. When

glasswasplacedinaqueoussolutions,itssurfacewashydrolyzedanddeproto-

nated[2]. Thismadetheglasssurfacemorenegativelycharged,andthusmore

hydrophilicinnature[33].Thelongertheglasswasexposedtowater,thehigher

wasitsaffinitytoaqueousphase. Eachmicro-sphericaltipwasthendriedina

cleanfume-hoodenvironmentforseveralhourspriortobitumencoating.Thedy-

namicwettingexperimentswereperformedwithfixedbitumenandwaterphases

atroomtemperature.Itshouldbenotedthatthewettabilityofglassspherecan

beestimatedin-situ,attheendofthedynamicdisplacementexperiments.
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Figure4.3: Effectofglasswettabilityonbitumendropletrecession. The
experimentalcurvesarearrangedinincreasingdegreeofsubstratehydrophilicity
from(a)to(c).Dropletrelaxationfittingparameters:(a1)MK:ζ=824∗µb;
(a2) MK:ζ=641∗µb;(a3) MK:ζ=619∗µb;(b)CMB:Lm =2.92∗10

−5,
ζ=16.3∗µb;(c)CMB:Lm=5.2∗10

−6,ζ=4.1∗µb;

Ineachofthedisplacementexperiments,dynamiccontactanglechangedrapidly

atearlystagesoftheexperimentandsloweddownwhenapproachingtoastatic

value. Wettinglinevelocityshowedastrongconnectionwithsubstratewettabil-

ity:bitumendropletsrecededfasteronmorehydrophilicsurfacesasanticipated.

Figure4.3showscontactangleevolutioninincreasingdegreeofsubstratehy-

drophilicityfrom(a)to(c).Sincewaterandbitumenphaseswerekeptconstant

fromoneexperimenttoanother,theonlyfactorthatchangedwasthestrengthof

solid-liquidinteractionsatthecontactline.Hence,itisonlyreasonablethatthe

resistancetoflowatthecontactlinedecreasedsharplywhensubstrate’saffinity

towaterincreased.

Thecurves(a1)to(a3)inFigure4.3reachedtheirequilibriumcontactanglesat

capillarynumbersmuchsmallerthan10−2. Thisobservationindicatesthatthe
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displacementdynamicsof(a1)to(a3)ismostlygovernedbymolecular-kinetic

mechanisms,accordingtoourfindingsinsection4.1. Thecurves(b)and(c),

ontheotherhand,haveasignificantportionoftheirtemporalcontactanglesat

highercapillarynumbers,andthusbothhydrodynamicandmolecular-kineticdis-

sipationmechanismshavesignificanteffectonthedisplacementrates.Therefore,

molecular-kineticmodelprovides

TheoreticalfittingoftheexperimentaldatainFigure4.3showsthatthecoefficient

ofwettinglinefrictiondroppedfrom824∗µbincurve(a1)to4.1∗µbincurve(c).

Therefore,wefindthattheresistancetodisplacementofthethreephasecontact

linedropsdramaticallyasthesolid’saffinitytoaqueousphaseincreases.Itis

clearthatreachingormaintainingthehydrophilicnatureofthesolidisakeyin

achievinghighrateanddegreeofbitumenliberationfromsandgrains.

4.2.2 EffectofpH

ItiscommonlybelievedthatincreasingpHoftheoilsandslurryassistsinfaster

liberationofbitumenphasefromsolidsinAthabascaoilsands.Increasingaqueous

solutionpHmodifiesbothbitumen-waterandglass-waterinterfaces.

HigherpHvaluesaidionizationandaccumulationofnaturalsurfactantsatbitumen-

waterinterface[2].Thisreducesbitumen-waterinterfacialtensionγBW,whichwas

verifiedwithourdropshaperecoverytests(Table2.1).

IncreasedconcentrationoftheOH−groupinaqueoussolutionalsotriggershigher

degreeofdeprotonationofhydrolyzedsubstratesurface.Theglasssurfaceaccu-

mulatesadditionalnegativecharges[2].Hanlyetal.[34]demonstratedthatwhen

solidsurfacecarriesacharge,solid-liquidspecificfreeenergycanbedividedinto

twocontributingcomponents:

γSW=γ
o
SW+∆Fdl (4.2)
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Figure4.4: EffectofpHonapparentcontactangleevolution. Molecular-
kineticmodelwasfittedtoexperimentalobservationswith:(a)ζ=824∗µbat
pH8.0(b)ζ=617∗µbatpH10.0(c)ζ=27.5∗µb;Lm=1.5∗10

−5atpH11.0

whereγoSWistheinterfacialtensionatpointofzerocharge,and∆Fdlrepresents

thefreeenergyofformationoftheionizablesurfacerelativetothepointofzero

charge[34].Inthesimplestcaseofconstantandlowpotential,theenergythatgoes

intoformationofelectricdoublelayeraroundchargedinterfacecanbeexpressed

as:

∆Fdl=
1

2
ϵϵoκψ

2
o. (4.3)

Itisimportanttonotethat∆Fdlisalwaysnegative.Theelectricdoublelayerforms

spontaneously,andthusspecificfreeenergyoftheinterfacereduceswheneverit

carriescharges.Therefore,solid-waterinterfacialtensionγSWreducesastheglass

accumulatedmorenegativecharges.

ReducedvaluesofγBW andγSWcontributetoincreaseincosθS=
γSB−γSW
γBW

.This

meansthattheworkofadhesionofbitumenandsolidinwaterenvironment(Wa=
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γBW(1 cosθS))alsoreduces.Accordingtoourobservationsinsection4.1,weaker

workofadhesionbetweenbitumenandsolidshouldalsotriggerlowerfrictionlosses

atthecontactline. Asexpected,Figure4.4showsthatthewettinglinefriction

coefficientreduceswithhighervaluesofpH.Thediagnosticcapillarynumberplot

inFigure4.4showsthatthedisplacementratesatpHvaluesof8and10aremostly

governedbymolecular-kineticdissipation,whileatpH11viscousdissipationin

bulkliquidalsoplaysanimportantrole.Thephysicalimportanceofthisfinding

isthatathigherpH(andhighercapillarynumbers),thedisplacementdynamics

couldalsodependonthesizeofthedroplet,whileatlowerpHthedisplacement

ratesareindependentofthescale.

TheshapetransitionofthecontactangleprofilesfrompH8to11isnotewor-

thyandweshalldiscussitinalittlemoredetail. Aswementionedinsection

3.3,thedrivingforceforthewettinglinemotionisanunbalancedYoungforce

(γBW(cos(π θS) cos(π θ))).Therate-limitingfactoristhewettinglinefric-

tioncoefficient.AsweincreasedthepHfrom8to10,interfacialtensionandthus

thedrivingforcereducedbyabout43%.Atthesametime,thewettinglinefric-

tioncoefficientdroppedbyonlyabout25%.Asaresult,eventhoughthecontact

angledecreased,ittooklongerforthedroplettoreachitsoptimalshape. On

theotherhand,whenpHincreasedfrom10to11,theresistancetoflowdecreased

muchfasterthanthedrivingforce.Asaresult,theoveralldynamicsofthedroplet

recessionwasfasterforpH11.

