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Abstract

The effect of complex flow fields on the dynamics of single, Newtonian droplets dis-
persed in an immiscible Newtonian matrix is investigated using optical microscopy.
To apply a controlled mixture of shear and elongational flow a new eccentric cylin-
der device (ECD) has been designed, developed, and evaluated, thus providing a
valuable experimental technique to study in-situ the morphology development of
immiscible polymer blends in complex flows. Using the new ECD, the deforma-
tion and orientation of poly(dimethyl) siloxane droplets with varying viscosities
have been observed in a poly(isobutylene) matrix undergoing different sub-critical
complex flows with varying shear/elongation balance. The experimental data are
compared to predictions of the phenomenological model of Maffettone and Minale
which are obtained using the transient form of the model, incorporating a flow type
parameter that accounts for the relative amount of extension and adapting the cap-
illary number to mixed flows. Overall, for all types of flow applied and all viscosity
ratios p explored, good agreement is obtained between experimental results and
model predictions. Quantitative deviations only start to appear for higher capil-
lary numbers; for p around 0.1 and 1.2 these occur near the critical conditions for
droplet break-up, where the model is not valid anymore. For p ≈ 10 in contrast,
a steady deformation limit exists, independent of the applied capillary numbers.
These findings provide a first quantitative assessment of drop shape predictions
in transient, mixed flows and a further validation of the Maffettone-Minale model.
The break-up behavior of single drops is investigated in super-critical mixed flows
applied with the ECD. This includes a study of the mode of break-up as well as
break-up times, with the viscosity ratio varying over one decade. In all cases stud-
ied, break-up is observed to proceed through an end-pinching mechanism where
two bulbous ends are gradually detaching from the slender waist of the drop. The
experimental break-up times have been compared with known scaling relations for
simple flows. It appears that the global break-up dynamics are still shear dom-
inated; the dimensionless break-up times follow the scaling behavior for steady
simple shear, even when the elongational contribution comprises a substantial
amount (up to 30%) of the mixed flow. The extensive experimental reference data
set is available for future modeling and simulation efforts.
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Nederlandse samenvatting

1. Inleiding

1.1 Motivatie

Polymeren “blenden” of het mengen van twee of meer kunststoffen is een economisch
aantrekkelijke manier om nieuwe materialen te ontwikkelen met verbeterde karak-
teristieken in vergelijking met de afzonderlijke componenten. Het biedt de mo-
gelijkheid om eigenschappen van bestaande materialen te combineren naar maat
van specifieke toepassingen zonder de kostelijke en tijdrovende bezigheid van het
synthetiseren van een nieuw polymeer. Een goed voorbeeld is het verbeteren van
de barrière-eigenschappen van een PET-fles door het toevoegen van nylondeeltjes
terwijl de transparantie van de fles behouden blijft [10]. Hun veelzijdigheid en het
feit dat hun eigenschappen deze van hun componenten vaak overtreffen, maakt
ook dat de markt voor polymere blends nog steeds groeit [82]. Bovendien neemt
in het groeiend algemeen milieubewustzijn de recyclage van materialen een steeds
belangrijkere plaats in, en recyclage van plastics leidt onvermijdelijk tot de vorm-
ing van blends.

Algemeen zijn polymere blends onmengbare systemen zodat er meerdere fazen
naast elkaar bestaan in hun structuur. Deze structuur, ook wel de morfologie of
microstructuur van de blend genoemd, kan gaan van druppels in een zee van ma-
trixmateriaal over plaatvormige deeltjes, tot co-continue structuren waarin beide
fazen aanwezig zijn in ongeveer gelijke hoeveelheden [102]. De eindeigenschappen
van onmengbare polymere blends zijn dan ook sterk afhankelijk van de microstruc-
tuur en deze wordt op zijn beurt beïnvloed door zowel de intrinsieke eigenschappen
van de polymere componenten als door de stromingscondities tijdens het mengen
of verwerken van de blends. De polymere druppels kunnen bijvoorbeeld vervormen,
opbreken of zelfs opnieuw samensmelten onder stroming. M.a.w. een grondig be-
grip van de morfologieontwikkeling tijdens stroming is van extreem belang voor het
voorspellen en genereren van op maat gemaakte eigenschappen van deze polymere
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blends. Heel vaak gebeurde dit proefondervindelijk en op een iteratieve wijze zon-
der een diepgaand begrip van de onderliggende mechanismen. Dit doctoraatson-
derzoek is echter gesitueerd binnen een meer fundamentele aanpak om de relaties
tussen verwerkingsparameters, microstructuurontwikkeling en eindeigenschappen
van onmengbare polymere blends te achterhalen.

1.2 Doelstellingen

Bij lage concentraties van de minderheidscomponent bezitten polymere blends
vaak een druppel-matrix-structuur. Het onderzoek van de dynamica van een
individuele druppel is dus een logisch vertrekpunt. Vroeger onderzoek concen-
treerde zich voornamelijk op de morfologieontwikkeling in “simpelere” types van
stroming, zijnde zuivere afschuif- of rekstroming. De meeste polymeerverwerkings-
technieken bevatten echter combinaties van rek en afschuiving, en systematisch
onderzoek naar de microstructurele evolutie in zulke “complexe” stromingen is bij-
gevolg zeer relevant. Desondanks zijn er slechts weinig experimentele studies in de
literatuur verschenen betreffende gecontroleerde complexe stromingen, bestaande
uit een (tijdsafhankelijke) mix van afschuiving en rek.

Het hoofddoel van dit werk bestaat dan ook uit het onderzoeken van het effect
van meer complexe stromingen op de druppeldynamica in onmengbare polymere
blends. Om dit doel te bereiken diende een kwantitatieve en systematische ex-
perimentele studie uitgevoerd te worden aangaande het vervormen, oriënteren en
het opbreken van één enkele druppel onder gemengde stromingscondities. Hierbij
moest in eerste instantie een geschikte tijdsgerelateerde in-situ techniek ontwikkeld
worden. De verkregen experimentale resultaten kunnen vervolgens gebruikt wor-
den in de ontwikkeling of validatie van theoretische modellen en numerieke simu-
laties, aangezien deze de bouwstenen vormen voor de voorspelling van de morfolo-
gieontwikkeling in een polymere blend.

1.3 Materialen en methoden

Om een systematische studie uit te voeren naar het gedrag van individuele drup-
pels in gecontroleerde complexe stromingen, zijn er materialen met goed gekarak-
teriseerde eigenschappen nodig. Daarenboven zijn puur viskeuze componenten
gewenst om andere factoren die een rol kunnen spelen, uit te sluiten en het ef-
fect van de stroming te isoleren. Daarom werd in dit werk geopteerd voor een
Newtoniaans modelsysteem bestaande uit polyisobutyleen (PIB, matrixfase) en
polydimethylsiloxaan (PDMS, druppelfase). Deze polymeren hebben, naast eigen-
schappen die vergelijkbaar zijn met die van industriële blends, ook het voordeel
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vloeibaar te zijn bij kamertemperatuur. Hierdoor kunnen langdurige optische ex-
perimenten uitgevoerd worden die moeilijk realiseerbaar zijn bij polymere smelten
vanwege het risico op thermische degradatie. Verder zijn er ook verschillende
moleculaire gewichtsklassen van de polymeren beschikbaar om de invloed van ma-
teriaaleigenschappen na te gaan (verhouding van druppelviscositeit over matrixvis-
cositeit).
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(a) (b)

Figuur 1: (a) Schema van eccentrische-cilinders-apparaat (ECA). (b) Bove-
naanzicht van eccentrische cilindergeometrie.

Tijdsgerelateerde visualisatie van de druppeldynamica in goed gekaraktiseerde
gemengde stromingscondities vereist specifieke apparatuur. Een van de doelstellin-
gen van dit werk was dan ook het ontwikkelen van een nieuwe stromingscel die
toelaat om in-situ de morfologieontwikkeling in onmengbare polymere blends te
volgen tijdens gecontroleerde complexe stromingen. Hiertoe werd een nieuw ec-
centrische-cilinders-apparaat (ECA) ontworpen, gebouwd en geëvalueerd (zie vol-
gende sectie). Alle experimenten in dit werk werden dan ook uitgevoerd met dit
nieuwe apparaat en in figuur 1a is een schematische voorstelling van de basisop-
stelling weergegeven.

2. Ontwerp en evaluatie van nieuw eccentrische-
cilinders-apparaat (ECA)

2.1 Ontwerp

In de literatuur zijn er verschillende apparaten beschreven waarmee een gecon-
troleerde complexe stroming kan opgelegd worden, e.g. [30, 56, 92, 95]. Wij
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hebben geopteerd voor het eccentrische cilindersysteem omdat het de grote voor-
delen van de andere geometrieën combineert, zonder al te veel nadelen te intro-
duceren. Meer specifiek biedt het een aanzienlijke flexibiliteit door de mogelijke
variatie van de eccentriciteit in een gesloten stromingsveld waarin verschillende
druppels tegelijkertijd bestudeerd kunnen worden. Figuur 1b toont een 2D-schets
van de stromingsgeometrie. De assen van de binnen- en buitencilinder met stralen
Ri en Ru en rotatiesnelheden ωi en ωu, zijn verplaatst over een afstand e, de
eccentriciteit. De eccentriciteitsratio X van het systeem is dan gedefinieerd als
e/(Ru − Ri). Dit is een belangrijke parameter die aangepast kan worden om de
absolute en relatieve groottes van de afschuifsnelheid en de reksnelheid langs een
stroomlijn te variëren. Daarnaast is ook de stromingsconfiguratie, i.e. binnenste
cilinder draaiend, buitenste cilinder draaiend, contraroterend of coroterend, van
groot belang voor het type complexe stroming dat ontstaat in de ruimte tussen
beide cilinders.

Bij het ontwerp van het nieuwe toestel dienden enkele belangrijke criteria in acht
genomen te worden:

• aanpasbare eccentriciteit

• variatie van stromingsconfiguratie: zowel co- en contraroterend als enkele
cilinder draaiend

• vermijden begrenzingseffecten

• bereik kritische condities voor druppelopbraak

• visualisatie van morfologie

Al deze ontwerpvoorwaarden werden gëımplementeerd in het design van de nieuwe
ECA dat gëıllustreerd is in figuur 1a.

2.2 Validatie

Om de werking van de nieuwe stromingscel te evalueren, werd een vergelijking
gemaakt van de snelheidsprofielen bekomen via drie onafhankelijke methoden: een
analytische oplossing voor oneindig lange cylinders [3], eindige-elementensimulaties
van het stromingsveld met het softwarepakket PolyFlow, en “Particle Image Ve-
locimetry (PIV)”-experimenten. In deze laatste techniek wordt het bewegende
flüıdum gemengd met kleine deeltjes die de stroming zeer goed volgen. Ver-
volgens wordt gepulsd laserlicht dat in een “lichtvlak” is gefocuseerd, tweemaal
doorheen het stromingsveld geleid in een kleine tijdsspanne dt. Een dubbelbeeld-
CCD-camera met hoge resolutie vangt beide belichtingen, i.e. het verstrooide licht
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afkomstig van de deeltjes, op. Gedurende het tijdsinterval dt hebben de deeltjes
in het stromingsveld zich verplaatst over een zekere afstand ds en door kruiscor-
relatie van twee overeenkomstige beelden van de camera kan dan de gemiddelde
verplaatsing ds gevonden worden. Uiteindelijk wordt de snelheid dan simpelweg
gegeven door de verhouding ds/dt, en de verzameling van verplaatsingsvectoren
over alle beelden kunnen zo getransformeerd worden tot een compleet, instantaan
(experimenteel) snelheidsveld.

b)

c) d)

x

y

e = 0.2* RD

w
i

wu= 0.1 rad/s

Fig. c

Fig. b

Fig. d

Fig. d

Fig. a

Fig. c

X = 30 mm-

X = 30 mm

Y = 30 mm-

Y = 30 mm

= 0.1 rad/s

a)

Figuur 2: Absolute snelheidsprofielen voor testgeval met X = 0.2 en ωi = ωu = 0.1
rad/s): a) langs x-as b) langs y-as c) langs x = ±30 mm d) langs y = ±30 mm.
In elke grafiek komen de volle lijnen overeen met de analytische oplossing, terwijl
de PIV-metingen worden voorgesteld door de punten.

Resultaten bekomen voor verschillende representatieve testgevallen via de drie
bovenstaande methodes vertoonden een zeer goede overeenkomst. Een voorbeeld
is gegeven in figuur 2 welke de absolute snelheidsprofielen toont voor het geval
waarbij de cylinders in dezelfde richting draaien met een snelheid van 0.1 rad/s
en de eccentriciteitsverhouding X gelijk is aan 0.2. Hierbij wordt, gebruik mak-
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ende van het Cartesiaans assenstelsel gedefinieerd bovenaan figuur 2, de snelheid
bekeken langs verschillende lijnen met constante x en y. Uit figuur 2 blijkt duidelijk
de goede overeenkomst tussen de PIV-resultaten en de analytische profielen. Ook
voor alle andere gevallen met verschillende eccentriciteit, rotatiesnelheid en draai-
richting vielen de experimentele snelheidsvelden, binnen de meetfouten, samen met
de analytische oplossing en de simulaties met PolyFlow.

De resultaten van deze validatieprocedure bevestigen dat het nieuw ontwikkelde
apparaat correct werkt en de gewenste complexe stroming opwekt, en dat de
eindige-elementensimulaties gebruikt kunnen worden voor de karakterisatie van
het stromingsveld.

3. Druppeldynamica in subkritische gemengde stro-
mingscondities

De vervorming en oriëntatie van individuele PDMS-druppels in een PIB-matrix die
een subkritische complexe stroming ondergaat, werd onderzocht met het nieuwe
eccentrische-cilinders-apparaat (ECA). Hierbij werden verschillende types van stro-
mingen beschouwd waarbij telkens enkel de buitenste cylinder van de ECA roteert.
De viscositeitsratio p werd constant gehouden op een waarde van ongeveer 1.2 en
door het variëren van de snelheid van de buitenste cylinder kon een heel bereik
van capillairgetallen Ca onderzocht worden. De experimentele resultaten voor de
druppeldynamica zijn ook vergeleken met de voorspellingen van het fenomenologi-
sche model van Maffettone en Minale (MM-model) [61]. Voor simpele, stationaire
stromingscondities is geweten dat dit model een zeer goede overeenkomst vertoont
met experimentele data [101]. In het huidige geval van complexe stromingen wer-
den de modelvoorspellingen berekend door gebruik te maken van de transiënte
vorm van het MM-model, het incorporeren van de stromingstypeparameter ᾱ die
de relatieve grootte van de rekcomponenten in rekening brengt, en het aanpassen
van het capillairgetal voor gemengde stromingscondities.

Allereerst werd het druppelgedrag geobserveerd tijdens het opstarten van een zui-
vere afschuifstroming opgelegd met de ECA in een concentrische configuratie. In
dit geval zijn de stromingsparameters Ca en ᾱ constant in de tijd. De exper-
imentele resultaten voor de druppeldynamica in deze referentiestroming komen
vrij goed overeen met de modelvoorspellingen. Dit geeft aan dat kwantitatieve
in-situ metingen van de druppelvervorming en -oriëntatie inderdaad mogelijk zijn
met de nieuwe ECA.

Vervolgens werden observaties gemaakt van de druppels tijdens het opstarten van
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Figuur 3: Evolutie van stromingsparameters Ca en ᾱ voor eccentrische configuratie
met X = 0.2, ωi = 0 en ωu = 0.025 rad/s langs stroomlijn beginnend bij x = 30
mm van de as van de binnenste cylinder.

een representatieve tijdsafhankelijke gemengde stroming met een gemiddelde posi-
tieve rekbijdrage van 10%. Hier variëren de stromingsparameters Ca en ᾱ in de
tijd langsheen een welbepaalde stroomlijn, zoals gëıllustreerd in figuur 3. Typische
resultaten voor de druppeldynamica in dit geval zijn weergegeven in figuur 4. Na
de initiële opstartcurve vertonen de vervorming (weergegeven door de relatieve
hoofdassen L/2R0 en B/2R0) en de oriëntatie van de druppel (voorgesteld door
de hoek θ tussen de hoofdas L en de snelheidsrichting) een constante oscillatie in-
gevolge de tijdsperiodieke opgelegde stromingsparameters (cfr. figuur 3). Verder
is er opnieuw een goede kwantitatieve overeenkomst tussen experimentele data en
voorspellingen volgens het MM-model. Afwijkingen beginnen enkel op te treden
nabij de kritische condities voor druppelopbraak waar het MM-model, gebaseerd
op een ellipsöıdale druppelvorm, uiteraard faalt.

In een derde type stroming tenslotte, werd de relaxatie van de druppel bestudeerd
na het stoppen van de complexe stroming. Wanneer de stroming wordt gestopt,
gaat de druppel opnieuw over in een sferische vorm waarbij de vervorming dus
verdwijnt. De oriëntatiehoek daarentegen blijft onveranderd tijdens de retractie
van de druppel en is ongeveer gelijk aan de waarde juist voor het stoppen van
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de stroming, in lijn met het gedrag geobserveerd in zuivere afschuifstroming [117].
Voor de subkritische condities die hier onderzocht zijn, behield de druppel zijn
ellipsöıdale vorm doorheen het hele relaxatieproces, en zowel het vervormings- als
het relaxatiegedeelte van de curven, komen zeer goed overeen met het MM-model.

Figuur 4: Druppeldynamica in functie van dimensieloze tijd t∗ tijdens subkritische
complexe stromingen van figuur 3 voor een viscositeitsratio van p ≈ 1.2. Symbolen
stellen de experimentele resultaten voor terwijl de lijnen overeenkomen met de
voorspellingen volgens het MM-model.