4.2.3 EffectofCaCl2

MuchliketheeffectofsolutionpH,thepresenceof Ca2+ions modifiesboth

bitumen-waterandglass-waterinterfaces.ComparedwiththeeffectofpHhow-

ever,thechangeisintheoppositedirection.

Ca2+ionsreducetheconcentrationofnaturalsurfactantatthebitumen-water

interface,andthusincreasebitumen-waterinterfacialtension,asshowninour

interfacialtensionmeasurementsinTable2.1.
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Figure4.5:EffectofCaCl2concentrationinaqueousphaseonapparentcon-
tactangleevolution. Molecular-kineticmodelwasfittedtoexperimentalobser-
vationswith:(a)ζ=824∗µbat0ppmCaCl2;(b)ζ=1648∗µbat100ppm

CaCl2;(c)ζ=1902∗µbat200ppmCaCl2

Moreover,atsolutionpHof8andabove,calciummonohydroxyions(CaOH+)

adsorbonhydrolyzedsilicasurface(SiO−)formingcovalentSiOCa,reducingthe

overallnegativechargeofthesubstrate[2].Thereducedchargeofsilicasurfaces

duetopresenceofCa2+ionswasexperimentallyconfirmedbyLiuetal.[35]for

asimilarenvironment. Asitwasdemonstratedwithequations(4.2)and(4.3),

reducedchargesonthesolidsurfaceincreasesolid-liquidinterfacialtension.

Asaresult,weshouldexpectthatadditionofCa2+ionsincreasesthestaticcontact

angle,sincecosθS=
γSB−γSW
γBW

.Thisisinfactconfirmedbyourdropletrecession

experimentalresultsinFigure4.5.

AllofthetemporalcontactangleprofilesinFigure4.5hadmuchoftheirassociated

capillarynumbersbelow10−2,andthereforethedisplacementratesweregoverned

bymolecular-kineticmodel.Themodelproducedgoodfittoexperimentaldata,
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andwettinglinefrictionincreasedfrom824µbto1902µbwithincreasingCaCl2

concentrationsto200ppm.Thisfindingconfirmsthattheadditionofcalciumions

toaqueousphasechangesbitumen-waterandglass-waterinterfacesincreasingthe

resistancetothree-phasecontactlinemotion.

4.2.4 EffectofNaCl

Intheindustrialoilsandsextractionplants,theprocesswaterisrecycledmany

timeswithonlysmallportionoffreshwateraddedineachcycle. Duringeach

recycle,thewaterpHisadjustedbytheadditionofNaOH.Asaresult,thecon-

centrationofthesodiumionscanbuilduptoveryhighvaluesduringthelifetime

oftheextractionplant.TakamuraandWallace[36]showedthatbitumenrecovery

candropbyasmuchas45%whenNa+ionconcentrationreaches1725ppm.This

wasalsoconfirmedbyBasuetal.[37],althoughhehadtogouptomuchhigher

concentrationofsodiumionsbeforeheobserveddetrimentaleffects. Moreover,

Basuetal.[37]noticedthatwettingdynamicsisaffectedmuchmoreathigher

valuesofpH.Allofthisobservationscanbeexplainedwiththeunderstandingof

wettingdevelopedinthisthesis.

AtaqueoussolutionpHof8,sodiumionsestablishtheelectricdoublelayeraround

negativelychargedbitumen-waterandglass-waterinterfaces. Theincremental

concentrationsofNa+ reducetheDebyelengthandincreasetheabsolutevalue

of∆Fdlinequation(4.2).ThismeansthatbothγBW andγSWdecrease,andthe

staticcontactanglereduces. However,thechangestotheinterfacefreeenergy

arerathersmall,andhencenoteasilyobservedindropletrecessionexperiments.

AllthreeofthecontactangleprofilesinFigure4.6overlapalmostentirely,and

differencesbetweenthecurvesarecertainlywithintheerroroftheexperimental

method.

Allthreeofthedisplacementexperimentsreachtheirequilibriumcontactangles

atcapillarynumbermuchsmallerthan10−2.Asaresult,theyallproduceagood

fittomolecular-kineticmodel,andmostoftheenergydissipationhappensinthe
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Figure4.6:EffectofNaClconcentrationinaqueousphaseonapparentcon-
tactangleevolution. Molecular-kineticmodelwasfittedtoexperimentalobser-
vationswith:(a)ζ=824∗µbat500ppmNaCl;(b)ζ=650∗µbat1000ppm

NaCl;(c)ζ=619∗µbat2000ppmNaCl

immediateneighborhoodofthethree-phasecontactline.AllthreecurvesinFigure

4.6producethewettinglinefrictioncoefficientofthesameorderofmagnitude.

Therefore,wecanconcludethatthechangesinsodiumionconcentrationshave

insignificanteffectonbitumendisplacementratesatpHvalueof8.

4.2.5 EffectofTemperature

Inalloftheprevioussections,onlysystem’sinterfacialpropertiesweremodified

andbitumenviscositieswerekeptconstant.However,reducingtheliquidviscosity

canbeanotherpowerfultooltoaidbitumenliberation.Thecurrentmineableoil

sandsextractionprocessrunsatabout50◦C,atwhichpointbitumenflowseasily.
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Figure4.7: Effectoftemperatureonapparentcontactangleevolution.
Molecular-kinetic modelwasfittedtoexperimentalobservationswith: (a)

ζ=824∗µbat25
◦C;(b)ζ=46∗µbat50

◦C;(c)ζ=24∗µbat70
◦C

Figure4.7showsthetemporalcontactanglesofbitumendropletsat25◦C,50◦C

and70◦C. Allthreecurveshaveassociatedcapillarynumbersbelow10−2,and

thereforethedisplacementdynamicsiscontrolledbyadsorption/desorptionevents

atthethreephasecontactline.AsshowninFigure4.7,theexperimentalresults

fitverywellbymolecular-kineticmodel.

Bitumenviscosityreducesexponentiallyasitstemperaturegoesup,whichwas

confirmedbyourviscositymeasurements(Figure2.4). Lowerviscosityvalues

meanthewettinglinefrictioncoefficientζreduces,asitisdirectlyproportional

toviscosity(seeequation4.1).Asaresult,thedropletrecededsignificantlyfaster

fromtheglasssurfaceathighertemperatures(Figure4.7).Asexpected,thewet-

tinglinefrictioncoefficientdecreasedexponentiallywithincreasingtemperature,

followingthetrendsofbitumenviscosity.
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Itisimportanttonotethatwhenthesilicasurfaceisnotfullyhydrolyzed,which

wasthecaseinourmicro-pipetteexperiments,hightemperatureofaqueousphase

couldacceleratehydrolysisanddeprotonationofthesubstrate. Asaresult,the

solidwouldbecomemorehydrophilic,andstaticcontactanglewoulddecrease,

whichwasobservedforourdropletrecessionexperimentsat70◦C.

Moreover,highersolutiontemperaturemodifiesthebitumen-waterinterfacialten-

sion. However,thesechangesarenotalwaysstraightforwardandtheinterfacial

tensionmeasurementsbecomeratherdifficulttoperform.Thisoffersawindowof

opportunityforfutureresearch,giventhatatemperaturecontrollerisaddedto

currentexperimentalsetup.

4.2.6 EffectofDiluentAddition

Theindustrial-scalehotwater-basedbitumenextractionprocessdoesinvolvelarge

quantitiesofprocesswater.Keepingtheprocessat50◦Ccanbeenergyintensive,

andthereforecostly.

Analternativesolutionforreducingthebitumenviscositycouldbesoakingbitu-

meninadiluentbeforeprocessingitintheextractionplant.Diluentsareindeed

usedinlargequantitiesatlatestagesofbitumenextraction,andtheprocesscould

beimplementedatanindustrialscale.Theeffectivenessofthehybridprocesswas

demonstratedonpoorprocessingorebythelaboratoryscaletests[38].Additionof

15%diluenthasshowntoimprovethebitumenrecoveryfrom35%to90%.These

findingsarefurtherreinforcedbyourbitumendropletdisplacementexperiments

(Figure4.8).

Itwasshownthattheadditionofnaphthaasadiluentcanbeaseffectiveasa

temperatureincreasetoreducebitumenviscosity[19,39]. Theviscosityvalue

dropsseveralordersofmagnitudewhenaddingjust10wt%ofnaphtha,andit

goesaslowasabout0.4Pa∗sat30wt%ofnaphthaaddition. Asaresult,the

resistancetobitumenrecessiononsolidsurfacereducessignificantly.
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Figure4.8: Effectofnaphthaadditiononapparentcontactangleevolution.
Molecular-kineticmodelwasfittedtoexperimentalobservationswith:(a)ζ=
824∗µbat0%naphtha;(b)ζ=12.8∗µbat10%naphtha;(c)ζ=2.4∗µbat

30%naphtha

However,additionofnaphthatobitumenalsoreducesbitumen-waterinterfacial

tension.Theinterfacialtensiondropsbyafactorof10whenjust10wt%ofnaphtha

ispresent[19,39].Thereductionininterfacialtensionbybitumendilutionwith

naphthareducesthedrivingforceofbitumendropletdisplacement,asshownin

unbalancedYoungforce.Hence,comparedwiththeeffectoftemperature,naphtha

hasslightlysmallereffectonimprovingtherateofbitumenliberation.Thedroplet

recessiontestsinFigure4.8showthatbitumenisdisplacedfasterfromtheglass

surfacewhen10wt%ofnaphthaisadded,withonlyslightfurtherimprovementat

30wt%ofnaphthaaddition.Itshouldalsobenotedthattheexperimentalresults

withnaphthaadditiondoesnotfitwiththemolecular-kineticmodelaswellasin

thecaseofincreasingtemperature.
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4.3 Rate-DefiningParametersof BitumenLib-

eration

Intheabovesections,weestablishedthatmodifyingthewaterphasechemistry

aswellasreducingthebitumenviscositycanbeaneffectivetooltoenhance

bitumenliberationrates. Wealsodemonstratedthatthedisplacementratesare

proportionaltothemagnitudeofunbalancedYoungforceandlimitedbyviscous

dissipationandwettinglinefrictionlosses.Inmostgeneralcases,theoverall

dynamicsofthebitumendropletrecessioncanbedescribedbyequation(3.16)

U=
γBW(cos(π θS) cos(π θ))

ζ+3µbϕln(
L(t)
Lm
)

.

Sincethewettinglinefrictioncoefficientζisdirectlyproportionaltotheliquid

viscosity,wecanfactoroutthetermγBW
µb
fromtheaboveequation.

U=
γBW
µb

cos(π θS) cos(π θ)

ζ/µ+3ϕln(L(t)
Lm
)

.

Theaboveequationcanthenbeusedasaguideindesigningoptimalconditions

forbitumenliberation.Ideally,wewouldwanttohaveasubstantialdrivingforce

andsmallmagnitudesoftherate-limitingfactors.Thiscouldbedonebyhaving

greatestpossiblevalueforγBW
µb
andmaintaininglowestpossiblestaticcontactangle

θS.
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In-SituBitumenRecovery

5.1 ModelofFluidFlowinPorous Media

Theideasdevelopedinchapters3and4canbeextendedbeyondhotwaterbased

oilsandsextractionapplications. Theimmisciblefluid-fluiddisplacementfrom

thesolidsurfacesalsotakesplaceinin-situoilrecovery. Therefore,thephysics

involvedinin-siturecoveryandbitumenliberationismuchalike. Weusean

approachverysimilartothecombineddropletrecessionmodelinchapter3to

describeslowdisplacementofoneliquidbyanotherinacapillarytube.Thismodel

isanextensiontoa Washburnequation,andcanbeusedtomodelperformance

ofSAGDandconventionaloilrecovery.

5.1.1 Dynamic WettingofCapillaryTube

Fluidflowdistributioninsidethecapillarytubecanbeobtainedfromthe

Navier-Stokesequationwithfewsimplifyingassumptions.Letusconsiderimmis-

cibleNewtonianfluid-fluiddisplacementinacapillarytubewithinnerradiusof

R(Figure5.1). Weassumethattheflowisincompressibleandviscosityofone

fluidismuchhigherthantheviscosityoftheotherfluid,andmomentumisonly

transportedalongthez-axisinFigure5.1.Then,thecorrespondingcomponentof
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Figure5.1: Schematicviewofimmisciblefluiddisplacementinacapillary
tube

theNavier-Stokesequationis[40]

ρ(
∂u

∂t
+ur

∂u

∂r
+
uϕ
r

∂u

∂ϕ
+u
∂u

∂z
)=

∂p

∂z
+µ(

1

r

∂

∂r
(r
∂u

∂r
)+
1

r2
∂2u

∂ϕ2
+
∂2u

∂z2
). (5.1)

Theflowisaxisymmetric(∂
∂ϕ
=0),fullydeveloped(∂u

∂z
=0)andatsteadystate

(∂
∂t
=0). Wealsoassumethattheradialandswirlcomponentsoffluidfloware

negligible(uϕ=ur=0).Then,theNavier-Stokesequationreducesto

1

r

∂

∂r
(r
∂u

∂r
)=
1

µ

∂p

∂z
. (5.2)

Thefluidvelocitydistributioncanbethenwrittenas

u(r)=
1

4µ

∂p

∂z
r2+c1ln(r)+c2, (5.3)

wherec1andc2aretheintegrationconstants.