De bovengaande resultaten bieden, voor zover de auteur weet, de eerste kwanti-
tatieve beoordeling van modelvoorspellingen voor de druppelvorm in tijdsafhan-
kelijke, gemengde stromingscondities. Bovendien betekenen deze experimentele
resultaten een verdere validatie van het model van Maffettone en Minale voor
Newtoniaanse componenten.
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4. Effect van stromingstype en viscositeitsratio

De effecten van veranderend stromingstype en viscositeitsratio op de individuele
druppeldynamica in gemengde stromingscondities werd bestudeerd door verschil-
lende stromingsconfiguraties voor de ECA te gebruiken, en de viscositeitsverhou-
ding p te variëren over een bereik van twee decaden. De experimentele metingen
werden vervolgens opnieuw vergeleken met de MM-modelvoorspellingen.

4.1 Effect stromingstype

x

y

e = 0.2* RD
x = (Ru-Ri)/2

A, EC

B

D

wu = 0.03 rad/s

wi = 0.02 rad/s

A

B

C

D

E

Figuur 5: Stromingsparameters voor eccentrische configuratie met X = 0.2, ωi =
0.02 en ωu = 0.03 rad/s langs stroomlijn beginnend bij x = 30 mm van de as van
de binnenste cylinder.

Het effect van het stromingstype blijkt uit de vergelijking tussen twee verschil-
lende stromingen opgelegd met de ECA bij een constante viscositeitsratio van 1.2.
De twee types stroming werden bekomen door gebruik te maken van twee verschil-
lende configuraties van de ECA: buitenste cylinder draaiend (figuren 3 en 4) versus
coroterend (figuur 5). De resultaten voor de eerste stroming werden reeds hier-
boven besproken (cfr. figuur 4). In het tweede geval wordt een stroming bekomen
met een verhoogde rekbijdrage van gemiddeld 30%, waarbij het verloop van de
stromingsparameters, zoals weergegeven in figuur 5, ook sterk verschilt met deze
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van de vorige stromingscondities.

Figuur 6: Vergelijking van druppeldynamica in gemengde stromingscondities van
figuur 3 (Config. A1) en figuur 5 (Config. B) voor een viscositeitsratio van p ≈ 1.2
en eenzelfde gemiddeld capillairgetal Caavg.

Het drastisch verschillend snelheidsveld in beide gevallen (vergelijk figuren 3 en 5),
leidt ook tot verschillende resultaten voor de druppeldynamica. Dit onderscheid
is het meest uitgesproken voor de evolutie van de oriëntatiehoek en is gëıllustreerd
in figuur 6. Hier is duidelijk te zien dat waar de oriëntatiehoek in het eerste
geval (Config. A1) slechts gradueel stijgt op het einde van het tweede kwadrant,
in het tweede geval (Config. B) de hoek hier een enorme sprong omhoog maakt
als antwoord op de opgelegde stromingsparameters. Deze resultaten zijn ook in
overeenstemming met het MM-model, en dit stromingstype-effect is weerspiegeld
in de verschillen die voorkomen in de specifieke evolutie van de stromingstypepa-
rameter ᾱ in beide configuraties. Men kan dus besluiten dat de parameter ᾱ een



NEDERLANDSE SAMENVATTING 17

goede beschrijving vormt voor het stromingstype in tweedimensionale gemengde
stromingen.

4.2 Effect viscositeitsratio

Het effect van de viscositeitsratio p op de druppeldynamica in gemengde stromingen
werd onderzocht door PDMS-druppels met p ongeveer gelijk aan 10 en 0.1 respec-
tievelijk, te observeren tijdens de complexe stromingscondities van figuur 5. Deze
resultaten werden dan vergeleken met het basisgeval voor p ≈ 1.2.

Figuur 7: Vergelijking van druppelvervorming en -oriëntatie in gemengde stro-
mingscondities van figuur 5 voor een viscositeitsratio van p ≈ 10 en p ≈ 1.2
respectievelijk, voor eenzelfde gemiddeld capillairgetal Caavg. Symbolen stellen de
experimentele resultaten voor terwijl de lijnen overeenkomen met de voorspellingen
volgens het MM-model.
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Hoge p

Figuur 7 illustreert de vergelijking tussen p ≈ 10 en 1.2 voor eenzelfde gemiddeld
capillairgetal. Een hogere viscositeitsverhouding bevordert de oriëntatie van de
druppel in de richting van de snelheid terwijl de vervorming afneemt, en dit voor
alle waarden van de stromingsterkte. Verder vertraagt het vervormingsproces ook
voor hogere p. Dit experimenteel geobserveerd effect voor een hoge viscositeitsra-
tio is in overeenstemming met de modelvoorspellingen. Voor hogere Ca treden er
echter afwijkingen op wat de vervorming van de druppels betreft, hoewel de voor-
spellingen voor de oriëntatiehoek nog voldoen. In dit geval van hoge p én grote Ca
blijkt de vervorming af te vlakken naar een constante waarde onafhankelijk van
de opgelegde Ca zoals gëıllustreerd in figuur 8. Dit limietgedrag kan enkel in het
MM-model gëıncorporeerd worden door het aanpassen van een empirische factor
in het model. De gemiddelde waarde van de experimentele vervormingslimiet komt
wel vrij goed overeen met de analytische stromingslimiet zoals kan afgeleid worden
van het Maffettone-Minalemodel voor p→∞ en een constante waarde voor ᾱ.

a) b)

c)

Figuur 8: Limietgedrag voor druppelvervorming in gemengde stromingscondities
van figuur 5 voor een viscositeitsratio van p ≈ 10 en grote capillairgetallen Ca:
a) dimensieloze druppelassen L/2R0 en B/2R0 b) vervormingsparameter D =
(L − B)/(L + B) c) gemiddelde vervormingsparameter Davg in functie van het
aantal revoluties.
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a) b)

c)

Figuur 9: Vergelijking van druppelvervorming en -oriëntatie in gemengde stro-
mingscondities van figuur 5 voor een viscositeitsratio van p ≈ 0.1 en p ≈ 1.2
respectievelijk, voor: a) middelmatige Ca, b) hoge Ca, and c) zeer hoge Ca.
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Lage p

Het effect van een lage viscositeitsverhouding (p ≈ 0.1) is weergegeven in figuur 9
welke de resultaten betreffende de druppeldynamica voor p rond 0.1 en 1.2 verge-
lijkt. Hieruit blijkt dat, in tegenstelling tot het geval voor hoge p, de verschillen
slechts merkbaar zijn voor hogere stromingssterktes (hogere Ca). Daarbij geeft
de lagere viscositeit (p ≈ 0.1) een grotere vervorming en een lagere oriëntatie in
vergelijking met het basisgeval voor p ≈ 1.2. De resultaten zijn eens te meer in
overeenstemming met de voorspellingen volgens het MM-model, en kwantitatieve
afwijkingen treden enkel op bij hoge capillairgetallen die dicht bij de kritische con-
dities voor druppelopbraak liggen.

Al deze bevindingen leveren het bewijs dat het vrij simpele fenomenologisch model
van Maffettone en Minale redelijk goed presteert in het voorspellen van de indi-
viduele druppeldynamica in arbitraire, subkritische gemengde stromingscondities.
Bijgevolg kan het als een nuttig instrument beschouwd worden voor de voorspelling
van de morfologieontwikkeling in meer complexe blendsystemen (bvb. met inbe-
grip van elastische effecten en in “reële” verwerkingsstromen).

5. Druppelopbraak in gemengde stromingscondi-
ties

Het opbreekgedrag van individuele druppels werd bestudeerd in superkritische
stromingen opgelegd met de ECA waarbij zowel de wijze van opbreken als de
experimentele opbreektijden aan bod kwamen. Verschillende, representatieve su-
perkritische stromingen werden toegepast en het effect van de viscositeitsratio werd
nagegaan door druppels te gebruiken met p ≈ 0.1 en 1.2.

Voor alle types van stroming en alle viscositeitsverhoudingen hier onderzocht,
gebeurde het opbreken via een “end-pinching”-mechanisme (ook bekend in sim-
pele, stationaire stromingen [100]) zoals gëıllustreerd in figuur 10b. Hierbij wordt
de druppel continu uitgerekt – weliswaar op een oscillerende manier, zoals te zien
in de evolutie van de druppellengte L in figuur 10a – in een dunne draad waarbij
de twee bolle uiteinden zich langzaam afsplitsen van het middelste gedeelte tot ze
uiteindelijk loskomen en het opbreken een feit is. Afhankelijk van de viscositeitsra-
tio p breken de kop en de staart van de druppel af op verschillende momenten in de
tijd vanwege het tijdsafhankelijke karakter van de stroming. Voor- en achterkant
van de druppel “voelen” immers verschillende vervormingssnelheden langsheen het
stromingspad. Daardoor is er een mogelijke vertraging tussen de respons van de
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(iii)(ii)(i)

(vi)(v)(iv)

a)

b)

Figuur 10: a) Dimensieloze druppellengte L/2R0 als functie van dimensieloze tijd
t∗ voor sub- and superkritische stromingscondities van figuur 5 b) Evolutie van
druppel nabij einde van kwadrant II [punt C in figuur 5] voor experiment met
Caavg = 0.654 getoond in a): (i) t∗ = 7.82, (ii) t∗ = 18.16, (iii) t∗ = 28.47, (iv)
t∗ = 54.19, (v) t∗ = 79.85, and (vi) tb∗ = 100.30. Delen a) and b) zijn beiden voor
druppels met een viscositeitsratio van p ≈ 1.2.

kop en de staart van de druppel afhankelijk van de vervormingstijd van het mate-
riaal, bvb. weerspiegeld in de waarde van p.

Vervolgens werden de experimenteel verkregen opbreektijden voor complexe stro-
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Figuur 11: Dimensieloze opbreektijden voor alle stromingstypes opgelegd met de
ECA samen met data van Van Puyvelde et al. [109, 110] voor zuivere afschuif-
stroming. De volle lijn komt overeen met de schalingswet voor zuivere afschuifstro-
ming.

mingscondities vergeleken met schalingswetten voor zuivere afschuifstroming en
zuivere rekstroming bekend uit de literatuur [108]. Tijdens de verwerking van
polymere blends is het immers vaak belangrijk om de benodigde tijd voor op-
breken van een initieel sferische druppel onder stroming te kunnen schatten. Voor
alle onderzochte condities blijkt dat de globale opbreekdynamica, gebaseerd op
gemiddelde waarden voor de stromingssterkte en het capillairgetal, nog steeds
gedomineerd is door afschuifcomponenten. Dit is gëıllustreerd in figuur 11 welke
de dimensieloze opbreektijden toont als functie van het (gemiddeld) capillairgetal
voor alle stromingstypes opgelegd met de ECA; de dimensieloze opbreektijden vol-
gen het schalingsgedrag voor zuivere afschuifstroming, zelfs voor condities waar de
rekbijdrage een substantieel deel (tot 30% gemiddeld) van de gemengde stroming
uitmaakt.

6. Besluit

In dit werk werd een systematische en kwantitatieve studie uitgevoerd naar de
dynamica van individuele, Newtoniaanse druppels in een onmengbare Newtoni-



NEDERLANDSE SAMENVATTING 23

aanse matrix onderworpen aan gecontroleerde gemengde stromingscondities. Hier-
bij diende een geschikte experimentele techniek ontwikkeld te worden om directe
observaties van de morfologieontwikkeling in polymere blends tijdens complexe
stromingen mogelijk te maken. De belangrijkste resultaten van deze studie kun-
nen als volgt samengevat worden.

Ontwerp van een nieuwe stromingscel

Een nieuw eccentrische-cilinders-apparaat (ECA) werd ontworpen en gebouwd dat
toelaat om in-situ de microstructurele evolutie in onmengbare polymere blends te
volgende tijdens gecontroleerde complexe stromingen:

• Sleuteleigenschappen zijn de multifunctionaliteit van het toestel dat corote-
rend, contraroterend of met één enkele cylinder draaiend kan werken, en de
makkelijke aanpasbaarheid van de eccentriciteit via een “spoor-dragerssys-
teem”.

• De kwaliteit van het opgelegde stromingsveld werd geverifieerd door de snel-
heidsprofielen verkregen via drie onafhankelijke methoden te vergelijken: een
analytische oplossing voor de stroming tussen oneindig lange eccentrische
cilinders, eindige-elementensimulaties van het snelheidsveld en “Particle Im-
age Velocimetry”-experimenten. Resultaten voor drie verschillende represen-
tatieve testgevallen vertoonden zeer goede overeenkomsten zodat de goede
werking van de ECA verzekerd is.

• Tenslotte werd via eindige-elementensimulaties nagegaan dat kritische con-
dities voor druppelopbraak bereikt konden worden voor zuivere afschuifstro-
ming zowel als voor zuivere rekstroming.

Druppeldynamica in subkritische complexe stromingen

De vervorming en oriëntatie van individuele Newtoniaanse druppels werd bestu-
deerd met de nieuw ontwikkelde ECA. Drie types van stroming zijn onderzocht:
opstarten van een zuivere afschuifstroming (referentiegeval), een representatieve
tijdsafhankelijke gemengde stroming, en relaxatie na stoppen van de complexe
stroming. De viscositeitsratio p werd hierbij constant gehouden op een waarde van
ongeveer 1.2 en voor alle experimenten was de stromingssterkte beneden de kri-
tische condities voor druppelopbraak. De experimentele resultaten zijn vergeleken
met de voorspellingen van het fenomenologische model van Maffettone en Mi-
nale. Deze modelvoorspellingen werden berekend door gebruik te maken van de
transiënte vorm van het MM-model, het incorporeren van een stromingstypepa-
rameter die de relatieve grootte van de rekcomponenten in rekening brengt, en het



24 NEDERLANDSE SAMENVATTING

aanpassen van het capillairgetal voor gemengde stromingscondities.

Er werd aangetoond dat voor alle subkritische condities de experimentele resul-
taten voor de druppeldynamica goed overeenkomen met de modelvoorspellingen.
Kwantitatieve afwijkingen beginnen enkel op te treden nabij de kritische condi-
ties voor druppelopbraak. Dit geeft aan dat tijdsgerelateerde, in-situ metingen
van de druppelvervorming en -oriëntatie inderdaad mogelijk zijn met de nieuwe
ECA. Daarenboven bieden deze resultaten een eerste kwantitatieve beoordeling
van modelvoorspellingen voor de druppelvorm in tijdsafhankelijke, gemengde stro-
mingscondities en een verdere validatie van het model van Maffettone en Minale
voor Newtoniaanse componenten.

Effect van stromingstype en viscositeitsratio

De invloed van veranderend stromingstype en viscositeitsratio op de individuele
druppeldynamica in gemengde stromingscondities werd bestudeerd door verschil-
lende stromingsconfiguraties voor de ECA te gebruiken, en de de viscositeitsver-
houding p te variëren over een bereik van twee decaden. De experimentele metin-
gen werden vervolgens opnieuw vergeleken met de MM-modelvoorspellingen en
volgende conclusies kunnen getrokken worden:

• Het effect van het stromingstype blijkt uit de vergelijking tussen twee ver-
schillende stromingen opgelegd met de ECA, gebruik makende van twee ver-
schillende configuraties (buitenste cylinder draaiend vs. coroterend). Dit
onderscheid is meest uitgesproken in de evolutie van de oriëntatiehoek en
het effect is ook in overeenstemming met de voorspellingen van het MM-
model. Bovendien zit het stromingstype-effect weerspiegeld in de verschillen
die voorkomen in de specifieke evolutie van de stromingstypeparameter ᾱ in
beide configuraties. Men kan dus besluiten dat de parameter ᾱ een goede
beschrijving vormt voor het stromingstype in tweedimensionale gemengde
stromingen.

• De experimenteel waargenomen invloed van een hoge (p ≈ 10) en respec-
tievelijk lage (p ≈ 0.1) viscositeitsratio vergeleken met het basisgeval voor
p ≈ 1.2, is ook in overeenstemming met de modelvoorspellingen. Een hogere
viscositeitsverhouding bevordert de oriëntatie van de druppels naar de snel-
heidsrichting toe, terwijl de vervorming afneemt en dit voor alle waarden
van de stromingsintensiteit. Bovendien wordt het vervormingsproces zelf
vertraagd in geval van een hoge p-waarde. Het effect van een lage p in de
tijdsafhankelijke gemengde stromingen opgelegd met de ECA daarentegen, is
enkel zichtbaar bij hogere stromingssterktes waarbij de vervorming toeneemt
en de oriëntatie afneemt in vergelijking met het basisgeval voor p ≈ 1.2.
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• Voor alle opgelegde types van subkritische stroming en alle onderzochte vis-
cositeitsratio’s komen de experimentele resultaten redelijk goed overeen met
de MM-modelvoorspellingen. Kwantitatieve afwijkingen beginnen enkel op
te treden bij hogere capillairgetallen Ca; voor p ≈ 0.1 en p ≈ 1.2 verschijnen
deze afwijkingen nabij de de kritische condities voor druppelopbraak waar
het MM-model niet meer geldig is. Voor p ≈ 10 aan de andere kant, bestaat
er een constante vervormingslimiet die onafhankelijk is van de opgelegde
Ca. Dit limietgedrag kan enkel in het MM-model gëıncorporeerd worden
door het aanpassen van een empirische factor in het model. De gemiddelde
waarde van de experimentele vervormingslimiet voor hoge p komt wel goed
overeen met de analytische stromingslimiet zoals kan afgeleid worden van
het Maffettone-Minalemodel voor p → ∞ en een constante waarde van de
stromingsparameter ᾱ.

Bovenstaande bevindingen bewijzen dat het vrij simpele fenomenologisch model
van Maffettone en Minale de individuele druppeldynamica in arbitraire, subkriti-
sche gemengde stromingscondities redelijk goed kan voorspellen. Bijgevolg kan
het als een nuttig hulpmiddel beschouwd worden voor de voorspelling van de mor-
fologieontwikkeling in meer complexe en realistischere blendsystemen.