Consideringthatthefluidvelocityisfiniteatr=0,andthatthesliponsolid

surfaceisdefinedasillustratedinFigure5.1,weobtainthefollowingrelationship

fortheflowdistribution:

u(r)=
1

4µ

∂p

∂z
r2

1

4µ

∂p

∂z
(R+Lm)

2

=
1

4µ

∂p

∂z
(r2 R2 2RLm) (5.4)
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Thenthespeedofthewettinglinecanbeexpressedastheaverageflowvelocity

acrossthecapillarycrosssection:

U=
1

πR2

∫R

0

u(r)2πrdr

=
1

8µ

∂p

∂z
(R2+4RLm). (5.5)

Combiningequations(5.4)and(5.5),weobtaintheequationofflowdistribution

inacapillarytubeexpressedthroughthespeedofthewettinglineU:

u(r)=
2(r2 R2 2RLm)

R2+4RLm
U. (5.6)

Thegoverningrelationforcapillary wettingcanbederivedinasimilar

mannertooildropletrecession. Theworkdoneonthesystemisbalancedby

viscousdissipationinthebulkliquidĖw andthefrictionlossesatthecontact

lineĖl. TheoveralldynamicsofwettingcanbeconveyedwithdeGennes[10]

equation:

FU=Ėl+Ėw (5.7)

However,inthiscasewedonotassumethattheflowisonlydrivenbycapillary

forces,andweexpressthedrivingforceinamoregeneralway.Theforceperunit

lengthofthecontactlinecanbecalculatedthroughthesumofexternalpressure

contributions
∑
P:

F=

∑
(P)πR2

2πR

=

∑
(P)R

2
(5.8)

Here,
∑
Pconsistsofunbalancedexternalpressure,capillarypressure,andgravity

contributiontopressuredifferences.

TherateofenergylossperunitlengthofthecontactlineisexpressedwithBlake

[11]relationship:

Ėl=ζU
2. (5.9)
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Theviscousdissipationperunitlengthofthecontactlinecanbecalculateduti-

lizingtheflowequation(5.6):

Ėw=
µ

2πR

∫2π

0

∫L

0

∫R

0

r

(
∂u(r)

∂r

)2
drdzdβ

=
µ

2πR

∫2π

0

∫L

0

∫R

0

r

(
4r

R2+4RLm
U

)2
drdzdβ

=
µ

2πR

8πLU2

(1+4Lm
R
)2

=
4µLU2

R(1+4Lm
R
)2

(5.10)

Bysubstitutingrelations(5.8)-(5.10)intotheenergybalanceequation(5.7),we

obtainthefinalrelationfordynamicwettinginacapillarytube

U=

∑
(P)R

2ζ+8µL 1
R(1+4Lm/R)2

(5.11)

Thisrelationshipisverysimilartothecombinedmodelofdropletrecession.The

terminthenumeratorrepresentsthedrivingforcesfortheflow,whiletwotermsin

denominatorstandforrate-limitingfactorsduetoviscousdissipationandwetting

linefriction.Theequation(5.11)canbereducedtoamorefamiliarform,given

fewsimplifyingassumptions.

5.1.2 WashburnEquation

Whenthefrictionlossesatthewettinglinearenegligiblysmallcomparedtothe

viscousdissipationinthebulkliquidandR≫Lm,theequation(5.11)reducesto

U=

∑
(P)R2(1+4Lm/R)

2

8µL

=

∑
(P)(R2+8LmR+L

2
m)

8µL

=

∑
(P)(R2+8LmR)

8µL
(5.12)
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whichisalmostidenticalto Washburn[41]equation.Infact,whenthevalueof

thesliplengthcanbeneglectedincomparisonwiththecapillaryradius,equation

(5.12)reducestothemostcommonlyusedformof Washburnequation.

dL

dt
=

∑
(P)R2

8µL
(5.13)

Thesliplengthisnormallyofananometerscale,andhencetheabovesimplification

isapplicabletoawiderangeofliquid-solidsystems.

Eventhough Washburn[41]relationshipsquantifytheflowthroughasinglecap-

illarytube,ithasbeenexperimentallyverifiedtobeaccurateforflowthrough

porousmedia[42].

5.1.3 DarcyEquation

ThefluidflowthroughporousmediaismostcommonlyquantifiedwithDarcy’s

empiricalrelationship. Darcyexperimentallyobservedthatwhenthepressure

differentialisappliedthroughtheporouscylinderoflengthLandcrosssectionA,

thevolumeflowrateabidesbyexpression

Q=
kA

µ

∆P

L
, (5.14)

wherekistherockpermeability.

Rearrangingtermsinequation(5.12)allowsdirectcomparisonwiththeDarcy

equation.Ifweassumethattheflowisdrivenbyexternalpressuredifferential,

then
∑
(P)= ∆P.Thenegativesignsignifiesthattheflowisinthedirection

ofthepressuredrop. Thus,bymultiplyingbothsidesoftheequation(5.12)by

the“flowarea”A,weobtainanequivalentofDarcyequation:

Q=

(
(R2+8LmR)

8

)
A

µ

∆P

L
(5.15)

where(R2+8LmR)
8

isthemeasureofpermeability.
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Figure 5.2: SchematicrepresentationofSAGDprocess. Theimage
ontherightrepresentsaschematicSAGDprocessinasinglecapillary
tube. Thetwoimagesontheleft wereadoptedfromJAPEX website

(https://www.japex.co.jp/english/business/oversea/sadg.html)

Itisnotacoincidencethatourgoverningrelationforthedynamicwettingofcap-

illarytube(equation5.11)canbereducedtothe Washburnequationanddirectly

comparedwithDarcy’slaw.Allthreeexpressionsdescribethesamephenomenon,

butwithdifferentassumptionsinmind.

Inthesectionsbelow,weadaptsimplesituationsofflowincapillarytubeto

qualitativelydescribethein-situoilrecoverymethods. Equation(5.11)canbe

thenusedtojustifytherecentimprovementstotheproductionmethods.

5.2 SteamAssistedGravityDrainage

SteamAssistedGravityDrainage(SAGD)processhasbeenwidelyusedforin-

situproductionofbitumenfromAthabascaoilsands. Themethodisnormally

implementedindeepersectionsofthebitumenbearingformation,whereopenpit

miningisnoteconomical.IntheSAGDprocess,twoparallelhorizontalwellsare

drilledthroughtheoilsandsformation,withonewelldirectlyabovetheother

(Figure5.2a).Thesteamisinjectedintotheoilsandsformationthroughthetop

well,whichmeltsthebitumeninoilsandsmatrixandformsasteamchamber.

Themeltedbitumenphasedrainsdownthroughthesteamchamberwallstothe

bottomproducingwell.
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Thesameprocesscanberepresentedinprinciplewithaflowinasinglecapillary

(Figure5.2b),withbitumenphaseontopandthesteamonthebottom. The

bitumenflowratethroughthecapillaryisthendescribedbyequation(5.11)

U=

∑
(P)R

2ζ+8µL 1
R(1+4Lm/R)2

Wecannowexpandthecontributingpressuretermsfor
∑
(P)intheaboveequa-

tion. Thebitumenphaseissignificantlydenserthanthesteam,andthusρgL

drivesthefluidflowtothebottom. Atthesametime,bitumentendstospread

easilyonthesandsurfacewhensurroundedwithvapour. Therefore,bitumen

adhesiontothesandmatrixissignificant,and2γcosθ
R
resiststheflow. Thefinal

expressionforthebitumenflowinthecapillarytubeinFigure5.2bis:

U=
(ρgL 2γcosθ

R
)R

2ζ+8µL 1
R(1+4Lm/R)2

(5.16)

Wecanseefromtheaboveequationthatwhenthehotsteamreducesbitumen

viscosity,italsoreducesthemagnitudeofbothflowratelimitingfactors(ζis

directlyproportionaltoµaccordingtoequation4.1).Therefore,theresistanceto

flowdropssignificantly,andbitumendrainsundereffectofgravity.

Muchlikethehybridprocessdescribedinsection 4.2.6,bitumenviscositycan

bealsoreducedwithadditionofsolvents.Theviscositycanbethenreducedto

thesamelevelsasthetraditionalSAGDprocess,butitcanbedoneatlower

steamtemperatures. Moreover,asithasbeendemonstratedin[19],additionof

diluentscanreducethebitumeninterfacetensionsignificantly. Therefore,the

solventadditionalsoreducesthemagnitudeof2γcosθ
R
,whichincreasesthedriving

forceforthefluidflowinequation(5.16).Thisprocesshasbeenimplementedin

theindustryasExpandingSolvent(ES)SAGDprocess.

TheSAGDprocesscanbefurtherimprovedbysimplytryingtoincreasethedriv-

ingforceandreducetherate-limitingfactorsinequation(5.16).Asanexample,

thepHofthesteamcanbebroughtto11.ThehigherpHofthesteamwouldthen
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Figure5.3: Schematicrepresentationof waterflooding. Theimageon
therightrepresentsaschematic waterfloodingprocessinasinglecap-
illarytube. Theimageontheleft wasadoptedfrom Amerex website

(http://www.amerexco.com/recovery.html)

reducetheinterfacialtensionofbitumen.Itwouldalsohydrolyzeanddeprotonate

thesandsurfaceveryquicklysincehighpHisalsocoupledwithhightemperature.

Overall,equation(5.16)canbeusedasaguidewhenintroducingchemicalsor

changingconditionstoimprovetheSAGDprocess.

5.3 ConventionalOilRecovery: WaterFlooding

Waterfloodingisthemostcommonlyusedtechniqueforincreasingproduction

ratesinconventionaloilrecovery.Thewholereservoirisnormallysplitintopro-

ductionpatterns,wheresomeofthewellsinjectwaterintothereservoirwhilethe

restofthewellsproduceoil(Figure5.3a).Theinjectedwaterphasedisplacesoil

fromtheporesandmaintainsthepressuredifferentialacrossthereservoir.Thus,

theefficiencyofthemethoddependsontheoilviscosityandinteractionsofthe

waterphasewiththerock.

Thewaterfloodingcanbequalitativelyrepresentedwiththeimmiscibleliquid

displacementinacapillarytube(Figure5.3a).Inthiscase,anexternalpressure

differential∆Pisappliedacrossthetube. Wecanneglectthegravityeffects,while

capillaryforceseitherassistthefloworresistitdependingontherockwettability.

Therefore,theoverallgoverningrelationfordisplacementratecanbeexpressed

as:

U=
(∆P±2γcosθ

R
)R

2ζ+8(µoLo+µwLw)
1

R(1+4Lm/R)2

(5.17)
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Byanalyzingequation(5.17),wecanqualitativelyexplainsomeofthecommon

observationsinconventionaloilrecovery.

Firstofall,waterfloodingisnormallynotveryeffectiveinoil-wetreservoirs.

Inthissituations,theoilhashighaffinitytotherock,andthusthewettingline

frictioncoefficientwillhavesignificantlylargevalue. Moreover,thecapillaryforces

willresisttheflow,and2γcosθ
R
willcarryapositivesign.

Secondly,onenormallyhastoapplyhigherpressuredifferential∆P,whenthe

typicalsizeoftheporeRissmall.Lookingatequation(5.17),wecanseethatthe

drivingforcecontributionduetoappliedpressuredifferential(R∆P)reducesin

magnitudeforsmallerporesizes. Moreover,theassociatedhydrodynamicenergy

losses(8(µoLo+µwLw)
R(1+4Lm/R)2

)becomehigherinsmallerpores.Itisinterestingtonotethat

bothtermsrelatedtotherock-liquidinteractions(2γcosθ
R
Rand2ζ)areindependent

ofthegeometry.

Theliquid-solidinteractionstakeprogressively moreimportantroleinwater-

floodingdesigns.Ithasbeendemonstratedthatthepresenceofcertainionsin

waterphasecanimproveoilrecoverybywaterflooding[43,44].Themethodis

oftenreferredtoas“Smart WaterFlooding”. Muchlikeinourdropletrecession

experiments,therockwettabilitycanbeeffectivelymodifiedwithionaddition.

Forinstance,whentherockismainlycomposedofsandstone,itsaffinitytowater

canbemodifiedbyincreasingwaterpH.Ithasbeendemonstratedinsection4.2.2

thattheadditionofNaOHeffectivelyreducesthewettinglinefrictioncoefficient,

promotingfasterliberationrates.
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Conclusions

Bitumenliberationisanimportantstepinminableoilsandsextractionprocess.

Atthisstep,bitumenphaserecedesfromthesandgrainsurfacestoformtrun-

catedsphericalcaps.Thefinalshapeofthesedropletsisnormallydefinedbythe

staticcontactangle,measuredfromthewaterphase.Ifthefinalangleissmall,

bitumendropletsareeasilydetachedfromthesolidbyhydrodynamicshearforce

ofthenextstepoftheextractionprocessand/orbyaeration.Itisthereforeimpor-

tantthateachbitumendropletreachesitsfinalshapeasfastaspossible.Hence,

understandingmajorrate-definingparametersiscrucialforoptimizingbitumen

liberation.