Opbreekgedrag

Het opbreekgedrag van individuele Newtoniaanse druppels in een Newtoniaanse
matrix werd geobserveerd tijdens superkritische complexe stromingen aangelegd
met de ECA. Dit omvatte zowel een studie van de wijze van opbreken als van ex-
perimentele opbreektijden. Daarbij werden verschillende, representatieve superkri-
tische stromingen opgelegd en het effect van de viscositeitsratio werd onderzocht
door druppels te gebruiken met p ≈ 0.1 en 1.2. Betreffende de opbreekdynamica
in tijdsafhankelijke, gemengde stromingen gelden de volgende conclusies:

• Voor alle types van stroming en alle onderzochte viscositeitsverhoudingen
gebeurde het opbreken via een zogenaamd “end-pinching”-mechanisme, ook
bekend bij simpele stromingen, waarbij de twee bolle uiteinden zich langzaam
afsplitsen van het smalle middel van de druppel. Afhankelijk van de vis-
cositeitsratio p breken voor- en achterkant van de druppel af op verschil-
lende momenten in de tijd ingevolge het tijdsafhankelijke karakter van de
stroming.

• De experimenteel verkregen opbreektijden werden vergeleken met schalings-
wetten voor zuivere afschuifstroming en zuivere rekstroming bekend uit de
literatuur. Daaruit blijkt dat de globale opbreekdynamica, gebaseerd op
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gemiddelde waarden voor de stromingssterkte en het capillairgetal, door af-
schuiving gedomineerd is; voor alle onderzochte gevallen volgen de dimen-
sieloze opbreektijden het schalingsgedrag voor zuivere afschuifstroming, zelfs
voor condities waar de rekbijdrage een substantieel deel (tot 30% gemiddeld)
van de gemengde stroming uitmaakt.

Globale conclusie

Dit werk draagt bij tot een verder begrip van de morfologische fenomenen die op-
treden in onmengbare polymere blends tijdens complexe stromingen. Ten eerste
werd een waardevolle, nieuwe experimentele opstelling ontwikkeld en geëvalueerd.
Deze maakt een tijdsgerelateerde en in-situ studie van de morfologieontwikkeling
in onmengbare polymere blends tijdens gecontroleerde gemengde stromingen mo-
gelijk, en kan gebruikt worden in verder onderzoek. Ten tweede is hier een uit-
gebreide experimentele referentiedataset verzameld die een kwantitatieve validatie
van bestaande modellen en schalingstheorieën oplevert, en als leidraad kan gebruikt
worden voor toekomstig modellerings- en simulatiewerk.

Aanbevelingen voor verder onderzoek

Enkele suggesties voor toekomstig onderzoek betreffende het blendgedrag in tijds-
afhankelijke gemengde stromingen opgelegd met het nieuwe eccentrische-cilinders-
apparaat zijn:

• Een logische volgende stap is het bestuderen van de druppeldynamica in
complexe stromingen voor blendsystemen met een visco-elastische compo-
nent, hetzij de druppel- hetzij de matrixfase, in navolging van het huidige
onderzoek in het “Labo voor Toegepaste Reologie en Kunststofverwerking”
van de K.U.Leuven [12, 111]. Dit kan meer gedetailleerde informatie opleve-
ren over het reële druppelgedrag in verwerkingsstromen.

• Verder kunnen ook verdunde blends geobserveerd worden in de ECA om
concentratie-effecten te onderzoeken. Op die manier kunnen bijkomende
fenomenen zoals hydrodynamische interacties en coalescentie-effecten bestu-
deerd worden. De grootste moeilijkheid zal hierbij liggen in het visualiseren
van de morfologie.

• Het bestuderen van gecompatibiliseerde systemen in complexe stromingen
lijkt ook zeer aantrekkelijk. Compatibilisatoren worden vaak toegevoegd
om de blendmorfologie te verfijnen en te stabiliseren. Daarom kan het heel
interessant zijn om het effect van compatibilisatie op de druppeldynamica in
tijdsafhankelijke gemengde stromingen na te gaan.
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• Tot slot kan de experimentele opstelling ook gebruikt worden om het effect
van collöıdale deeltjes op de druppel-matrixinterfase te bestuderen. Deeltjes
worden ook vaak toegepast om de blendmorfologie te stabiliseren en er is
reeds onderzoek hieromtrent verricht in zuivere afschuifstroming [112]. Hoe
deze deeltjes het gedrag van individuele druppels in complexe stromingen
bëınvloeden, kan dan onderzocht worden met de ECA.
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List of symbols

In this list of symbols the dimensional units of the variables, if any, are given. The
equations in the text though are often written in dimensionless form. Hereto, the
length scales are non-dimensionalized with the initial droplet radius, and time by
means of the emulsion time unless otherwise stated in the text.

Symbol Description Units

a Radius of curvature at the pendant drop apex [m]
a0 Fourier coefficient [-]
an Fourier coefficient [-]
A0 Material constant Arrhenius equation [Pa·s]
bn Fourier coefficient [-]
B Minor axis deformed droplet [m]
B0 Minor axis deformed droplet before relaxation [m]
Bo Bond number [-]
Ca Capillary number [-]
Caavg Average capillary number [-]
CaB&L Capillary number according to Bentley and Leal [-]
Cacrit Critical capillary number [-]
Caavg,crit Average critical capillary number [-]
Camax Maximum capillary number [-]
Camin Minimum capillary number [-]
ds displacement of particles in PIV [m]
dt time interval between laser pulses for PIV [s]
D Deformation parameter [-]
D0 Initial deformation parameter [-]
Davg Average deformation parameter [-]
Dlim Steady deformation limit for large p and Ca [-]
DTaylor Taylor deformation parameter [-]
D Rate of deformation tensor [1/s]
D(eff) “Effective” flow field tensor [1/s]
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e Eccentricity [m]
E Macroscopic flow intensity [1/s]
Ea Activation energy [kJ/mole]
Eavg Average macroscopic flow intensity [1/s]
fMM

1 Scalar function Maffettone-Minale model [-]
fMM

2 Scalar function Maffettone-Minale model [-]
fMinale

2 Scalar function Minale model [-]
f0

2 Scalar function Maffettone-Minale model [-]
f c2 Scalar function Maffettone-Minale model [-]
f3 Scalar function Minale model [-]
g Gravitational constant [m/s2]
gMM(S) Volume preserving function Maffettone-Minale model [-]
gMinale(S) Volume preserving function Minale model [-]
G Flow strength (sum of absolute strain rates) [1/s]
Gavg Average flow strength [1/s]
GB&L Flow strength according to Bentley and Leal [1/s]
GB&L,avg Average flow strength according to Bentley and Leal [1/s]
h Height of cylinders [m]
I Unity tensor [-]
L Major axis deformed droplet [m]
L0 Major axis deformed droplet before relaxation [m]
n Refractive index [-]
p Viscosity ratio [-]
rp Aspect ratio deformed droplet [-]
R Radius of curvature at point (x, z) of pendant drop [m]
R0 Initial droplet radius [m]
Rg Universal gas constant [J/mole·K]
Ri Inner cylinder radius [m]
Ru Outer cylinder radius [m]
R∗ “Relaxation” tensor [m2]
ṡ Strain rate [1/s]
S Droplet shape tensor [m2]
t Time [s]
t∗ Dimensionless time [-]
tb Break-up time [s]
tb
∗ Dimensionless break-up time [-]

T Temperature [◦C, K]
T Period of rotation [s]
v Velocity field [m/s]
W Vorticity axis deformed droplet [m]
W Vorticity tensor [1/s]
x Axis of Cartesian coordinate system [-]
X Eccentricity ratio [-]
y Axis of Cartesian coordinate system [-]
z Axis of Cartesian coordinate system [-]



LIST OF SYMBOLS 35

Greek symbols

Symbol Description Units

ᾱ Flow type parameter [-]
ᾱavg Average flow type parameter [-]
αB&L Flow type parameter of Bentley and Leal [-]
β Shape factor of pendant drop profile [-]
γ Shear strain [-]
γ̇ Shear rate [1/s]
γ̇crit Critical shear rate [1/s]
Γ Interfacial tension [N/m]
δ Empirical parameter Maffettone-Minale model [-]
ε Hencky strain [-]
ε̇ Extensional strain rate [1/s]
ε̇crit Critical extensional strain rate [1/s]
ε Empirical parameter Maffettone- Minale model [-]
η Viscosity [Pa·s]
η0 Zero-shear viscosity [Pa·s]
ηd Droplet viscosity [Pa·s]
ηm Matrix viscosity [Pa·s]
θ Orientation angle of droplet [dg]
ρ Density [kg/m3]
∆ρ Density difference [kg/m3]
τ Characteristic emulsion time [s]
τr Relaxation time of droplet [s]
φ Specific angle of pendant drop profile [rad]
ωi Angular velocity inner cylinder [rad/s]
ωu Angular velocity outer cylinder [rad/s]
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Introduction

Polymer blending, i.e. mixing of two or more polymers, is considered to be an in-
teresting and economical alternative to synthesizing new materials with improved
mechanical, chemical, optical and other properties as compared to the separate con-
stituents. For instance, the addition of a small amount of finely dispersed rubber
particles drastically improves the impact behavior of polystyrene [102]. Another
example is the improvement of the barrier properties of a PET bottle through the
addition of nylon particles, while maintaining the transparency of the blend [10].
Here, the size and shape of the polyamide droplets can have a significant impact
on the final blend properties, as illustrated in figure 0.1. This is a schematic il-
lustration of the barrier properties of the blend as a function of the morphology.
When present in the form of dispersed droplets, a large amount of nylon is needed
to substantially increase the barrier properties of the blend. On the other hand,
when the nylon has a layered or platelet-like structure, small amounts are suffi-
cient to effectively reduce the permeability. In addition, the size of the dispersed
phase domains directly influences the optical properties of the blend, including
the transparency. These examples illustrate the large potential of polymer blends
as high performance materials, and the fact that controlling their morphology is
crucial to achieve desirable final product properties.

Their versatility and the fact that their properties frequently exceed those of the
component materials, make polymer blends a still growing market comprising a
substantial amount of the global polymer industry (over 30% in 2005 correspond-
ing to 150-160 million metric tons per year [82, 102]). Furthermore, with the
growing interest in environmental issues, global warming and sustainable develop-
ment, blending is becoming increasingly important in the compounding of different
polymers during their recycling.

In general, polymer blends are immiscible and show a multi-phase behavior whereby
the microstructure of the system can consist of droplets in a sea of matrix material,
elongated fibrils or even a co-continuous structure [102], cfr. figure 0.2a. This mor-
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Figure 0.1: Influence of morphology on barrier properties of a blend of a high-
barrier material in a low-barrier matrix. Adapted from [58].

phology is determined by the rheological properties of the polymeric constituents
and the processing conditions to which the material is subjected. For instance, dis-
persed phase droplets can deform, break-up or even coalesce again under flow (see
figure 0.2b), thereby significantly influencing the blend properties [101]. Hence, a
fundamental insight in the relation between processing parameters, material prop-
erties and microstructure, is essential to optimize blend performance. Moreover,
mastering the morphology during processing gives the opportunity to tailor the
final properties of the product for a specific purpose (cfr. figure 0.1). Often, how-
ever, this is still achieved on an empirical basis.

For low concentrations, an immiscible blend is made up of a globular morphology,
the case we will focus on in this work. The basic element of such a dilute blend
is then a single drop dispersed in a matrix. Therefore, in a more fundamental
approach, the study of single droplet behavior is regarded as a reasonable starting
point to model the complex behavior of immiscible polymer blends. In addition,
the deformation of a dispersed drop under flow is an elementary step in the mixing
process during blending, and the results obtained for single droplets can, to some
extent, be used in more concentrated systems (see for instance [49]). Likewise, it is
also possible to predict the rheological response of the blend when the deformation
of the droplet is known as a function of the flow parameters [113].

Numerous theoretical and experimental studies have been devoted to the single
droplet problem [35, 79, 87, 101]. Most of these studies though, have focused on
the morphology development in rather “simple” flows, being either simple shear
or purely extensional flow. The results obtained there can be useful in some “real-
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Droplets
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Coalescence:
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b)

Fibrils Co-continuity

Figure 0.2: (a) Different morphologies of immiscible polymer blends, (b) Possible
processes during applied flow.

life” cases where the flow field mainly comprises either one of these two simple flow
types. One typical example is, for instance, the shear dominated flow inside the
screw channel of an extruder. However, most polymer processing operations such
as injection molding, calendering and sheet molding processes, some of which are
illustrated in figure 0.3, involve combinations of shear and elongation. Hence, a
systematic investigation of the morphology development in such “complex” flows
is very relevant. Nevertheless, existing data in literature for controlled complex
flows, consisting of (transient) mixtures of shear and extension, are relatively scarce
due to the inherent experimental difficulties. In addition, most modeling and
simulation efforts have also only been focusing on simple flows. In summary, the
structure evolution during more complex flow fields has not been fully studied, let
alone understood.
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Figure 0.3: Typical examples of polymer processing operations where a combination
of shear and extensional flow is present.

Objectives

Based on the above, the main objective of this work is to elucidate the effect of more
complex flow fields on the microstructure evolution in immiscible polymer blends.
More specifically, the goal is to provide a clearer understanding of the effect of flow
type on single droplet dynamics in transient mixed flow conditions. To achieve
this, a more quantitative and systematic investigation on droplet deformation,
orientation and break-up is carried out, based on a suitable experimental in-situ
and time-resolved technique. In addition, the obtained experimental results can
be used in the development or validation of theoretical models and numerical
simulations, as these form the basic tools for the prediction of the morphology
development in an immiscible polymer blend.

Approach

Revealing the fundamental relationship between material properties, processing
conditions and the resulting microstructure under flow, is a task of extreme com-
plexity. In real-life systems, materials are subjected to complex time-dependent
and non-isothermal flow conditions. Moreover, frequently, all kinds of additives
are employed during mixing, influencing the rheological properties of the blend
constituents themselves. Obviously, this problem is too difficult to be tackled at
once in all its complexity. Hence, in the present work the behavior of one single
droplet is studied.

To perform a systematic study on single droplet dynamics in controlled complex
flows, materials with well-defined properties are needed. In addition, to exclude
other complexities and isolate the effect of flow type, purely viscous components
are desired. Therefore, a well-known Newtonian blend system with properties
comparable to those of industrial blends, has been chosen for this research. The
selected polymers are transparent liquids at room temperature which facilitates
the visualization of the droplet behavior at ambient temperatures. Furthermore,
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different grades of polymers are available to assess the influence of material prop-
erties (ratio of droplet viscosity to matrix viscosity).

Concerning the complex flow conditions, a specific experimental set-up has to be
selected to obtain direct, time-resolved information on the droplet dynamics in
transient mixed flows. Therefore, one of the main goals of this thesis was also to
develop a new flow cell that allows to study in-situ the morphology development of
immiscible polymer blends under controlled complex flow conditions. To this end
a new eccentric cylinder apparatus has been designed and the applied flow field
was thoroughly evaluated. Key features are the multi-functionality of the device
allowing for different operation modes, and the flexible variation of the eccentricity.
That way, the relative contribution of shearing and extensional flow components
can be adjusted. Furthermore, the transparency of the flow cell enables visualiza-
tion of the morphological phenomena using optical techniques.

Finally, the experimental results obtained are used to validate existing models and
scaling theories. Hereto, the available phenomenological models needed to be pro-
grammed and adapted to complex flows, in order to make a comparison with the
experimental data.

Survey

This thesis has been organized as follows. Chapter 1 covers the state of the art
concerning the morphology development of immiscible polymer blends. In a first
part, the main results for simple flow conditions are reviewed. Subsequently, the
available literature regarding the microstructure evolution in more complex flow
fields is summarized. In chapter 2 the selected materials, experimental set-ups
and techniques, and modeling methods used in this work are presented. Chapter 3
discusses the design and validation of the new eccentric cylinder device, specifically
built in the framework of this thesis. Chapters 4, 5 and 6 are dedicated to the
systematic study of single droplet dynamics. In chapter 4 typical experimental
results are presented for droplet deformation and orientation observed in different
types of sub-critical complex flow, whereas chapter 5 focuses on the effect of flow
type and viscosity ratio on the droplet dynamics in mixed flow conditions. In
both chapters 4 and 5 the experimental data are compared to model predictions
according to an existing phenomenological model. Chapter 6 deals with the break-
up behavior of single drops in super-critical mixed flows. The mode of break-up as
well as experimental break-up times have been studied. Finally, in chapter 7, the
main conclusions of this thesis are summarized, and suggestions for future work
are made.
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Chapter 1

State of the art

In this chapter, the state of the art concerning the morphology development in
immiscible polymer blends is reviewed. This overview is not intended to be ex-
haustive, but serves as a basis and motivation for the present work. The main
focus is on the deformation and break-up of single, Newtonian droplets immersed
in an immiscible Newtonian matrix, subjected to an arbitrary flow field. Hence,
literature on coalescence is not discussed here. First, the most relevant results
on deformation and break-up in simple flow conditions are summarized. In a sec-
ond part, the available information regarding the microstructure evolution in more
complex flow fields is considered.

1.1 Simple flows

Since the pioneering work of Taylor [92, 93] a multitude of theoretical and ex-
perimental studies on the behavior of droplet dispersions has appeared. Most of
these studies focused on the structure development of Newtonian blends in rela-
tively simple flow conditions, being either simple shear or pure extensional flow
(see figure 1.1). Consequently, major progress has been made in understanding the
morphology development of these “simple” blends, consisting of Newtonian com-
ponents in simple flow fields, as documented in several reviews [35, 72, 79, 87, 101].
In particular, the deformation and break-up behavior of single, Newtonian droplets
immersed in a Newtonian matrix subjected to simple shear and pure extensional
flow is well-known.

For a system with matching fluid densities and Newtonian components, only two
dimensionless numbers govern the droplet dynamics in slow flows: p and Ca. The
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(a)

(b)

Figure 1.1: Schematic representation of a deformed droplet in a simple shear flow
field (a) or in a hyperbolic extensional flow field (b).

viscosity ratio p is defined as the ratio of the dispersed phase viscosity ηd over the
matrix phase viscosity ηm. The capillary number Ca represents the ratio of the
viscous stresses to those of the interfacial tension:

Ca = ηmṡR0
Γ , (1.1)

where ηm, ṡ, R0 and Γ denote the matrix viscosity, the strain rate (shear or exten-
sional), the initial droplet radius and the interfacial tension respectively. During
flow, the hydrodynamic forces will tend to deform and orient the droplets to a
certain extent, depending on the viscosity ratio and the relative effect of the in-
terfacial tension forces. The deformation of a droplet will therefore increase with
increasing Ca. When the capillary number Ca exceeds a critical value Cacrit, the
droplets will deform irreversibly under flow until eventually, break-up occurs. For
lower values of Ca on the other hand, a steady deformation is attained. The crit-
ical capillary number Cacrit depends both on the type of flow and the viscosity
ratio p, and has been determined experimentally by Grace [32], for simple shear as
well as 2D elongational (hyperbolic) flow. In Grace’s study, Cacrit was obtained
under quasi-equilibrium conditions by slowly increasing the strain rate in small
steps until break-up occurred. By fitting the experimental data of Grace for shear
flow de Bruijn obtained an empirical correlation for Cacrit as a function of viscosity
ratio [22]:
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p

Ca
crit

Figure 1.2: Effect of viscosity ratio on droplet break-up in shear and 2D elon-
gational flow. Solid line is for simple shear, dashed line for elongational flow.
Adapted from [108].

log (Cacrit) = −0.506−0.0994 log (p) + 0.124(log(p))2− 0.115
log (p)− log (4.08) (1.2)

Grace’s results on droplet break-up in elongational flow have been fitted by Utracki
and Shi [103] who proposed following relation:

log (Cacrit) = −0.64853−0.02442 log (p)+0.02221(log (p))2− 0.00056
log (p)− log (1.015)

(1.3)
The experimental data of Grace are summarized in figure 1.2 where also the fits for
simple shear (equation 1.2, solid line) and elongational flow (equation 1.3, broken
line) are shown. As can be seen in this figure, the critical capillary number Cacrit
for break-up in shear flow reaches a minimum at a viscosity ratio p close to one.
Above a critical viscosity ratio of about 4, droplet break-up is even impossible
in simple shear flow. Elongational flow on the other hand, is more effective than
simple shear flow in dispersing a droplet into another fluid as the value for Cacrit
is smaller for the same viscosity ratio. Furthermore, elongational flow is capable
of breaking up drops of any viscosity ratio, even for p > 4.
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In simple shear flow, several break-up mechanisms are observed to occur [87] de-
pending on the capillary number Ca and the viscosity ratio p (see figure 1.3):

(a) << 1p

(b) Ca ~ Ca
crit

(c) Ca >> Ca
crit

Figure 1.3: Schematic representation of break-up mechanisms in shear flow.
Adapted from [106].

• For p� 1, break-up is achieved by the tip-streaming mechanism [22], where
small droplets are released from the pointed ends of the parent drop [fig-
ure 1.3a]. This is however not a general break-up mechanism and can be
mostly attributed to the presence of impurities or a non-uniform surfactant
distribution along the drop surface [23].

• For 0.1 ≤ p ≤ 4 and when the flow strength is slowly increased until Ca ≈
Cacrit, droplet break-up occurs by necking [83]. Here, a single droplet is
split up in two equal sized daughter drops with some small satellite droplets
in between [figure 1.3b].

• For Ca � Cacrit, a highly elongated thread is formed on which sinusoidal
perturbations (Rayleigh instabilities) develop that lead to break-up in a
string of smaller equal-sized droplets [figure 1.3c]. This so-called capillary
wave break-up has been studied both theoretically [55, 64, 98] and experi-
mentally [29, 48, 109]. Van Puyvelde for instance, derived a scaling relation
for the total break-up time, starting from the onset of flow, during simple
shear and extensional flow [108].

Several theories have been developed to express the deformation of Newtonian
droplets in bulk flows. Small deformation theories assume that the shape of the
droplet is close to spherical, which applies when Ca � 1 or when p � 1. Under
these circumstances, the droplet deformation is usually expressed by means of the
deformation parameter D:
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D = L−B
L+B

(1.4)

Here, L and B represent the major and minor axes of the droplet in the velocity-
velocity gradient plane, as can be seen in figure 1.1. The third axis, not shown in
figure 1.1, is often denoted as W .

The first analytical model describing the deformation of slightly deformed droplets
was derived by Taylor [92, 93] for simple shear as well as hyperbolic flow. He
showed theoretically that under these specific conditions the deformation parame-
ter is proportional to the capillary number [93]:

DTaylor = Ca
16 + 19p
16 + 16p (1.5)

Furthermore, according to the Taylor analysis the orientation angle θ depends on
the flow type: it is either zero (aligned with the flow) for extensional flow, or π

4
in simple shear flow. This pioneering model of Taylor has been substantially ex-
panded and generalized by many authors to predict the evolution of D and θ to
higher orders of Ca [5, 14, 17, 25, 33, 77]. Furthermore, several experimental stud-
ies [8, 25, 36, 83, 92, 99] showed excellent agreement with these small deformation
theories, each within their range of validity.

For high capillary numbers or very low viscosity ratios, slender-body theories are
more commonly used [1, 44, 54, 94]. Here, the cross-section of the elongated
droplet is assumed to be circular (B = W ) and the deformation is expressed by
means of the aspect ratio rp:

rp = L

B
(1.6)

None of the above theories (small deformation or slender-body) however, encom-
passes the entire range of p and Ca satisfactorily.

Recently, several phenomenological models [2, 27, 47, 61, 119] have also been
developed to describe droplet deformation under flow. All of these models are
based on the assumption that the droplet remains ellipsoidal at all times. This
assumption is justified over a wide range of capillary numbers and viscosity ratios
[40, 53]. Only close to the critical conditions for break-up, the droplet shape
deviates significantly from the ellipsoidal form and consequently, the models fail.
The ellipsoidal droplet shape can be described by a symmetric, positive definite
second rank tensor S(t). The evolution of S results from the competition between
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the hydrodynamic drag exerted by the motion and the restoring force due to
the interfacial tension. The proposed evolution equations for tensor S have the
following general, dimensionless form:

dS
dt − Ca(W · S− S ·W) = −R∗ + Ca

(
D(eff) · S + S ·D(eff)

)
, (1.7)

where W is the dimensionless vorticity tensor of the applied flow field. The left
hand side of equation 1.7 represents a Jaumann derivative rotating with the vortic-
ity. On the right hand side, an “effective” flow field tensor D(eff) and a relaxation
tensor R∗ appear, which are defined differently in each of the proposed models
[119]. Predictions of several of these phenomenological models have been shown to
adequately capture the steady state deformation and orientation in simple shear
[47, 61, 101] as well as hyperbolic flow [46, 61], at least for low to moderate
droplet deformations. Hence, steady small droplet deformation measurements can
also provide an accurate method for the determination of the interfacial tension
in the case of Newtonian components [34].

At higher flow intensities, the droplet shape can no longer by represented by an el-
lipsoid, and more complex drop configurations have been observed. Under these cir-
cumstances, one can resort to computational methods to solve the complete fluido-
dynamical problem, including boundary integral methods [74], finite-element [45]
and volume-of-fluid methods [59]. Generally, good agreement is found between
numerical simulations and experiments for simple shear as well as elongational
flow (e.g. [18, 20, 53, 59, 115]).

Finally, after cessation of flow a deformed droplet is not stable and will either re-
tract back to a sphere or break into smaller fragments, driven by interfacial forces.
Which process dominates, depends on the viscosity ratio p and the shape of the
droplet at the time the flow is stopped [88, 89]. For sufficiently small deforma-
tions a Newtonian droplet relaxes back to its spherical shape. Above a certain
critical elongation the droplet will rather break-up either through end-pinching
for moderately extended drops or by capillary waves for sufficiently long drops.
End-pinching is a relaxation mechanism in which, under the action of the interfa-
cial tension, an elongated droplet will form bulbous ends which grow larger and
pinch off from the center waist of the drop. This end-pinching phenomenon has
also been observed during shear flow [100] and after step changes in flow strength
during elongational flow [90]. The different relaxation mechanisms after cessation
of flow, depending on initial aspect ratio, are summarized in figure 1.4.

Even when the drop relaxes back to a sphere, it can pass through several distinct
intermediate shapes, including a rod-like, a dumbbell and an ellipsoidal shape, de-
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Figure 1.4: Effect of aspect ratio and viscosity ratio on relaxation process after
cessation of flow. Circles correspond to retraction, squares to end-pinching and
dashed line represents limit above which capillary instabilities develop. Adapted
from [108].

pending on the initial, sub-critical droplet deformation [2, 117]. This is illustrated
in figure 1.5. The retraction of the ellipsoidal shape at the end of the relaxation
process, as shown in figure 1.5, can be readily described with exact analytical
solutions for small deformations or with phenomenological models. Therefore,
the interfacial tension is frequently determined experimentally using this type of
droplet retraction techniques [41, 60, 68, 86]. Commonly, the ellipsoidal droplet is
assumed to be axisymmetric (B = W ), resulting in a change of the deformation
parameter D in time as, for instance [60]:

D = D0 exp
(
− 40(p+ 1)

(2p+ 3)(19p+ 16)
Γ

ηmR0
t

)
, (1.8)

in which D0 is the initial deformation parameter before cessation of flow, R0 is
the droplet radius at rest and t is dimensional time. This equation is based on the
theoretical analysis of Taylor for small deformations [93].

Careful three-dimensional analysis has shown that a moderately deformed ellip-
soidal droplet, formed during pre-shear, is not axisymmetric [40]. The axis W
will also retract differently from the principal axes L and B. Hence, Mo et al.
[68] recently described a droplet retraction method based on the phenomenolog-
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Figure 1.5: Droplet shape evolution after cessation of shear flow. Evolution of
three principal axes and schematic representation of droplet shape. Adapted from
[117].

ical Maffettone-Minale model [61] without the assumption of axisymmetry. The
deformation of the relaxing droplet is expressed by the following equation:

L2 −B2 = (L2 −B2)0 exp
(
− 40(p+ 1)

(2p+ 3)(19p+ 16)
Γ

ηmR0
t

)
(1.9)

The results derived from this model are in excellent agreement with interfacial
tension data documented in literature for either high or low viscosity ratio sys-
tems [68]. The most important advantage of this model with respect to the other
retraction models is that no affine deformation assumption (B = W ) is made.

1.2 Complex flow fields

In real dispersing flows the velocity field is not steady shear or steady extensional
flow, but always a “mixed flow”. An example is given in figure 1.6 which shows
velocity and strain rate profiles for the contraction flow through a capillary die
that, for instance, can be present at the end of an extrusion line. Here, the local
shear and elongational rates vary in time with extreme values appearing near the
contraction part of the geometry. A single droplet in such a complex flow field
will consequently experience continuous, transient rates of shear and elongation
as it moves along its trajectory through the flow field. Therefore, the effect of
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transient, mixed flows on drop deformation and break-up is inherently more dif-
ficult to understand. Since most polymer processing operations involve complex
combinations of shear and elongation, a systematic investigation of the morphol-
ogy development in such “complex” flows is very relevant. Furthermore, complex
flow fields are also important when analyzing rheological measurements. Han et al.
[43], for instance, found that capillary and cone and plate measurements can differ
for immiscible polymer blends due to the morphological changes that take place
in the entry region of the capillary. Nevertheless, experimental set-ups in which
both shear and extensional flow components are present in a controllable way, still
remain relatively scarce. Only a few studies deal with morphology development
during controlled complex flows and most often entry flows are considered.

(a) (b)

(c) (d)

Figure 1.6: Example of complex flow field in a capillary die: a) geometry with one
particular streamline, b) velocity profile along path line of a), c) strain rate profiles
along path line of a), d) elongation rates along different path lines. Adapted from
[71].
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1.2.1 Experimental studies

Han and Funatsu [42] studied the deformation of single droplets in a complex flow
field using a sudden contraction. They found that the extensional flow field led to
drop deformation in the entry zone, but fibril break-up by Rayleigh instabilities
only sets in after entering the contraction. Comparable results were obtained by
Chin and Han [16] who used a gradually converging channel. A similar geometry
was used by Van der Reijden-Stolk and Sara [107]. With an approximate analysis
to describe the flow field kinematics, they showed that the theory of Cox [17] was
able to predict the observed drop deformation fairly well. However, a limitation
of these studies is the fact that the droplet size was comparable to the transverse
dimension of the flow field. Under such conditions confinement effects might inter-
fere with the conclusions (e.g. [105]). This was also documented by Khayat and
co-workers [31, 56] who studied the influence of shear and elongation on drop defor-
mation and break-up in convergent-divergent flows through numerical simulations
and experiments. They reported that the initial droplet size relative to the channel
dimensions indeed has a profound influence on the deformation process, and dif-
ferent break-up mechanisms driven by extension and shear flow respectively, were
identified for this specific geometry. For instance, shear driven double tip stream-
ing was observed in some cases causing break-up into very fine droplets formed
behind the main drop (see figure 1.7). Similar results were obtained by Mietus
et al. [63] for the confined shear and extensional flows produced in an horizon-
tal Couette cell with local inserts. They discerned a number of interesting and
more complex geometrical droplet configurations, including ‘claw-like’, ‘swallow-
tail’ and ‘horseshoe-crab’ structures (see figure 1.7).

Testa et al. [95] used somewhat more concentrated blends, containing a large
number of micron-sized droplets, to study the morphology development after a
sudden contraction and in a gradually converging channel followed by a sudden
expansion. The flow-induced morphological evolution could be predicted, at least
semi-quantitatively, by assuming that the effects of extensional and shear compo-
nents are additive. The general criterion for droplet break-up derived from these
experiments, is that break-up occurs when either the local shear or stretching rate
at a certain axial position, averaged over the thickness of the flow channel, ex-
ceeds the critical value for break-up as obtained from steady homogeneous flow
data [22, 32]. Similar conclusions were drawn by Priore and Walker [75], based
on small angle light scattering experiments. The conclusions drawn by Testa et
al. [95] and Priore and Walker [75] were, however, based on the average shear and
elongation rates over the thickness of the slit and focused on observations along
the centerline of the geometry. Hence, their flows are dominated by elongation and
this limits to a certain extent the applicability of their conclusions to real complex
flows. Recently, Oosterlinck et al. [71] studied the morphology development of a



1.2. COMPLEX FLOW FIELDS 53

(a)

(b)

Figure 1.7: Example of complex drop configurations observed during confined mixed
flows of Godbille and Picot (a), and of Mietus et al. (b). Adapted from [31] and
[63].

dilute polymer blend in a capillary flow, for droplets moving at as well as off the
die axis. They verified that the Tomotika theory [97] could qualitatively describe
the break-up behavior, occurring through Rayleigh instabilities in both cases. For
fibrils flowing off center though, the actual shear thinning viscosities have to be
used.

Earlier, Bentley and Leal [8] had experimentally explored the full scope of two-
dimensional flows using a computer controlled four-roll mill. They studied droplet
deformation and break-up in steady flows ranging between simple shear and 2D-
elongation and provided a systematic data set of critical conditions for droplet
break-up in these intermediate flow types. This is depicted in figure 1.8 which
shows the dependence of Cacrit on viscosity ratio and flow type over a wide range
of parameters. Later on, Stone and co-workers [88, 90] used the same geometry
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to study transient effects in droplet deformation upon cessation of flow and after
step changes in the flow type and/or flow intensity. They also mapped out the
relaxation behavior which depends on initial droplet shape and viscosity ratio. De-
spite its flexibility however, the four-roll mill suffers from flow instabilities which
render it difficult to center droplets in the flow field, and only one single droplet
at a time can be studied.

Ca
crit

p

Figure 1.8: Effect of flow type on droplet break-up in steady 2D flows. ◦, αB&L =
1.0; M, αB&L = 0.8; �, αB&L = 0.6; O, αB&L = 0.4; ×, αB&L = 0.2; ¥, data of [78].
Adapted from [8].

Also noteworthy with respect to complex flows are two special flow conditions
in which, although the flow field is simple shear, the behavior of blends can be
rather complex: shear flow reversal [38, 66] and oscillatory shear flow [13, 37, 118].
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Guido et al. [38] for instance, microscopically studied the evolution of single, New-
tonian droplets during flow reversal. They found that at low capillary numbers
the behavior can be described by the phenomenological model of Maffettone and
Minale [61]. More recently, Guido et al. [37] investigated the droplet dynamics
under Large Amplitude Oscillatory Shear flow (LAOS), using a single Newtonian
drop dispersed in a Newtonian matrix. They demonstrated that, above a certain
threshold value of the applied strain, the droplet undergoes a complex oscillatory
motion characterized by several excursions both in orientation and deformation.
For small forcing amplitudes on the other hand, the drop shape follows a “regular”
oscillation and the deformation is linear with respect to the forcing amplitude.
Even for the LAOS experiments of Guido et al. [37], model predictions of the
Maffetone-Minale model were found to be in qualitative good agreement with the
experimental data.

Alternatively, controlled mixed flow conditions can also be applied using an eccen-
tric cylinder system, as depicted in Figure 1.9. This type of flow has been studied
extensively in the context of lubrication problems occurring in journal bearings
(e.g. [3, 26, 50, 114]), at least for simple unstructured fluids. Ottino and co-
workers [57, 73, 96] were the first to employ the flow generated between eccentric
cylinders to disperse one fluid into another. They investigated the dynamics of
droplet elongation, folding and break-up in chaotic flows produced when the two
cylinders are rotating alternately. In particular, Tjahjadi and Ottino [96] observed
that the dominant break-up mechanism is through capillary wave instabilities in
highly stretched filaments. This is because the critical capillary number for thread
break-up is often lower than for the original drop. Hence, if the primary aim is to
produce the finest morphology, the transient break-up mechanism is more effective
than repeated droplet break-up at the critical capillary number, a conclusion that
was also drawn by Janssen and Meijer in a cross-slot configuration [48].