6.1 ThesisContributions

Inthisstudy,weconductedaseriesofexperimentsinanattempttomimicbitumen

liberationfromasinglesandgrainsurface.Thiswasdonebyfabricatingmicro-

sphericalglasstipsandcoatingthemwithbitumeninair.Eachofthe“oilsand

grains”wasthenimmersedinaqueoussolution,wherebitumenspontaneously

recededfromtheglasssurface.

Thebitumendropletrecessionwasmodeledutilizingthetheoryofwettingdy-

namics.Threeofthemajordynamicwettingmodelswereappliedtooursystem.
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Whileithasbeendemonstratedthatthecombinedmolecular-hydrodynamicmodel

isappropriateatcapillarynumbersabove10−2,molecular-kineticmodelwasused

toanalyzeslowbitumenrecessionatroomtemperature.

WeexploredtheeffectsofaqueoussolutionpH,presenceofsodiumandcalcium

ions,andsolidwettabilityonthebitumenliberationrates.Theresistancetoflow

(bitumenrecession)atthecontactlinewasshowntodecreaseatsmallervaluesof

workofadhesion. Moreover,weconfirmedthatbothdiluentadditionandincrease

intemperaturecanassistinfasterbitumenliberation.

Alloftheexperimentresultsinthisstudywereanalyzedinlightofwettingdynam-

icstheory.ItwasfoundthatγBW
µb
andtheworkofadhesionWahavesignificant

impactonthebitumenliberationrates.Ideally,onewouldwanttoincreasethe

parameterγBW
µb
,whilekeepingtheworkofadhesionaslowaspossible.Insuch

systemsthebitumenphasewouldbedisplacedquickly,whilemakingthedroplets

easilydetachablefromthesandgrainsurface.

Weextendedourunderstandingofwettingdynamicstothewettinginacapillary

tube. Themodelfortheflowwasdevelopedandcomparedwiththe Washburn

equation. Thismodelwasthenusedtoqualitativelyanalyzetheflowinporous

media,withtheparticularfocustoESSAGDandsmartwaterflooding.Itwas

foundthattheproductionratesfortheseprocessesarerate-limitedbymechanisms

similartothebitumenliberation.

6.2 Future Work

Mostoftheexperimentsperformedinthisstudyweredoneatroomtemperature.

However,thecurrentoilsandsextractionprocessrunsatabout50◦C.Thus,it

wouldbeofinteresttoconfirmwhethertheeffectsofaqueoussolutionchemistry

andsolidwettabilityalsoholdathighertemperatures.
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Moreover,wedemonstratedthatthemolecular-kineticmodelfitsthedropletre-

cessiondatanicely,whentheexperimentisperformedatcapillarynumbersbe-

low10−2. Abovethatnumberweproposedthatacombinedconsiderationof

molecular-kineticandhydrodynamicmodelsisneeded. However,themolecular-

hydrodynamicmodelusedinthisthesisisonlyacombinationofsimplifiedmolecular-

kineticandhydrodynamicmodels.Asaresult,itdoesnotfitexperimentaldata

nicelyoverthefullrangeofsmallcapillarynumbers.Therefore,thereisstillroom

foranimprovedmodelthatwouldtakeintoaccountbothmolecularprocessesat

thecontactlineandviscousresistancetotheflow.

Themoderndynamicwettingtheoryisoverwhelminglyfocusedonexperimentsat

capillarynumbersbelowone,wheretheshapeoftheinterfaceismainlycontrolled

bysurfaceorinterfacialtension.Atthesametime,itwouldbeinterestingtosee

ifthewettingbehaviourwouldchangesignificantlyatcapillarynumberscloseto

one.Here,onecouldexpectamorepronouncedviscous“foot”atthethreephase

contactline,whichwasalreadyobservedinafewofourfasterdropletrecession

experiments.

Furthermore,onecouldtesttheproposedrelationship(section5.1.1)forwettingin

capillarytubes.Inparticular,thiscouldbedonebysimplyobservingthecapillary

riseofdifferentliquidsinamicro-scalecapillarytubes.Thenitcouldbetestedif

thesamerelationshipalsoholdsforriseoftheliquidcolumninporousmaterials.
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AppendixA

AutomatedAngleAcquisition

A.1 DiscussiononApparentContactAngle

Beforeweanalyzebitumendropletrelaxationimages(FigureA.2a),weneedto

beclearonourdefinitionofapparentcontactangle.Thecurvatureofadroplet

interfaceisknowntochangeasitnearscontactline,andinterfacecanbesepa-

ratedintoinnerandouterregions(FigureA.1). Normallyauthorsonlyreport

macroscopiccontactangles,andveryoftenmicroscopicdistortionsoftheinterface

arenotvisible[30,45].Inourexperiment,thedropletshapeintheouterregion

isgovernedbycapillaryforces,whileinterfaceintheinnerregionisdistortedby

solid/liquidinteractionsanddynamiceffects. Weareparticularlyinterestedin

macroscopicangleevolutionandthusadoptadefinitionsimilartoonegivenby

Cox[13].

Definition A.1. Apparentcontactangleistheanglebetweenbitumen/water

interfaceandsolidsurfaceasoneapproachescontactlineintheouterregion
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FigureA.1:Schematicrepresentationofdropletinterfaceclosetocontactline

A.2 MotivationforAutomatedApproach

Onewaytomeasurethiscontactanglewouldbe:printingouttheimages,drawing

tangentlinesclosetothreephasecontactline,andestimatingcontactangleswith

aprotractor.Similarapproachwasinfactadoptedbyseveralinvestigators[8,45],

andobtainingaccuratecontactanglereadingsrequiredcarefulmanualmeasure-

ments. Aslightlyimprovedprocedurewaspossibleforourgeometry,andwas

utilizedbyLinetal.[19].ImageProsoftwarewasusedtofittwocircularobjects

asinFigureA.2e. Onceequationsofcirclesweredefined,onecouldeasilyfind

circleintersections,correspondingtangentlinesandcontactangles.However,this

processwouldstillbetimeconsumingifonewantstoanalyzea600framevideo

file. Moreover,theprocessoffittingthecirclesintheImageProsoftwarewould

stillrequireuserjudgement,whichsuggeststhatdifferentinvestigatorscouldhave

differentbiasesintheircontactanglereadings.Thus,itwasdecidedtoimplement

amoresystematicautomatedapproachtocontactanglemeasurement.

A.3 ImplementationSteps

Fullimplementationofautomatedanglemeasurementisgivenattheendofthis

sectionasaseriesofMatlabfunctions. However,wecandescribethekeysteps

involvedinthealgorithmhere.