The eccentric cylinder geometry has recently received renewed interest by Windhab
and co-workers [30, 52, 116]. Feigl et al. [30] for instance, combined a numerical
and experimental approach to study drop deformation and break-up when only the
inner cylinder rotates at a constant speed (see figure 1.9). In this specific case how-
ever, the elongational strain rates are less than 1% of the shear rates. Moreover,
in view of the ratio of droplet diameter to gap size used (cfr. [105]), neglecting
wall effects in their simulations may be questionable. Very recently, Egholm et al.
[28] used a rather similar geometry to explore droplet dynamics in complex flow
conditions. Their flow channel consists of two concentric cylinders with toothed
walls as a model for extruding flow. They found that for small deformations, the re-
lation between the time-averaged drop deformation and a time-averaged apparent
shear rate can be described by Taylor’s small deformation theory [93]. Also, nu-
merical simulations agreed fairly well with the experimental results, although the
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(a)

(b)

Figure 1.9: (a) Top view of eccentric cylinder geometry, (b) Drop shape evolution
in eccentric cylinder system of Feigl et al. Adapted from [30].

calculations predict a deformation somewhat higher than experimentally observed.

Finally, various other set-ups, more closely related to real processing flows, have
also been used to study the morphology development of immiscible polymer blends
in complex flow fields [9, 51, 70, 84, 85, 120], including more practical mixing
devices and extrusion lines. However, often the microstructure is analyzed post-
factum after solidification of the sample, and most of the studies only provide a
qualitative description of the phenomena occurring. Hence, although this approach
has several useful applications (e.g. empirical optimization of apparatus design), it
is difficult to gain a fundamental insight in the processes affecting the morphology
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development.

1.2.2 Modeling and numerical simulation

Besides experimental studies, the phenomenological models described above to-
gether with numerical simulation algorithms can also provide a more quantitative
picture of the morphology development in complex flow fields. The proposed phe-
nomenological models [47, 61, 119] are in theory, applicable to arbitrary applied
flow fields, although the resulting equations can become very difficult to solve.
The data of Bentley and Leal [8] for steady mixed flows have, for instance, been
used in the validation of the Maffettone-Minale model for which good agreement
was found [61]. Furthermore, droplet dynamics observed in some special transient
shear flows, as the flow reversal and oscillatory experiments described above, have
also been compared to model predictions [13, 38, 118]. As long as the flow strength
is not too high, good agreement is found between experimental data and model cal-
culations. For transient mixed flow conditions however, to the author’s knowledge,
no full quantitative assessment of drop shape predictions has been performed so far.

For higher flow strengths and more complex flow fields, numerical simulations com-
prise a more suitable tool to study droplet dynamics (e.g. [28, 30, 56]). Compared
to analytical models, these simulations combine an equally high level of accuracy
with a greater flexibility with respect to the applied flow fields. A major drawback
of these numerical calculations is the computational expense, especially in the tran-
sition regions during break-up and coalescence of the drops. To circumvent this
problem, various adaptive meshing techniques have been proposed that greatly in-
crease the accuracy and computational efficiency of the calculations (e.g. [4, 19]).
Basically, two major approaches exist to simulate multi-phase flows, which differ
by the way the presence of a variable interface is treated. A first class are the
interface tracking methods or the so-called sharp interface methods in which the
interface is tracked explicitly. Here, the computational mesh elements lay on the
fluid-fluid interface and information concerning location and curvature of the in-
terface is available throughout the calculation process. Another class of simulation
methods are the so-called interface capturing methods. These techniques represent
the interfacial tension as a body force distributed over a narrow region covering
the interface. Consequently, the mesh elements do not lay on the interface, but
the interface evolves through the mesh that remains fixed during the computation.
Recently, Cristini and Tan [21] have presented an excellent overview of the vari-
ous numerical methods and their limitations, that can be used to simulate droplet
deformation and break-up under flow. The majority of droplet simulation studies
however, have so far only focused on the behavior in simple flow conditions (simple
shear or pure extensional flow). Although numerical simulations provide a very
powerful tool to study droplet dynamics in complex flow fields, the results should
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still be validated through careful experimental analysis.

1.3 Conclusions

The final properties of immiscible polymer blends strongly depend on the mi-
crostructure which develops during processing. The complex interaction between
material and processing properties is in many cases still poorly understood. For
low concentrations an immiscible blend is made up of a globular morphology, and
the basic element of such a dilute blend is then a single drop dispersed in a matrix.
The study of single droplet dynamics is therefore of interest, being the primary
step to model the complex behavior of an immiscible blend with a droplet-matrix
structure.

The available literature demonstrates that the deformation of single, Newtonian
drops in simple flow fields including simple shear and 2D elongational flow, is
relatively well understood. The behavior in more complex flow fields, consisting
of (transient) mixtures of shear and elongation, is on the other hand, much less
explored. Only a few experimental studies have been performed and mostly, only
qualitative results were obtained. Moreover, the relative contribution of elonga-
tional effects is generally restricted to either very low or very high values. Often,
also other effects (e.g. confinement) interfere with the conclusions which compli-
cates the physical understanding of the obtained experimental results. Hence, a
more quantitative and systematic investigation of drop deformation and break-up
in transient mixed flows can help to elucidate the effect of flow type on droplet
dynamics in complex flow fields.

Secondly, several phenomenological models and different numerical simulation al-
gorithms have been proposed to study droplet dynamics in arbitrary flow fields.
The available models are however insufficiently validated by model experiments in
controlled mixed flow conditions. Furthermore, experimental data sets are indis-
pensable for future refinement in modeling and further development of computa-
tional methods.



Chapter 2

Materials and methods

In this chapter, the materials and methods used in this work are presented. First,
the scientific approach is motivated in section 2.1. Next, in section 2.2 the selected
blend components and their physical properties are discussed. The experimental
equipment and procedures are considered in section 2.3. Finally, models used to
predict the droplet dynamics in transient mixed flow conditions are presented in
section 2.4.

2.1 Scientific approach

The morphology of polymer blends plays a central role in achieving the desired
properties during processing. The challenge is to control and predict the mi-
crostructure evolution during the different processing steps based on the properties
of the components. However, the flow behavior of industrial blend systems is quite
complex, due to the coupling between morphology and rheology. Firstly, during
processing the materials are subjected to very complex flow and temperature fields
with constantly varying flow type and flow strength. Secondly, in the case of poly-
mers the blend components themselves can already exhibit nonlinear viscoelastic
properties which are difficult to model. Finally, during flow of multi-phase mate-
rials there will be a continuous competition between deformation, break-up and
coalescence of the dispersed phase drops. In order to gain a basic understanding
of the morphology development in immiscible polymer blends, it is therefore too
complicated to take all of the above effects into account at the same time.

The morphology development of ‘simple blends’ consisting of Newtonian compo-
nents in simple flow fields (e.g. simple shear and pure extensional flow) is rather

59
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well understood (see chapter 1). Main issues that still need to be resolved are con-
nected to the effect of non-Newtonian component properties and the application
of more complex flow fields. Recently, the influence of component viscoelasticity
on single droplet dynamics in simple shear flow, was thoroughly investigated [111]
and research is still ongoing [12]. The aim of the present work is to study the effect
of transient mixed flow conditions on the microstructure evolution in immiscible
polymer blends. To this purpose, a new experimental apparatus has been designed
and tested in order to apply controlled complex flow conditions (chapter 3). Fur-
thermore, to isolate the effect of flow type purely viscous Newtonian materials
have been chosen, which are briefly discussed in the next section.

2.2 Materials

2.2.1 Selection criteria

Performing long time experiments on industrial blends is difficult for various rea-
sons; application of high temperatures is likely to result in thermal degradation of
the polymers which severely limits the available experimental time window. Fur-
thermore, thermal gradients in the matrix material can cause non-homogeneous
material properties within the sample, making it difficult to accurately determine
the applied dimensionless parameters. Finally, on-line observations of the mi-
crostructure using optical methods are difficult to realize in isolated high temper-
ature flow cells. These drawbacks resulting from the use of industrial polymer
systems, motivate the use of model compounds that are liquid at room tempera-
ture.

These model materials are restricted to certain optical, physical and thermody-
namic properties. Obviously, the matrix material should be transparent, and the
refractive index has to differ somewhat from that of the droplet materials, to be
able to visualize single droplets. The blend components should also be mutually
immiscible, and have comparable densities to exclude buoyancy effects. Finally,
the material properties should be variable in a controllable way to permit a sys-
tematic study.

2.2.2 Model components

Based on the requirements mentioned above, the materials selected for this re-
search are poly(isobutylene) (PIB, Glissopal 1300 from BASF) and poly(dimethyl
siloxane) (PDMS, Rhodorsil grades from Rhodia Chemicals). Since Guido et al.
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Figure 2.1: Steady-state viscosity at T = 25 ◦C of PIB (•), PDMS60 (◦), PDMS5
(5) and PDMS500 (4).

[39] reported that PIB is slightly soluble in PDMS, the PIB is chosen as the matrix
phase to avoid shrinkage of the droplet volume in time. In order to vary the vis-
cosity ratio different grades of PDMS have been selected as the droplet phase. All
fluids are transparent liquids at room temperature and exhibit Newtonian behavior
over the range of strain rates investigated here. Figure 2.1 shows the steady-state
viscosity η as a function of shear rate γ̇ for the pure components at a temperature
T of 25◦C, measured using an ARES-rheometer. From figure 2.1 it is seen that no
shear-thinning effects are present within the applied shear rate range.

All experiments have been performed at ambient temperature (∼ 24◦C), and as
the viscosity of PIB is very sensitive to temperature, the temperature of the sample
was directly monitored by immersing a fine thermocouple needle in the continuous
phase. Hence, the viscosities ηm and ηd, and the resulting viscosity ratio p could
be back-calculated using an Arrhenius equation:

1
η0

= 1
A0

exp −Ea
RgT

, (2.1)

where η0 is the zero-shear viscosity, A0 is a constant depending on the material
(Pa·s), Rg is the universal gas constant (= 8.314 J/mole·K) and T is the absolute
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Table 2.1: Properties of component fluids.

Component Zero-shear viscosity Activation energy Viscosity ratio
η0 [Pa·s] (24◦C) Ea [kJ/mole] p [-] (24◦C)

PIB 47.4 60.1 Matrix
Glissopal 1300

PDMS60 59.2 15.4 1.25
Rhodorsil V60000

PDMS5 4.98 15.3 0.105
Rhodorsil V5000

PDMS500 493 15.2 10.41
Rhodorsil V500000

temperature (K). Ea is the activation energy which is calculated from a fit of the
zero-shear viscosity data at different temperatures using equation 2.1. Table 2.1
gives the zero shear viscosities η0 and activation energies Ea of the different com-
ponent fluids, together with the corresponding viscosity ratios p at 24◦C. The in-
terfacial tension Γ for the PIB/PDMS system, measured using several techniques
(see section 2.3.2), amounts to a value of 2.8 ± 0.1 mN/m, in agreement with
previous results in literature [86]. Further, Γ is found to be independent of the
molecular weight for the three grades of PDMS used here. The density difference
∆ρ between both polymers is quite small (ρPIB = 894 kg/m3 and ρPDMS = 971
kg/m3 at 20◦C) so that in combination with the higher viscosity, gravitational
effects can be neglected [65]. Finally, from the optical point of view, the differ-
ence in refractive indices (∆n ≈ 0.1) is high enough to have a good contrast for
observations by light microscopy.

2.3 Methods

Visualization of droplet dynamics in well-defined mixed flow conditions requires
specific experimental equipment. This equipment together with the typical set-ups
and measuring techniques used for the analysis of single droplets are discussed in
this section.

2.3.1 Eccentric cylinder device (ECD)

One of the main goals of this thesis is the development of a flow cell that allows
to study in situ the morphology development of immiscible polymer blends under
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controlled complex flow conditions. This has been realized in a home built eccen-
tric cylinder device (ECD) which is supplemented with a microscope and camera
system to enable visualization of single droplets. Accordingly, all experiments pre-
sented in this work have been performed using the ECD. A detailed discussion of
the design and validation of this flow cell is given in chapter 3 and in figure 2.2a
a schematic of the basic ECD is shown. Here, we only briefly discuss the basics of
the experimental set-up and describe the experimental protocol used.
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Figure 2.2: (a) Schematic of eccentric cylinder device. (b) Sketch of top view of
eccentric cylinder geometry.

Experimental set-up

In short, the apparatus allows applying controlled ‘mixed flow’ conditions, i.e. a
combination of shear and elongational components, in the narrowing and expand-
ing areas of the gap between the rotating cylinders. Figure 2.2b shows a 2D sketch
of the eccentric cylinder geometry, consisting of inner and outer cylinders with
radii Ri and Ru and angular velocities ωi and ωu, respectively. The axes of these
cylinders can be displaced by a certain distance e, the eccentricity. The eccentric-
ity ratio X of the system is then defined as e/(Ru − Ri). This is an important,
adjustable parameter that affects the relative as well as the absolute magnitudes
of shear and elongational strain rates along the streamlines of the flow field. In
addition, the flow configuration, i.e. inner cylinder rotating, outer cylinder rota-
ting, counter-rotating or co-rotating, also has a profound influence on the type of
mixed flow obtained, as will be shown later.

For the experiments conducted in this study the ECD has been used in two rota-
tion modes: mode A in which only the outer cylinder is rotating with a constant
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Table 2.2: Different configurations of ECD used
Configuration A1 A2 B C

Eccentricity ratio X 0.2 0.3 0.2 0
Velocity ratio ωi/ωu 0 0 2/3 0

speed, and mode B where both cylinders are co-rotating with the ratio of outer to
inner cylinder velocity ωi/ωu equal to 2/3. Furthermore, for mode A two different
eccentricity ratios have been used of X equal to 0.2 and 0.3; for mode B X is
always set to 0.2. The concentric set-up (X = 0) with only the outer cylinder
rotating, is considered to be the reference case and is denoted as configuration C.
The different configurations of the ECD applied in this work are summarized in
table 2.2.

Experimental protocol

After setting a certain configuration for the ECD, single PDMS droplets are intro-
duced in the matrix material by using a self-designed injection system. This allows
a precise positioning of the injection needle through a small aperture located at
middle height of the outer cylinder. The spherical drop is injected in the widest
part of the gap and positioned so that its center is at a radial distance of about 30
mm (half the clearance) from the axis of the inner cylinder. Upon start-up of the
flow with chosen values for ωi and ωu the droplet is then visualized during several
revolutions using optical microscopy (Olympus SZ61-TR stereo microscope). The
microscope, equipped with a high speed CCD-camera (Basler A301f), is mounted
on top of the flow cell so that images are captured in the velocity-velocity gradient
plane (see figure 2.3) with use of the Streampix Digital Video Recording Software
(Norpix). Due to the limited field of view of the microscope and difficulties in illu-
mination, images of the deforming drop could, for each single experiment, only be
captured in the first two (I and II ) or the last two (III and IV ) quadrants of the
Cartesian coordinate system, defined in figure 2.2b, where the origin is attached to
the inner cylinder axis and the x-axis is the direction of varying eccentricity. From
the analysis of these images using ImageJ software for Windows [81], it is then pos-
sible to obtain the necessary information about the deformation and orientation
of the droplets, i.e. the length L of the long axis, the length B of the short axis
and the angle θ between the long axis and the flow direction, as shown in figure 2.3.

The initial radii of the polymer drops are in the range of 300–800 µm. This is small
enough to be able to neglect the effect of the walls, as it has recently been shown
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Figure 2.3: Schematic representation of a deformed droplet in the velocity-velocity
gradient plane.

[104] that in order to exclude confinement effects, the droplet diameter should
be smaller than 25% of the gap sizing. Furthermore, gravitation can become
important for larger droplets. Gravitational effects are expressed by means of the
Bond number Bo, defined as:

Bo = ∆ρ gR0
2

Γ , (2.2)

where ∆ρ is the density difference between drop fluid and surrounding medium,
and g is the gravitational constant. The Bond number expresses the ratio of the
gravitational forces to the interfacial forces, acting on a droplet. As can be seen,
the Bond number increases quadratically with increasing droplet size. On the other
hand, the droplets have to be large enough to make quantitative observations of
the deformation. In the present case, Bo takes on values on the order of 10−2

and within the time window of the experiments buoyancy effects were not visible
for the droplet sizes used. The initial radius R0 was obtained by taking images
of the initially spherical drop at a large magnification and averaging over at least
ten pictures. The radius R0 can then be used to evaluate the prevalent capillary
numbers Ca (see chapters 4, 5 and 6) and by performing the experiments for
different rotational speeds, a whole range of capillary numbers can be explored.

2.3.2 Interfacial tension measurements

Accurate measurement of the interfacial tension is important since it directly in-
fluences the applied capillary number (see equation 1.1). Hence, the interfacial
tension is measured using three different techniques. Other possible methods to
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determine the interfacial tension are reviewed in [86].

The first method consists of fitting experimentally obtained small deformation re-
sults in simple shear flow to the Taylor theory [93]. Hereto, the ECD is used in a
counter-rotating mode with both cylinders concentric. That way, droplets can be
fixed in a stagnation point and large magnifications of the drop are possible. The
experimental deformation parameter D is fitted using equation 1.5 for low flow in-
tensities (small Ca) with the interfacial tension Γ being the only fitting parameter.

Secondly, the droplet retraction method proposed by Mo et al. [68] is used. Here,
the relaxation of an initially ellipsoidal drop after cessation of flow, is described by
a single relaxation time as expressed in equation 1.9. The experimental relaxation
profile of a moderately deformed drop is then fitted using equation 1.9 which also
yields a value for the interfacial tension.

Figure 2.4: Schematic representation of a pendant drop profile.

Finally, a third, independent method is employed to verify the values for the
interfacial tension obtained in the first two methods: the pendant drop method.
This measurement is performed on a CAM-200 device (KSV). It involves a digital
analysis of the pendant drop fluid profile, which is shown schematically in figure
2.4. This droplet profile is governed by the balance between the interfacial tension
force and the force due to the action of gravity, and is given by [6]:

2 + β(z/a) = 1
R/a

+ sinφ
x/a

(2.3)

Here, the shape of the pendant drop is given in terms of the x- and z-coordinates
depicted in figure 2.4. The parameter φ denotes the angle between the tangent to
the drop profile and the horizontal axis, R represents the radius of curvature at a
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point (x, z) and a is the radius of curvature at the drop apex. The shape factor β
is defined as:

β = a2∆ρ g
Γ , (2.4)

The CAM-200 analyzes the evolution of the drop profile and calculates the inter-
facial tension using equations 2.3 and 2.4. All methods described above resulted
in the same value of the interfacial tension for the PIB/PDMS system, at least
within experimental error: Γ = 2.8± 0.1 mN/m.

2.4 Modeling droplet dynamics

To predict the droplet deformation in sub-critical mixed flows the model of Maf-
fettone and Minale is used [61, 62]. They developed a simple phenomenological
model for the dynamics of a buoyancy free Newtonian drop suspended in another
immiscible Newtonian fluid, subjected to a flow field with an arbitrary uniform
velocity gradient tensor. Here, the transient form of the model is used with the
incorporation of a flow type parameter to account for the mixed nature of the flow.
In this section, we briefly discuss the model equations and their implementation
for use with the “complex” flow field present in the ECD.

2.4.1 Model equations

The Maffettone-Minale model, from now on referred to as the MM-model, is based
on the assumption that the drop shape is ellipsoidal at all times and the volume is
preserved. The drop shape is therefore described by a symmetric, positive definite
second order tensor S, the eigenvalues of which represent the square semi-axes
of the ellipsoid. The drop is deformed due to the competing actions of the drag
exerted by the motion and the restoring force due to the interfacial tension. For
Newtonian components with equal densities only two dimensionless parameters
come into play (see chapter 1): the viscosity ratio p and the capillary number
Ca = ηmR0E/Γ, where E is the intensity of the macroscopic flow which is defined
as the second scalar invariant of the strain rate tensor D [48] (see section 2.4.2).
The non-dimensional evolution equation for the droplet shape tensor S (made
dimensionless with R0

2) in the MM-model is given then by:

dS
dt∗ −Ca(W ·S−S ·W) = −fMM

1 (S− gMM(S)I) +CafMM
2 (D ·S + S ·D), (2.5)
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where t∗ is time made dimensionless with the characteristic emulsion time τ =
ηmR0/Γ, I is the second rank unit tensor, and W and D are the macroscopic
dimensionless vorticity and rate of deformation tensors, respectively:

D = ∇v +∇vT

2E , W = ∇v−∇vT

2E (2.6)

with v the velocity vector. Recalling the general equation of the proposed phe-
nomenological models in literature (see equation 1.7), the tensors D(eff) and R∗
are, in this case, given by:

D(eff) = fMM
2 D; R∗ = fMM

1 (S− gMM(S)I) (2.7)

The functions fMM
1 , fMM

2 and gMM are given by:

fMM
1 (p) = 40(p+ 1)

(2p+ 3)(19p+ 16) ,

fMM
2 = f0

2 + f c2 , (2.8)

f0
2 (p) = 5

2p+ 3 , f c2(p, Ca) = 3Ca2

2 + 6Ca2+δ
1

1 + εp2 ,

gMM(S) = 3IIIS
IIS

,

where IIS and IIIS are the second and third scalar invariants of S respectively,
and ε and δ are small positive numbers. For all practical purposes, when Ca is
not too large (� Cacrit)) and p is far from infinity, ε and δ are set to zero. The
function gMM is required to preserve drop volume, while the functions fi have been
determined to recover the linear asymptotic limits for small Ca and for p → ∞
according to Taylor [92, 93], and the affine deformation behavior for p = 1 and
Ca→∞ [29]. The function f c2 has been chosen to nicely predict Cacrit in simple
shear flows [61] and to improve the predictions without altering the asymptotic
limits. The MM-model has been shown to be very successful in predicting single
drop dynamics both in steady state [61] and during transients [38] for small up to
moderate capillary numbers in simple shear. However, it fails to predict behavior
at high Ca-numbers [20], and the divergence of Cacrit for simple shear as p goes
to zero (see figure 1.2). It must be kept in mind however, that the MM-model
assumes an ellipsoidal droplet shape throughout, and is therefore, only valid for
Ca < Cacrit and cannot be expected to accurately predict large deformations and
break-up behavior when Ca ≥ Cacrit.
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2.4.2 Velocity field

To be able to calculate the droplet deformation and orientation with the model
equations described above, the external velocity field also needs to be known. The
applied flow field in the eccentric cylinder apparatus is in general a time dependent,
two-dimensional linear flow which can be represented by a velocity gradient tensor
of the form:

∇v =




ε̇(t) γ̇(t) 0
0 −ε̇(t) 0
0 0 0


 (2.9)

The strain rates ε̇ and γ̇ are the elongation and shear rate respectively, in a coor-
dinate system moving with a fluid element along a streamline. Hence, these strain
rates will vary in time, as illustrated in figure 2.5. For clarity, the time dependency
notation will be omitted henceforth. The dimensional rate of deformation tensor
D and vorticity tensor W are then given by:

D =




ε̇ γ̇/2 0
γ̇/2 −ε̇ 0
0 0 0


 ; W =




0 γ̇/2 0
−γ̇/2 0 0

0 0 0


 (2.10)

To express the relative amount of elongation in the flow the parameter ᾱ can be
defined as was done by Feigl et al. [30]:

ᾱ = ε̇

|γ̇|+ |ε̇| = ε̇

G
, (2.11)

where G is the sum of absolute shear and elongation rates and −1 ≤ ᾱ ≤ 1.
Mixed flow conditions in the complex flow between eccentric cylinders can thus be
represented by the flow strength G(t) and the mixed flow parameter ᾱ(t) which in
general vary in time. Hence, the deformation rate tensor and the vorticity tensor
can be expressed as:

D = G




ᾱ 1−|ᾱ|
2 0

1−|ᾱ|
2 −ᾱ 0
0 0 0


 ; W = G




0 1−|ᾱ|
2 0

− 1−|ᾱ|
2 0 0

0 0 0


 (2.12)

Pure shear flow corresponds to ᾱ = 0, pure 2D-elongation to ᾱ = 1 and ᾱ = -1 im-
plies pure 2D-compression in the velocity direction, i.e. elongation perpendicular
to the flow. Important to note here is the fact that ᾱ can also assume negative val-
ues and thus, by using equation 2.12, compression effects in the flow field can also
be taken into account when the elongation rate ε̇ changes sign (see for instance,
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Figure 2.5: Example of (calculated) strain rate profiles: shear (—) and elongation
(−−), for eccentric configuration A1 with X = 0.2, ωi = 0 and ωu = 0.025 rad/s
along streamline starting at x = 30 mm from the axis of the inner cylinder.

figure 2.5). This is a feature that cannot be captured in the notation for 2D flows
adopted by Bentley and Leal [8] who use rate of deformation and vorticity tensors
of the form:

D = GB&L

2




1 + αB&L 0 0
0 1− αB&L 0
0 0 0


 ;

(2.13)

W = GB&L

2




0 1− αB&L 0
−1 + αB&L 0 0

0 0 0


 ,

where αB&L ≥ 0 and the local shear and elongation rates γ̇ and ε̇ are equal to
GB&L(1−αB&L) and GB&L

√
αB&L, respectively. Hence, in this case the elongation

rate cannot become negative and furthermore a different coordinate frame is used
in equation 2.13 as compared to equation 2.9, cfr. figure 2.6. Here, the x′- and y′-
directions are the principal axes of the strain rate tensor D and the x′-axis makes
a certain angle with respect to the flow direction, depending on the specific value
of αB&L, as depicted in figure 2.6. The notation of Bentley and Leal is not very
useful in representing the flow field of the ECD where compression along the flow
direction is present in the diverging part of the gap, as illustrated in figure 2.5. For
ᾱ ≥ 0 though, the two different notations are equal and following relations can be
found between G, GB&L, ᾱ and αB&L by equating the local shear and elongation
rates in both cases:
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Figure 2.6: Flow field representation used by Bentley and Leal. Adapted from [8].

G = GB&L(1− αB&L +√αB&L); ᾱ =
√
αB&L

1− αB&L +√αB&L
(2.14)

When making D and W dimensionless for use in equation 2.5 of the MM-model,
the choice of the form of D and W is arbitrary (equation 2.13 or 2.12) with
either GB&L or G as the normalization factor. However, care must be taken when
defining the relevant Ca-number for mixed flows that also appears as a factor in
the function f c2 of equations 2.8. Here, the macroscopic flow intensity E should
be used in the expression for Ca, which equals

√
4 ε̇2 + γ̇2 for two-dimensional

flows (from equation 2.10). In contrast, when using G or GB&L instead of E
in the definition of Ca, two different capillary numbers are found which we will
denote Ca and CaB&L, see table 2.3. For example, in simple shear flow (ᾱ =
αB&L = 0), Ca = Ca = CaB&L = ηmR0γ̇/Γ and there is no difference between
the three capillary numbers; in pure 2D-elongation (ᾱ = αB&L = 1) however,
Ca = 2Ca = 2CaB&L = ηmR02ε̇/Γ and different results will be obtained. So,
for general 2D mixed flows (−1 < ᾱ < 1) the correct capillary number Ca =
CaB&L(1 + αB&L) = Ca

√
4 ᾱ2 + (1− |ᾱ|)2 = ηmR0

√
4 ε̇2 + γ̇2/Γ (cfr. table 2.3),

should be used. Further on, we will refer to the MM-model as the model predictions
according to the evolution equation 2.5 with the parameters given by equations 2.8,
where the function f c2 depends on the capillary number Ca defined as ηmR0E/Γ,
see table 2.3.
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Table 2.3: Different definitions of capillary number

Capillary number Ca Ca CaB&L

Definition (τ.f) τ.
√

4 ε̇2 + γ̇2 τ.(|ε̇|+ |γ̇|) τ.

√
4 ε̇2+γ̇2

1+α
B&L

Flow parameter f E G GB&L

Limit for ᾱ = 0 τ.γ̇ τ.γ̇ τ.γ̇
Limit for ᾱ = 1 τ.2ε̇ τ.ε̇ τ.ε̇

2.4.3 Implementation

If the velocity gradient tensor ∇v(t) and hence, the strain rates γ̇(t) and ε̇(t) are
known as a function of time, the model predictions for the droplet dynamics ac-
cording to the MM-model can be calculated by substituting the vorticity and rate
of deformation tensors W(t) and D(t) (equations 2.10) into the evolution equa-
tion 2.5 together with the parameters defined in equations 2.8. For the eccentric
cylinder flow under study the velocity field is obtained with the FEM-package
PolyFlowr (more details in chapter 3) in the fixed Cartesian coordinate system
of figure 2.2b, allowing us to calculate the strain rates γ̇(ti) and ε̇(ti) along the
streamlines at discrete time points ti. To obtain smooth continuous functions of
time, these discrete periodic time functions are fitted with a Fourier series:

f(t) = a0 +
∞∑
n=1

an cos(2π
T
nt) + bn sin(2π

T
nt), (2.15)

where:

a0 = 1
T

∫ T

0
f(t)dt

an = 2
T

∫ T

0
f(t) cos(2π

T
nt)dt for n ≥ 1 (2.16)

bn = 2
T

∫ T

0
f(t) sin(2π

T
nt)dt

and with T the period of rotation. These Fourier series are truncated at a certain
value of n so that the deviation between the discrete function values and the fitted
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Fourier series is less than 0.1%. The coefficients an and bn in equations 2.16 are
computed numerically through a Fast Fourier Transform algorithm available in
Matlab c©. Finally, solving the resulting equations in Maple c© gives the prediction
of the droplet deformation and orientation as a function of time, according to a
certain velocity gradient tensor ∇v(t), in the form of the drop shape tensor S(t),
allowing us to extract the deformation parameters L(t), B(t) and θ(t) (see figure
2.3) for controlled mixed flows applied with the ECD.

2.5 Conclusions

In this chapter, the model materials used in this work were presented. These
materials have been selected based on several stringent criteria including opti-
cal, physical and thermodynamic properties. Next, also the different measuring
equipments and protocols to observe droplet dynamics have been described. This
included a newly designed eccentric cylinder device, which is discussed in more
detail in the next chapter. Finally, a phenomenological model was implemented
to be able to predict droplet deformation and orientation in complex flow fields.
These predictions will be compared with the experimental results in the subse-
quent chapters. The combination of all these techniques provides a useful tool to
study the effect of mixed flows on single droplet dynamics which in turn, allows
to develop a further understanding on the morphology development of immiscible
polymer blends in complex flow fields.
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Chapter 3

Design and validation of a
new eccentric cylinder device

In this chapter, the design and validation of the new eccentric cylinder device,
built specifically for the purpose of the current study, is discussed in more detail.
Some of the results shown here have also been published elsewhere [11]. First,
some of the possible complex flow geometries found in literature (see chapter 1)
are recapitulated in section 3.1. Section 3.2 outlines the most important design
criteria that led to our eccentric cylinders set-up, which is described in more detail
in section 3.3. To verify the quality of the obtained flow field, the velocity profiles
were compared by three independent methods, the results of which are discussed
in section 3.4. Finally, it is checked whether critical conditions needed to achieve
droplet break-up can be obtained in the new flow cell, as covered in section 3.5.

3.1 Complex flow geometries

Following the seminal work of Taylor [92, 93] a lot of experimental and theoretical
studies on droplet dispersions have been performed (see chapter 1). Most of the
former studies considered either simple shear or pure extensional flow conditions.
‘Real’ processing flows, on the other hand, often involve complex mixtures of shear
and elongation; hence, an investigation of the droplet dynamics during such mixed
flows is of major importance. Nevertheless, flow geometries in which a controlled
combination of shear and extensional flow components can be generated, remain
relatively scarce. In addition, many studies use post-mortem techniques such as
SEM, in order to study the structure development. However, to be able to gain

75
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understanding of the details of the morphological behavior under processing con-
ditions, it is widely accepted that time resolved, in-situ techniques have become
indispensable.

In literature, some devices to study controlled complex flows have been presented
(see chapter 1 and figure 3.1). For example, Taylor’s original four-roll mill (figure
3.1a) can be used to generate any flow ranging from simple shear to 2D-elongation,
as illustrated by Bentley and Leal [7]. However, despite its flexibility this geometry
suffers from flow instabilities which render it difficult to center droplets in the flow
field. Furthermore, only single droplets restricted to ‘steady’ flows with a fixed
combination of shear and elongation rates can be studied. Other options to gener-
ate a complex flow field are for example converging flows as in [16, 31, 56, 107] and
devices with a sudden contraction [42, 75, 95] (figure 3.1b-d). These devices ex-
hibit a combination of shear and elongation that varies along the flow direction and
along the cross-sectional area. Hence, the flow fields in these geometries resemble
more closely industrial processing flows. Moreover, they allow to observe different
droplets at the same time. Their main disadvantages are the lack of flexibility
the fixed geometry dictates, and the fact that these are open systems requiring a
pump or a reservoir to recycle the material. In addition, this recycle flow can also
induce morphological changes, which is clearly an unwanted side-effect.

Finally, complex flow fields can be generated in an eccentric cylinder system, as
was shown schematically in figure 2.2b. In this case, ‘mixed’ flow conditions are ob-
tained in the narrowing and expanding areas of the gap between the rotating cylin-
ders. The flow between eccentric rotating cylinders has received a lot of attention
in the fluid mechanics domain concerning journal-bearing flows, e.g. [3, 26, 50, 114].
Notably, the theoretical work of Ballal and Rivlin [3] supplies a general analytical
solution for the creeping flow of a Newtonian fluid between two infinitely long
eccentric cylinders with arbitrary rotation speeds and rotation direction. Most of
the work though, focuses on the special case where only one of the cylinders ro-
tates [26, 50]. The journal-bearing flow also emerged in studies of chaotic mixing
and Lagrangian turbulence; Chaiken et al. [15] were the first to experimentally
and computationally examine the chaotic flow produced when alternately rotating
both cylinders in opposite directions for certain periods of time. They injected a
dye solution in the flow field to visualize the phenomena. Swanson and Ottino [91]
further used this flow to make a comparative study of several numerical and ex-
perimental techniques to predict the chaotic mixing of passive tracers such as dyes.
Both studies used the same basic design (see figure 3.1e) with both cylinders be-
ing able to rotate by means of two stepper motors. To adjust the eccentricity the
inner cylinder was attached to a horizontal arm that can move in a horizontal slot.
The effect of varying this eccentricity was however not investigated in much detail.
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(a)

(c)

(b)
(e)

(d)

Figure 3.1: Different possible complex flow geometries: (a) Four-roll mill, adapted
from [93], (b) Sudden contraction, adapted from [95], (c) Converging channel,
adapted from [16], (d) Converging-diverging channel, adapted from [31], and (e)
Eccentric cylinders, adapted from [15].

Inspired by the work of Chaiken et al., Ottino and co-workers [57, 73, 96] stud-
ied the dispersion of immiscible liquids in the flow generated between eccentric
cylinders. They also focused on chaotic flows produced when the two cylinders
are rotating alternately. More recently, Windhab and co-workers [30, 52, 116] also
showed interest in the dispersing of fluid droplets in the eccentric cylinder geome-
try. Feigl et al. [30] for instance, investigated, through experiments and numerical
simulations, the drop deformation and break-up when only the inner cylinder ro-
tates at a constant speed. They determined the effect of varying eccentricity on
the dispersing capabilities. However, the fluids used were limited to low viscosity
liquids, and only one single viscosity ratio and two values for the eccentricity were
considered.