First,theinputimageisconvertedtoblack-and-white,andboundaryofthe

resultingobjectisrecorded(FiguresA.2a,A.2b,A.2c).
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(a)Inputimage (b)B/Wimage (c)Objectboundaries

(d)Detectionofedges (e)Fittingcircles (f)Calculatingcon-
tactangle

FigureA.2:Visualdemonstrationofkeyimageprocessingsteps

Then,oneneedstoseparateobtainedboundaryintobitumen/waterand

glass/waterinterfacesinordertofitacircleintoeach. Thisisdoneby

notingthatcontactlinepointscorrespondtolocationswithsharpestchange

indirectionalongtheboundary.Anaveragedeviationangleiscomputedby

constructingseveralvectorsstartingatthepointofconsiderationandending

attheneighbouringboundarypoints(FigureA.3).Anglesbetweenredand

bluevectorsarecalculatedfromdotproducts,andanaverageisobtained

forthewholeneighbourhood.Pointswithsharperangledeviationsproduce

smalleraverageangles.Thus,weareabletolocateanumberofpointsclose

tothecontactline(FigureA.2d).

RemarkA.2.Thisstepismadeevenmoreaccuratebynotingthatvector

pairsatthecontactlinewillproducecrossproductpointingoutwards(from

thepaper),whileanyotherpointsonbitumen/waterorglass/waterinter-

faceswillhavecrossproductspointinginwards(intothepaper).Hence,we

significantlyimprovecontactlinepointdetectionifweonlyconsidervector

pairswithdesiredcrossproductorientationincalculatingaverageangleof
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theneighbourhood.

Finally,wecanseparatetheobjectboundaryintobitumen/waterandglass/wa-

terinterfaces. Circlesarefittedtoeachinterfaceinaleastsquareerror

fashion(FigureA.2e).Intersectionsofthecirclesandcorrespondingtangent

linesarecalculated. Thecontactanglevaluesarecalculatedfromthedot

productsofoutwardsfacingtangentvectors(FigureA.2f).

Abovestepsarerepeated(looped)forallframesofexperimentalvideofile.

FigureA.3: Bluecirclesarethelocationsoftheboundarypoints. Redand
bluevectors,thatstartatthepointofconsideration,areusedtocalculate
averageangledeviationatcurrentboundarypointlocation. Axisoftheplot

arescaledinpixels.

A.4 ComparisontoSemi-Manual Measurements

fromImage-ProSoftware

Asmallstudywasconductedtocompareperformanceofourautomatedapproach

tosemi-manualanglemeasurementswithImagePro.Anumberoffellowgraduate

studentswereaskedtoperformfivecontactanglemeasurementsonthesameimage
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(TableA.1).Studentsusedaprotractortooltogivetheirbestestimatesofthe

contactangle.Asitwasanticipated,differentpeoplehavedifferentbiasesintheir

measurements,whichfurthersupportstheneedforanautomatedapproach.The

MATLABimplementationoftheprogramwasrunonthesampleexperimental

videofile,andit’srelativeperformancesemi-manualmeasurementsarepresented

inFigureA.4.

TableA.1:Resultsofsemi-manualanglemeasurements

Student ContactAngle(deg) AverageAngle(deg)
A 68.8 80.1 67.2 69.8 72.4 71.7
B 80.2 74.2 79.1 74.7 76.3 76.9
C 59.6 61.8 68.1 66.8 61.4 63.5
D 72.3 66.2 60.5 64.8 58.1 64.4
E 68.7 79.5 61.2 54.5 74.4 67.6

Figure A.4: RelativeperformanceofImagePro measurementsand Matlab
implementationofautomatedanglemeasurements.Theerrorformanualmea-
surementswasestimatedasastandarddeviationofdatainTableA.1
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A.5 MatlabSourceCode

function[data,re,rm]=main(filename,dt)
%Thisprogramanalysesbitumenmicro-dropletrecessionexperiments.The
%programreadsinexperimentalvideofile(seePrimkulov2014MScThesis)
%andoutputscontactlineevolutiondatawithtime.
% INPUTS:
% filename-nameofthevideofile
% dt-timeintervalbetweenvideoframes(s)
%
% OUTPUTS:
% data-matrixthatisarrangedasfollows.1stcolumnisthetimein
% seconds.2ndcolumnistheapparentcontactangle(Cox1985).
% 3rdcolumnissizeofbitumen-wettedregion(Primkulov2014)

%-------------------------------------------------
%displayoption=1-displayeachstep
%displayoption=0-donotdisplay
displayoption=1;

%Findnumberofframesinthevideofile.trafficObjislaterused
%toobtainasinglevideoframe
[nframes,trafficObj]=readnumberofframes(filename);

fork=1:nframes
%Readsingleimage
singleFrame=read(trafficObj,k);

%Obtainobjectboundary
[boundary]=obtainboundary(singleFrame);

[k1,k2]=findthreephasecontact(boundary);

%Obtainbitumen/waterandglass/waterinterfaces
dn=round(0.05*size(boundary,1));%5%ofthetotalboundarylength
bitumen=boundary(k1+dn:k2-dn,:);
glass=vertcat(boundary(k1-3*dn:k1,:),boundary(k2:k2+3*dn,:));

%Fitcirclestobitumen/waterandglass/waterinterfaces
[radius1,center1]=circfit(bitumen);
[radius2,center2]=circfit(glass);

ifdisplayoption==1
figure(1)
clf
imshow(singleFrame)
axisequal;
holdon
xlabel(’Y-axis’)
ylabel(’X-axis’)
title(sprintf(’%s:%d’,’Framenumber’,k));
plotcircle(radius1,center1)
plotcircle(radius2,center2)

end
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[angle,l]=anglecirclecircle(center1(1),center1(2),radius1,...
center2(1),center2(2),radius2);

data(k,1)=(k-1)*dt;
data(k,2)=angle;
data(k,3)=l;

end

[re,rm]=findrerm(center1,radius1,center2,radius2);

figure(2)
clf
plot(data(:,1),data(:,2),’bo’)
xlabel(’Time(seconds)’)
ylabel(’ContactAngle’)
end

function[nframes,trafficObj]=readnumberofframes(filename)
%Thisprogramfindthenumberofframesinthevideofile.
trafficObj=VideoReader(filename);
nframes=get(trafficObj,’NumberOfFrames’);
end

function[boundary]=obtainboundary(singleFrame)
%Thisfunctionobtainsobjectboundary(glass+bitumen)
%fromsingleframeimage

%-------------------------------------------------
%displayoption=1-displayeachstep
%displayoption=0-donotdisplay
displayoption=0;

ifdisplayoption==1
figure(11)
clf
imshow(singleFrame)
axisequal;axisoff;

end

%ThresholdtheImageandConverttoB/W
I=rgb2gray(singleFrame);
threshold=graythresh(I);
bw=1-im2bw(I,threshold);

ifdisplayoption==1
clf
imshow(bw)

end

%removeallobjectcontainingfewerthan3000pixels
bw=bwareaopen(bw,3000);

ifdisplayoption==1
clf
imshow(bw)

end
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%fillagapinthepen’scap
se=strel(’disk’,2);
bw=imclose(bw,se);