3.2 Design Criteria

We opted for an eccentric cylinders system because it combines the main advan-
tages of the four-roll mill and the contraction flow devices, without introducing
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any major drawbacks. More specifically, it offers considerable flexibility through
the variation of the eccentricity within a closed flow field in which many drops can
be studied at the same time. The problem at hand was to build a multi-functional
set-up that allows to study the microstructural evolution of immiscible polymer
blends. To be able to operate over a wide range of conditions and adjust the
amount of shear and elongation we want to:

• be able to use the cell as a Couette as well as an eccentric device

• vary the eccentricity of the flow cell

• operate the cell in both co- and counter-rotating conditions as well as in a
single cylinder rotation mode

• be able to visualize single drops in the flow field as well as more concentrated
systems

Figure 2.2b showed a sketch of the eccentric cylinder geometry which is retaken in
figure 3.2. The inner and outer cylinders with radii Ri and Ru and angular veloci-
ties ωi and ωu are displaced by a distance e, the eccentricity. The eccentricity ratio
X of the system is defined as e/(Ru −Ri). This is an important parameter to be
adjusted in order to allow a variation of the absolute and relative magnitudes of
shear and elongational strain rates along the streamlines. Single polymer drops are
to be observed in the gap at half the cylinder height h where end effects are most
unlikely to occur, while more concentrated systems should be visualized within a
certain height interval around h/2. Thus, the cylinders have to be long enough to
limit the importance of end effects and prevent deviations from the analytically
calculated velocity profiles for infinitely long cylinders. In practice, their heights
are limited by the working distance of the microscope objectives and by the fact
that the amount of sample must be reasonable.

The radii of the polymer drops we want to observe are in the range of 300–800
µm, which poses a lower limit to the gap between the cylinders. Indeed, it has
recently been shown [104] that in order to be able to neglect confinement effects,
the droplet diameter should be smaller than 25% of the gap. Thus, choosing the
radius of the inner cylinder sets a lower bound for the radius of the outer cylinder
as well. From a practical point of view the inner radius should be as small as
possible to allow for a more compact design of the apparatus.

Another important aspect for the design is the absolute value of the attainable
strain rates. For steady, simple flows there exists a critical strain rate above which
break-up of the droplet occurs, as determined by the critical capillary number
Cacrit [32] which depends on the viscosity ratio p and the flow type (recall figure
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Figure 3.2: Sketch of top view of eccentric cylinder geometry. Repeated from figure
2.2b.

1.2). As a first estimate for the critical strain rates needed to achieve break-up in
the eccentric cylinder geometry, the critical conditions for simple shear as well as
purely elongational flow can be used. For the materials studied here, see table 2.1,
the viscosity ratio p ranges from 0.1 to 10 which corresponds to critical capillary
numbers around 0.55 and 0.11 for shear and elongation, respectively. (Remember
for simple shear though, that the critical value is only valid for p = 0.1–1.3 as
drops with p > 4 cannot be broken up in shear flow.) For drops with radii in the
range of 300–800 µm, a matrix viscosity around 50 Pa·s and an interfacial tension
of 2.8 mN/m (section 2.2), this results in a critical shear and extensional rate on
the order of 0.1–0.04 and 0.02–0.008 s−1, respectively. In order to reach these
conditions several parameters can be adjusted. Obviously, the rotational speed of
the cylinders can be varied to change proportionally the magnitude of the strain
rates without altering the relative contributions of shear and elongation. In addi-
tion, the mode of operation, i.e. inner cylinder rotating, outer cylinder rotating,
counter-rotating or co-rotating, also has a profound influence on the absolute and
relative magnitudes of the shear and elongation rates for fixed velocities of the
cylinders. A final parameter is of course the eccentricity itself. Initial simulations
of the flow field in the eccentric geometry were undertaken with the finite element
package PolyFlowr to study these effects and to assess the attainable shear and
elongation rates along different streamlines.

Finally, it is important to be able to make in-situ observations of the microstructure
evolution rather than using post-mortem techniques. This can be achieved by
making the flow cell completely transparent, allowing for direct visualization of the
phenomena with a microscope. The criteria highlighted here, were all implemented
in the design of the new ECD as described in the next section.
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3.3 Apparatus

Figure 3.3 illustrates the composition of the basic apparatus. Both cylinders are
made of Plexiglas for visualization purposes. The outer cylinder (2.) consists of
a cup with an inner diameter of 90 mm, a height of 30 mm and a protrusion at
the bottom end with a hole drilled in it for connection with a driving shaft. Also,
at middle height an injection hole of 1 mm diameter (6.) has been made to inject
polymeric drops. The inner cylinder (diameter of 30 mm) is glued onto a circular
disk (1.), also made of Plexiglas, which can rotate in a horizontal aluminum frame
(3.) by means of a ring type deep groove ball bearing (7.). The horizontal frame
itself is attached to a vertical column (4.) connected to a rail-carrier system (5.)
which allows the inner cylinder to be moved horizontally back and forth with a
precision of ±0.5 mm. That way, the eccentricity ratio X can be varied from 0 to
0.6 corresponding to a total displacement of 18 mm. This amount of eccentricity is
sufficient, since above a certain value of X a recirculation region starts to appear
in the wider gap for some operation modes (see section 3.4.2). The horizontal
frame with the circular disk and inner cylinder attached to it can be removed as
a whole from the vertical holder for cleaning and filling purposes.

1 3
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Figure 3.3: Composition drawing of basic apparatus: 1. Circular disk with inner
cylinder, 2. Outer cylinder cup, 3. Aluminum frame, 4. Vertical column, 5. Rail-
carrier system, 6. Injection hole, 7. Ring type ball bearing, 8. Seat upper pulley,
9. Driving axis outer cylinder, 10. Axis housing, 11. Two small ball bearings, 12.
Connection upper stepper motor, 13. Frame lower stepper motor, 14. Base plate.

Both cylinders rotate by means of two stepper motors (MT23AK, Ever Elettron-
ica) with a sideways timing belt drive system (AT-profile, Synchroflexr). For each
cylinder, one pulley of the drive system is connected to the outward axis of the
stepper motor. The other two pulleys are situated on the one hand, at the upper
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Figure 3.4: Photograph of basic setup.

annular extension (8.) of the circular disk just above the horizontal frame, and on
the other hand, at the second driving shaft (9.) which fits in the protrusion of the
outer cup, for the inner and outer cylinder respectively. To keep the driving shaft
of the outer cylinder in place, it is seated into a housing (10.) at the opposite end
by means of two small ball bearings (6000-2Z, SKF, 11.). The first stepper motor,
driving the circular disk with inner cylinder, is mounted into a rectangular cavity
inside the aluminum frame (12.) to be able to move the upper part as a whole
when varying the eccentricity through the rail system. The other stepper motor,
responsible for the movement of the outer cylinder, is trapped in a separate frame
(13.) as the location of the outer cylinder is fixed. This frame, together with the
rail system and the housing of the shaft driving the outer cylinder, is attached to
an aluminum base plate (14.) of 600 x 300 mm making it possible to transport
the device as a whole. A photograph of the basic setup is shown in figure 3.4.

In order to control the motion of the stepper motors the basic design is supple-
mented with two drive units (SDMWT180, Ever Elettronica), each connected to
a motor and both linked to a PC through a RS-485 connection. The use of two
motion controllers allows to separately control the movement and speed of both
motors, while the RS-485 communication ensures that commands can be sent si-
multaneously, e.g. to start/stop the motors at the same time. This motion control
system thus allows to apply the different operation modes described in section 3.2.
With these drive units the minimum angular velocities, corresponding to a maxi-
mum number of steps, are 2.45×10−4 and 7.36×10−4 rad/s for the outer and inner
cylinder respectively while rotational speeds as high as 1 rad/s could be applied
before inertial effects became visible on the free surface of the matrix fluid. The
normal operating conditions however, as explored through the preliminary FEM-
simulations, correspond to velocities of 0.01–0.5 rad/s, well within the practically
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accessible velocity range.

3.4 Validation

To evaluate the operation of the newly designed flow cell, three independent meth-
ods were used to obtain the flow field. First of all, Ballal and Rivlin [3] provided
analytical solutions for the velocity field, given in bipolar coordinates (see Ap-
pendix A), which is considered to be the reference case. However, the analytical
expression by Ballal and Rivlin only yields the velocity fields through the stream
functions, cfr. Appendix A, and still requires substantial algebraic manipulations
to obtain the shear and elongational rates in the geometry. For this reason, FEM-
simulations are required to be able to calculate the strain rates γ̇ and ε̇ along
the streamlines as a function of varying eccentricity. Moreover, the use of FEM-
simulations will allow to investigate the behavior of non-Newtonian components
in future work. Therefore, we also need to be sure that the simulations indeed
correspond to the analytical solution. Finally, experimental velocity profiles were
obtained through Particle Image Velocimetry (PIV) for comparison with the ana-
lytical solution, thus completely validating the flow cell.

3.4.1 FEM-simulations

The FEM-simulations are essential to determine the actual strain rates in the
flow cell, which are key factors affecting the morphology development in polymer
blends, cfr. chapter 2, section 2.4. Moreover, some preliminary simulations aided
in the design of the device as discussed in section 3.2. The calculations were per-
formed with the FEM-package PolyFlow on the type of mesh shown in figure 3.5.
The number of radial and azimuthal intervals on this mesh were increased until

Figure 3.5: Mesh used for finite element calculation of flow field (for X = 0.3 in
this case).
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Figure 3.6: Comparison of analytical and calculated velocity profiles for X = 0.4,
ωi = 0 and ωu = 0.1 rad/s: a) along lines x = 0, x = 30 and x = −30 mm b)
along lines y = 0 and y = ±30 mm. Coordinates x and y are according to the
coordinate system defined in the upper part. The solid lines represent the ana-
lytical profiles, whereas the circles correspond to the numerical simulation results.
Hatching represents non-fluidum areas.
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the solution converged. The final mesh contains 21000 (300 x 70) elements and
21300 nodes. Furthermore, the fluid viscosity and density used in the simulations
correspond to those of the actual matrix fluid (Glissopal 1300) employed here.

To evaluate the accuracy of the simulations, the resulting velocity profiles were
compared with the analytical profiles for different cases. For example, figure 3.6
shows this comparison for representative conditions where the outer cylinder ro-
tates with a velocity of 0.1 rad/s and the eccentricity ratio X equals 0.4. It can
be clearly seen that the analytical profiles, given by the solid lines, all coincide
with the calculated ones represented by the circles. This agreement was also found
for all the other cases studied in which the eccentricity and/or the rotation mode
were changed. A more detailed discussion of the qualitative features of the velocity
profiles is given in the next section. Overall, the relative deviation between the
simulations and the analytical solution never exceeded 0.1%. Therefore, it can be
concluded that the simulations correspond to the analytical solution.

3.4.2 PIV-measurements

Since the FEM-simulations agree with the analytical solution, as is evident from
the previous section, it is sufficient to compare the experimental flow field to the
analytical solution in order to justify the use of the simulations for future quan-
tification of the flow field. The experimental velocity field was obtained through
Particle Image Velocimetry (PIV) measurements.

Method

The principle of PIV is shown in figure 3.7. The flowing material under study is
seeded with small particles which follow the flow closely. Typically, pulsed laser
light is focused into a thin light sheet and guided twice through the flow field with
a short time delay dt. Both illuminations, i.e. the scattered light from the parti-
cles, are recorded by a double-frame high resolution CCD-camera. The recorded
image is then divided into small interrogation windows typically 64x64 down to
8x8 pixels in size. During the time interval dt the particles of each interrogation
window have moved over a distance ds. The calculation of the displacement is
done by cross-correlating the two corresponding interrogation windows, resulting
in a mean particle displacement ds for that particular interrogation window. The
velocity is then simply given by the ratio ds/dt. Finally, the displacement vectors
of all interrogation windows are transformed into a complete, instantaneous veloc-
ity map. In order to reduce the statistical error, velocity maps are averaged over
typically a thousand frames taken by the camera, resulting in a quantitative view
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of the flow field.

Figure 3.7: Principle of PIV-measurements.

It is important to note here that in our case of slow Stokes flow conditions, the tests
are situated at the lower end of the measuring range of the PIV-setup, which is
normally used for turbulent gas flows. Because of the low speeds involved, the par-
ticle displacements are rather small giving rise to a somewhat larger experimental
error as compared to the normal use of PIV. The error on the particle displacement
ds, derived from the image processing, is typically 0.1 pixel [76]. Hence, knowing
the dimensions of the flow area in terms of pixels/mm and the time interval dt
between the laser pulses, the absolute error on the experimental velocities can be
estimated. This amounts in the present case to a measuring error of approximately
0.5 mm/s on the velocity field or, for the speeds considered here, a relative error
of about 5%. This value also agrees with the standard deviation computed from
the average over 1024 frames of the camera, see section Results. Hence, for PIV
as a measuring technique itself, this highly viscous fluid system is an interesting
case study to verify how far we can push the limits of the set-up.

Results

Typical results of the PIV-measurements for three representative test cases are
shown in figures 3.8 through 3.10, in which the norm of the experimental velocity
profiles obtained by PIV are compared to the analytical solution. The different
test cases studied here are summarized in table 3.1.

The first test case (figure 3.8) consists of a simple shearing flow when the cylinders
are concentric and the outer one rotates with a speed of 0.123 rad/s. In figure 3.8a
the complete (i.e. over all azimuthal directions) experimental data set including
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Table 3.1: Different test cases for PIV measurements.
Test case 1 2 3

X 0 0.2 0.4
ωi 0 0.1 0
ωu 0.123 0.1 0.1

the error bars is displayed, whereas in figure 3.8b the data have been averaged. The
uncertainties in figure 3.8a correspond to the standard deviation when averaging
over the many pictures taken by the camera. In this particular case of concentric
cylinders, the experimental data can also be averaged over spatial points with
the same radial distance from the center, the results of which are depicted in fig-
ure 3.8b. From these it can be concluded that the agreement between experimental
and analytical profiles is quite good, especially considering the experimental error
on the PIV-measurements from figure 3.8a. For clarity reasons this standard error
will be omitted in figures 3.9 and 3.10. Its value remains however, of the same
order of magnitude, i.e. approximately 0.5 mm/s. Near the boundaries of the
flow field large deviations tend to appear as can be seen in figure 3.8a. This is

a) b)
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Figure 3.8: Absolute velocity profiles test case 1 (concentric: X = 0, ωi = 0,
ωu = 0.123 rad/s): a) complete experimental data set with error bars b) data
set averaged over points with same radial distance from center. In b) the full
line represents the analytical solution whereas the dots correspond to the PIV-
measurements. Hatching represents non-fluidum areas.
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a general characteristic of PIV-measurements: the deviations are induced by the
sharp transition from a flowing to a non-flowing medium, scattering of the walls
and the lower number of scattering particles in this area. Because the main inter-
est is in the central part of the flow field, this does not pose a serious problem here.
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Figure 3.9: Absolute velocity profiles test case 2 (eccentric: X = 0.2, ωi = ωu = 0.1
rad/s): a) along x-axis b) along y-axis c) along x = ±30 mm d) along y = ±30
mm. In each graph the full line represents the analytical solution whereas the dots
correspond to the PIV-measurements. Hatching represents non-fluidum areas.

Figure 3.9 depicts the results for the case where the cylinders are co-rotating with
an angular velocity of 0.1 rad/s and the eccentricity ratio X equals 0.2. Here
obviously, the velocity profiles will differ along different radial directions. Using
the Cartesian coordinate system defined in the upper part of figure 3.9, where
the x-axis is the direction of varying eccentricity, investigations were made along
lines of constant x and y. From figure 3.9a it is clear that the analytical solution
predicts a minimum in absolute velocity in the widest part of the gap, which is
confirmed in the experimental profile. The other characteristics of the analytical
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profile in figure 3.9a are also closely followed by the experimental points, except at
the edges of the cylinders where large deviations are likely to occur, as described
above. In figure 3.9b the absolute velocity profiles along the y-axis are displayed.
Again, very good agreement is found between the PIV-results and the analytical
prediction. The same holds for figure 3.9c, in which the absolute velocity is viewed
along the lines x = 30 and x = −30, and figure 3.9d for y = 30 and y = −30.
Because of the symmetry of the eccentric cylinder geometry it is expected for
both profiles in figure 3.9d to coincide as illustrated by the analytical results. In-
deed, the experimental profiles largely coincide except for the minima which differ
slightly. Considering a standard deviation of about 0.5 mm/s, this is certainly still
within acceptable limits.
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Figure 3.10: Absolute velocity profiles test case 3 (eccentric: X = 0.4, ωi = 0,
ωu = 0.1 rad/s): a) along x-axis b) along y-axis c) along x = ±30 mm d) along
y = ±30 mm. In each graph the full line represents the analytical solution whereas
the dots correspond to the PIV-measurements. Hatching represents non-fluidum
areas. Adapted from [11].



3.4. VALIDATION 89

In the last case considered, the eccentricity is increased to a value for X of 0.4
and only the outer cylinder rotates. This is the most challenging test because, ac-
cording to the preliminary simulations, under these conditions a recirculation zone
appears in the widest part of the gap. The results are summarized in figure 3.10.
When viewing along the x-axis, see figure 3.10a, recirculation is apparent from the
maximum in velocity and the adjacent second zero point for positive x-values which
is indeed nicely confirmed by the experimental data points. Figures 3.10b and c
show the profiles along the y-axis and along the lines x = ± 30, respectively. Again,
analytical and experimental results coincide over most part within experimental
error. For the line x = −30 deviations grow somewhat larger for negative y-values,
but because of the flatness of the profile and the relatively short length scale over
which the velocity varies in this case, it is hard to distinguish between wall effects
and true errors here. In figure 3.10d finally, the profiles along the lines y = 30 and
y = −30 are presented. The experimental curve for y = 30 matches very well with
the analytical profile. The data for y = −30 show more deviations from the an-
alytical solution, but again, within experimental error, the deviation is acceptable.