%fillanyholes,sothatregionpropscanbeusedtoestimate
%theareaenclosedbyeachoftheboundaries
bw=imfill(bw,’holes’);
bw=1-bw;

ifdisplayoption==1
clf
imshow(bw)

end

%Findboundaries
[B,~]=bwboundaries(bw,’noholes’);
boundary=B{1};

%Cleanboundaries
[rows,~,~]=find(boundary==1);boundary(rows,:)=[];
[rows,~,~]=find(boundary==size(bw,1));boundary(rows,:)=[];
[rows,~,~]=find(boundary==size(bw,2));boundary(rows,:)=[];

ifdisplayoption==1
holdon
plot(boundary(:,2),boundary(:,1),’r’,’LineWidth’,2)
holdoff

end
end

function[k1,k2]=findthreephasecontact(boundary)
%Thisprogramfindsthreephasecontactlinepoints.
%Itdoessobyfindingthepointsalongtheborderwithhighest
%angledeviations.

%-------------------------------------------------
%displayoption=1-displayeachstep
%displayoption=0-donotdisplay
displayoption=0;

%Regionlengththatistobecheckedatatimeontheboundary
dn=round(0.05*size(boundary,1));%5%ofthetotalboundarylength
angledata=zeros(size(boundary,1),4);angledata(:,1)=1:size(boundary,1);
angledata(:,3)=boundary(:,1);angledata(:,4)=boundary(:,2);
fork=1+dn:size(boundary,1)-dn

%Plotsub-regionofinterest
ifdisplayoption==1

figure(21)
clf
plot(boundary(k-dn:k+dn,2),boundary(k-dn:k+dn,1),’bo’)
axisequal

end

%Calculateaverageslopechangeangle
angle=0;
fori=1:dn
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v1=[boundary(k-i,1)-boundary(k,1);boundary(k-i,2)-boundary(k,2);0];
v2=[boundary(k+i,1)-boundary(k,1);boundary(k+i,2)-boundary(k,2);0];
ifdisplayoption==1

holdon
quiver(boundary(k,2),boundary(k,1),v1(2),v1(1),’r’);
quiver(boundary(k,2),boundary(k,1),v2(2),v2(1),’b’);
holdoff

end
ifdot([0;0;1],cross(v1,v2))<0

angle=angle+real(acosd((v1(1)*v2(1)+v1(2)*v2(2))...
/sqrt(v1(1)̂2+v1(2)̂2)/sqrt(v2(1)̂2+v2(2)̂2)));

end
end
angle=angle/dn;angle=180-angle;
angledata(k,2)=angle;

end

angledata=sortrows(angledata,-2);angledataanalyze=angledata(1:dn,:);

[k1,k2]=clustercoords(angledataanalyze);
end

function[k1,k2]=clustercoords(Xinput)
%Thisfunctionseparatesinputdataintotwoseparateclusters
%bylocation.

%-------------------------------------------------
%displayoption=1-displayeachstep
%displayoption=0-donotdisplay
displayoption=0;

X=Xinput(:,3:4);

%Clusterdatainto2categories
opts=statset(’Display’,’off’);
[idx,ctrs,~]=kmeans(X,2,...

’Distance’,’sqEuclidean’,...
’Replicates’,5,...
’Options’,opts);

ifdisplayoption==1
figure(11)
holdon
plot(X(idx==1,2),X(idx==1,1),’y.’,’MarkerSize’,12)
plot(X(idx==2,2),X(idx==2,1),’b.’,’MarkerSize’,12)
plot(ctrs(:,2),ctrs(:,1),’kx’,...

’MarkerSize’,12,’LineWidth’,2)
plot(ctrs(:,2),ctrs(:,1),’ko’,...

’MarkerSize’,12,’LineWidth’,2)
legend(’Cluster1’,’Cluster2’,’Centroids’,...

’Location’,’W’)
holdoff

end

%Findk1
Xinput(:,5)=(Xinput(:,3)-ctrs(1,1)).̂2+(Xinput(:,4)-ctrs(1,2)).̂2;
Xinput=sortrows(Xinput,5);%putsclosestpointstotoprows
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k1temp=Xinput(1,1);

%Findk2
Xinput(:,5)=(Xinput(:,3)-ctrs(2,1)).̂2+(Xinput(:,4)-ctrs(2,2)).̂2;
Xinput=sortrows(Xinput,5);%putsclosestpointstotoprows
k2temp=Xinput(1,1);

k1=min([k1tempk2temp]);
k2=max([k1tempk2temp]);
end

function[angle,L0]=anglecirclecircle(xc1,yc1,r1,xc2,yc2,r2)
%-------------------------------------------------
%displayoption=1-displayeachstep
%displayoption=0-donotdisplay
displayoption=0;

%Calculations
[xout,yout]=circcirc(xc1,yc1,r1,xc2,yc2,r2);

xi=xout(1);yi=yout(1);

%Findtangentvectors
v1p=[-yi+yc1;xi-xc1];v2p=[yi-yc2;-xi+xc2];
ifdisplayoption==1

figure(1)
holdon
quiver(yi,xi,v1p(2),v1p(1),’b’)
quiver(yi,xi,v2p(2),v2p(1),’b’)
holdoff

end

ang=pi/2-acos(sqrt((xout(2)-xout(1))̂2+(yout(2)-yout(1))̂2)/2/r2);
L0=r2*ang/501*235.6732*10̂-6;

angle=acosd((v1p(1)*v2p(1)+v1p(2)*v2p(2))/sqrt(v1p(1)̂2+v1p(2)̂2)...
/sqrt(v2p(1)̂2+v2p(2)̂2));

end

functionplotcircle(radius,center)
ang=0:0.01:2*pi;
xp=radius*cos(ang);
yp=radius*sin(ang);
holdon
plot(center(2)+yp,center(1)+xp,’r’,’LineWidth’,1.5);
holdoff
end

function[re,rm]=findrerm(center1,radius1,center2,radius2)
%FINDRERMSummaryofthisfunctiongoeshere
% Detailedexplanationgoeshere
[xout,yout]=circcirc(center1(1),center1(2),radius1,...

center2(1),center2(2),radius2);
H=radius1+sqrt(radius1̂2-(sqrt((xout(1)-xout(end))̂2+...

(yout(1)-yout(end))̂2)/2)̂2);
h=radius2-sqrt(radius2̂2-(sqrt((xout(1)-xout(end))̂2+...

(yout(1)-yout(end))̂2)/2)̂2);
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Vcap=1/3*pi*Ĥ2*(3*radius1-H)-1/3*pi*ĥ2*(3*radius2-h);
re=((3*Vcap/4/pi)̂(1/3))/501*235.6732*10̂-6;
rm=radius2/501*235.6732*10̂-6;
end
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