Finally, the experimental velocity field of the third test case was also used to
compute the streamlines through a standard Matlab routine. These streamlines
are compared in figure 3.11 with the streamlines obtained by PolyFlow FEM-
simulations. Despite the inherent computation error (with Matlab), superposed
upon the PIV measuring error, the expected recirculation zone is also observed in
the ‘experimental’ streamlines, providing once again confidence in the results.

a) b)

Figure 3.11: Streamlines for test case 3 (X = 0.4, ωi = 0, ωu = 0.1 rad/s)): a)
Experimental streamlines based on PIV-measurements and computed with Matlab,
b) Simulated streamlines obtained with FEM-package PolyFlow. Adapted from [11].

In summary, notwithstanding the rather large experimental error in the PIV-
measurements, overall, the agreement between the experimental and analytical
velocity fields is quite good, as is evident from figures 3.8–3.11. At the edges of
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the flow field the error is rather large due to the presence of the walls and the
smaller amount of particles. However, since the main objective of this newly de-
signed eccentric cylinder device is the study of droplet dynamics in the middle
part of the flow field, this does not hinder the analysis. Hence, we can conclude
that the experimental flow fields correspond to the analytical solution by Ballal
and Rivlin and thus also to the simulations with PolyFlow.

3.5 Assessment of critical conditions

The critical capillary numbers Cacrit in shear and elongation for Newtonian com-
ponents were given in equations 1.2 and 1.3 respectively, as a function of viscosity
ratio p . For a representative system, consisting of a drop of PDMS60 in a matrix
of PIB (viscosity ratio p = 1.25 at 24◦C), this gives critical capillary numbers for
shear and elongation of 0.51 and 0.11, respectively. For droplets with a representa-
tive initial radius of 500 µm, the resulting critical strain rates are γ̇crit = 0.060 s−1

and ε̇crit = 0.013 s−1. It needs to be verified now that for these materials critical
conditions for break-up can indeed be reached in the ECD. This is illustrated in
figure 3.12. The strain rate profiles have been calculated using FEM-simulations
along the streamline starting in the wider part of the gap at a distance of 30 mm
from the inner cylinder axis. Results are shown for both test cases 2 and 3 of
section 3.4.2 (note the different scale of the y-axis in figures 3.12a and b). These
profiles can be compared with the critical strain rates for break-up as determined
above, which are indicated by horizontal lines in Figure 3.12.

From figure 3.12 it can be seen that both the shear rate and the elongation rate are
periodic in time, with clear minima and maxima appearing during one revolution.
For the extensional strain rate roughly the same qualitative profile is followed in
test cases 2 and 3. Starting from zero in the widest part of the gap, the elongation
rate reaches a sharp maximum in the narrowing part of the flow field to drop to
zero again at 180◦ (on the negative x-axis), and subsequently, it decreases rapidly
to a negative (compression) minimum value that equals the positive maximum, in
the widening part of the gap. This symmetric profile is in fact a general feature
of the eccentric geometry. The shear rate profiles on the other hand, differ sub-
stantially for both cases. For test case 3 the shear rate peaks at the point where
the gap is smallest and displays a broad minimum in the widest part of the gap,
as can be seen in figure 3.12b. Figure 3.12a in contrast, shows that the shear rate
profile for test case 2 has a more gradual progress with two small maxima at the
widest and the smallest part of the gap and two minima in between. This profile
however, is very sensitive to a change in initial position, i.e. the distance x from
the inner cylinder axis.
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Figure 3.12: Calculated shear (—) and elongation (−−) rates as a function of time
along a streamline starting on the x-axis at x = 30 mm from inner cylinder axis
for: a) test case 2 (X = 0.2, ωi = ωu = 0.1 rad/s) b) test case 3 (X = 0.4, ωi = 0,
ωu = 0.1 rad/s). The horizontal lines indicate the critical strain rates for a drop
of PDMS60 with initial radius of 500 µm in a matrix of PIB.

When comparing the calculated strain rate profiles with the critical strain rates,
indicated by the horizontal lines, it can be seen that for test case 2 (see figure 3.12a)
the shear rate stays sub-critical throughout the profile, while the elongation rate
rises well above the critical strain rate for a substantial amount of time. In contrast,
figure 3.12b shows that in test case 3 the shear rate is super-critical at all positions,
whereas the elongation rate exceeds the critical condition for only a limited amount
of time. Hence, it can be concluded that critical conditions for droplet break-up
can indeed be reached for simple shear as well as for pure elongation. Important
to note here, is the fact that for break-up to occur not only the absolute values
of shear and elongation rates are of importance, but also the time during which
the strain rates are above the critical conditions. In general, it was found that by
varying operation mode, eccentricity and/or rotational speeds, conditions could
be reached that are sub-critical for shear and elongation, or super-critical shear in
combination with sub-critical elongation and vice versa, as well as super-critical
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shear and elongation, thus confirming the flexibility of the new eccentric cylinder
device.

3.6 Conclusions

In this chapter, a new eccentric cylinder device (ECD) has been presented that was
designed and developed in the framework of this thesis to study the microstruc-
tural evolution of immiscible polymer blends in controlled complex flows. Key
features are the multi-functionality of the device allowing for co-rotating, counter-
rotating and single cylinder rotation operation modes, and the flexible variation of
the eccentricity through a rail-carrier system. In this way, the relative importance
of shearing and elongational components in a mixed flow field can be adjusted.
Furthermore, the transparency of the flow cell enables in-situ visualization of the
morphological phenomena.

To verify the quality of the obtained flow field, the velocity profiles were compared
by three methods: an analytical solution for the flow between infinite eccentric
cylinders, FEM-simulations of the velocity field and Particle Image Velocimetry
experiments. Results for three different representative test cases show very good
agreement. Finally, it is assessed through FEM-simulations that critical conditions
for droplet break-up can be reached for simple shear as well as elongational flow.
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Chapter 4

Droplet deformation and
orientation in sub-critical
mixed flows

The present chapter discusses typical experimental results on droplet dynamics
obtained in different types of sub-critical mixed flow applied with the new ECD.
As shown in chapter 1, a full quantitative assessment of drop shapes in transient
mixed flows is still lacking, and the existing models need to be validated more
thoroughly in complex flows.

This chapter is organized as follows: in a first section, the experimental procedure
is briefly discussed. In a second section, the experimental results for droplet de-
formation and orientation observed in three different types of flow are presented:
start-up of a simple shearing flow, which will serve as the reference case, start-up
of a transient mixed flow and relaxation after cessation of the mixed flow. These
experimental data are also compared to the model predictions according to the
MM-model described in section 2.4. Finally, the major conclusions of this chapter
are summarized in a last section. The results on droplet dynamics given here have
been published in [11].

4.1 Experimental procedure

For the experiments presented here, the ECD was used in two arrangements: con-
centric configuration C (X = 0) and eccentric configuration A1 (X = 0.2), see

93
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table 2.2. In both cases, only the outer cylinder rotates with a constant speed.
The same experimental protocol is followed: after filling the gap between the
cylinders with the PIB matrix, a single drop of PDMS60 is introduced in the ma-
trix at a radial distance of about 30 mm from the axis of the inner cylinder. Here,
only one viscosity ratio is considered: p ≈ 1.2, cfr. table 2.1; the effect of viscosity
ratio is discussed in chapter 5. For the eccentric configuration the drop is injected
in the widest part of the gap. Next, the flow is started and droplet deformation
is visualized using optical microscopy in the first and/or second quadrant of the
Cartesian coordinate system, as defined in figure 4.1. A small time gap is associ-
ated with the transition between the first and second quadrant which is caused by
the necessary movement of the microscope when visualizing the second quadrant.
Furthermore, two sets of images were taken: one immediately after start-up of the
flow, and the other when the drop reappeared in the field of view after one or more
full revolutions.

x

y

e = 0.2* RD

wi

wu

= 0

x = (Ru-Ri)/2

a) b) c)

d) e)

a), f)

b)
c)

d)

e)

f)

III

III IV

Figure 4.1: Example of deforming droplet during start-up of sub-critical complex
flow in eccentric configuration A1 (X = 0.2, ωi = 0 and ωu constant) at different
points along streamline starting at x = 30 mm from the axis of the inner cylinder.
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Typical results of a droplet deformation experiment are shown in figure 4.1. Here,
pictures of a deforming droplet during start-up of a mixed flow in configuration
A1 of the ECD, are shown at different points along the streamline starting at
x = 30 mm from the inner cylinder axis. Obviously, the drop is spherical at rest,
whereas it deforms into an ellipsoid upon inception of the flow. The detailed evo-
lution of the droplet shape in this specific case is discussed in section 4.2.2. In
order to determine the shape of the droplet, an ellipse is fitted to the recorded
images after performing some basic image processing, including a convolution op-
eration and threshold [81]. This way, the length L of the long axis, the length
B of the short axis and the angle θ between the long axis and the flow direction
(see figure 2.3), of the deforming droplet, is obtained as a function of time after
onset of the flow. Throughout the experiments the flow intensity is kept below
the critical conditions for droplet break-up, so that only sub-critical flows are con-
sidered here. The radii of the undeformed drops are in the range of 300–500 µm
and by performing experiments for different rotational speeds of the outer cylinder
(from ca. 0.025 to 0.150 rad/s), a wide range of capillary numbers can be explored.

4.2 Results and discussion

In the following sections, the experimental results on droplet dynamics obtained
in different types of sub-critical flow applied with the ECD, are discussed and
compared to the predictions according to the MM-model (section 2.4). Notably,
this phenomenological model does not involve any fitting parameter as all the
predictions are obtained from the knowledge of the characteristics of the system
under consideration (initial drop radius R0, viscosities ηm and ηd, viscosity ratio
p, interfacial tension Γ, strain rates γ̇ and ε̇, and time t).

4.2.1 Sub-critical simple shear flow

During a first series of experiments, the ECD was used in configuration C (con-
centric, ωi = 0 and ωu constant). In this reference case, a simple shearing flow
is applied where ᾱ = 0 and the capillary number Ca is constant in time along a
particular streamline. The transient droplet deformation is observed in the first
quadrant of the flow field (see figure 4.2) during start-up of the flow and after one
rotation. The results are depicted in figure 4.2 where the scaled deformation pa-
rameters L/2R0 and B/2R0, and the orientation angle θ of the deformed droplet
are shown as a function of dimensionless time t∗ (= t/τ , recall chapter 2, section
2.4.1) for different rotational velocities ωu of the outer cylinder, corresponding to
different Ca-numbers.
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Figure 4.2: Droplet dynamics as a function of dimensionless time t∗ during start-
up of simple shear flow using concentric configuration C of the ECD (X = 0,
ωi = 0 and ωu constant) and for a viscosity ratio of p ≈ 1.2. Symbols repre-
sent experimental results whereas lines are predictions according to the MM-model.
Adapted from [11].

The viscosity ratio p at the actual temperature of each experiment was about 1.2.
For this viscosity ratio the critical capillary number for simple shear flow is ap-
proximately 0.51 (equation 1.2). Although the highest value for Ca explored in
figure 4.2 is slightly above the critical one, no break-up was observed here. This
is attributed to the fact that the reported times in figure 4.2 are well below the
times expected for break-up on the basis of the scaling relation proposed by Van
Puyvelde et al. [109]. From figure 4.2 it is clear that the experimental results
show good agreement with the model predictions of the MM-model at low cap-
illary numbers, as expected from literature ([38, 61] and chapter 1). At higher
capillary numbers (Ca ∼ 0.4) however, quantitative deviations start to appear
which can be seen in the predictions of the minor axis and the orientation angle.
An obvious reason for this is the fact that the experimental data at high Ca in
figure 4.2 are near the critical conditions for break-up under steady simple shear.
Such differences have also been documented previously [61, 67, 119], but the qual-
itative behavior is still predicted correctly. It can be noted that for the smallest
capillary numbers and during the initial stages of the start-up flow, determination
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of the orientation angle is inherently difficult due to the small deviations of the
droplet shape from a sphere.

Overall, we conclude that the agreement between experiments and model pre-
dictions for this reference case is quite satisfactory and the results indicate that
quantitative measurements of droplet deformation and orientation can be achieved
with the new eccentric cylinder device, assuring the performance of the system.

4.2.2 Sub-critical complex flow

Subsequently, results have been obtained in a controlled mixture of shear and
elongational flow. More specifically, transient droplet deformation was studied in
sub-critical complex flows using configuration A1 of the ECD (X = 0.2, ωi = 0 and
ωu constant). This time, droplet dynamics are observed in the first and second
quadrant of the flow field during start-up of the flow, and also after one or more
revolutions when the drop reappeared in the field of view. Typical results for a
deforming droplet in this type of complex flow were shown in figure 4.1.

Figure 2.5 showed that in this case, both the shear rate and the elongation rate are
periodic in time, with clear minima and maxima appearing during one revolution.
The elongation rate follows a symmetric profile reaching a positive maximum in
the converging area of the flow field and an equal, but negative (i.e. compression)
minimum in the widening part of the gap. Furthermore, on both sides of the
x-axis (points A and C in figure 4.3) the extensional contribution is zero. This
qualitative profile is in fact a general result for the eccentric geometry as stated
before (chapter 3). The shear rate on the other hand, peaks at the point where the
gap is the narrowest (point C) and displays a broad minimum in the widest part
of the gap (point A). These strain rate profiles will give rise to time dependent
capillary numbers Ca and flow type parameters ᾱ, as shown in figure 4.3.

The top part of figure 4.3 shows the typical Ca-profile for a drop with a represen-
tative initial radius of 375 µm along a streamline starting at a distance of 30 mm
from the axis of the inner cylinder in the widest part of the gap, and with the
rotational velocity of the outer cylinder ωu equal to 0.025 rad/s. The Ca-number
follows the same qualitative course as the shear rate in figure 2.5. Thus, this com-
plex flow is mostly shear dominated, which is also seen in the evolution of the flow
type parameter ᾱ, shown in the lower part of figure 4.3. The maximum amount of
elongation is about 20% of the sum of the strain rates (G) and ᾱ logically follows
the same trend as the extensional strain rate. The maximum elongation and com-
pression is only present for a short period of time. This profile for the ratio ᾱ (i.e.
the values) is independent of the drop dimension and the rotational velocity of the
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Figure 4.3: Evolution of Ca and ᾱ for eccentric configuration A1 with X = 0.2,
ωi = 0 and ωu = 0.025 rad/s along streamline starting at x = 30 mm from the
axis of the inner cylinder. The Ca-profile shown is for a PDMS drop with initial
radius of 375 µm at a temperature of 24 ◦C.

outer cylinder, for a given streamline with a fixed starting position from the inner
cylinder. Only the time axis is shifted through the emulsion time τ = ηmR0/Γ
and the velocity ωu. The profile for the capillary number Ca on the other hand, is
only valid for the specific conditions defined above where the absolute values are
determined by the characteristic time τ and the rotational velocity ωu of the outer
cylinder. By changing ωu, again a range of capillary numbers can be explored, but
this time in terms of the minimum value Camin and the maximum value Camax
appearing in the Ca-profile along a streamline (see figure 4.3). For this reason,
the experiments for the eccentric flows of configuration A1 will be characterized
by the values for Camax and Camin, as can be seen in figure 4.4. Note that these
values differ somewhat from the values and corresponding multiples for Camax
and Camin in figure 4.3 because, in practice, it is not possible to inject a droplet
with exactly the same initial radius and at the exact same position each time.

Figure 4.4 depicts the results for droplet deformation and orientation observed in
complex flows of configuration A1 with X = 0.2 and the outer cylinder rotating
at different speeds. The symbols correspond to the experimental results while the



4.2. RESULTS AND DISCUSSION 99

Figure 4.4: Droplet dynamics as a function of dimensionless time t∗ during sub-
critical complex flow of eccentric configuration A1 (X = 0.2, ωi = 0 and ωu
constant) and for a viscosity ratio of p ≈ 1.2. Symbols represent experimental
results whereas lines are predictions according to the MM-model.

lines are the model predictions according to the MM-model for mixed flows (equa-
tions 2.5, 2.8 and 2.10). All experimental results are characterized by a sharp rise
of L/2R0 and a steep fall of B/2R0 and θ, in the first period of rotation, followed
by a more gradual increase/decrease in the subsequent rotation(s). The major and
minor axis of the droplet appear to level off in a maximum and minimum value
respectively, while the orientation angle shows a clear minimum at the end of the
second quadrant each time. When comparing with the model predictions in figure
4.4, the experimental curves can be recognized as parts of a time periodic oscilla-
tion in the deformation parameters, in response to the applied capillary numbers
(figure 4.3). A good quantitative agreement is found between the experimental
results and the model predictions according to the MM-model. Although the ex-
perimental data could only be obtained within a limited part of the flow field,
the repeating nature of the trends in subsequent rotations suggests the periodic
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behavior of the deformation parameters. This steady oscillatory progress is also
confirmed by the fact that the maximum and minimum values of the experimental
parameters at the start of the first quadrant and at the end of the second quadrant
respectively, are approximately equal for successive revolutions.

For the highest capillary numbers explored in figure 4.4, deviations start to occur
between the experimental results and the model predictions, although the behavior
is still predicted qualitatively. Furthermore, the model predictions suggest that the
steady oscillation takes a relatively (with respect to the period of rotation) longer
time to develop, whereas for the highest Ca-numbers in figure 4.4 the experimental
results seem to indicate that the steady oscillation does not develop at all anymore.
Instead, the deformation keeps on increasing, albeit in an oscillating manner and
thus probably, the results no longer reside in a sub-critical regime. From the data
of Bentley and Leal [8], a critical capillary number for steady 2D flows with a
constant, positive value of the flow type parameter ᾱ can be deduced for a certain
viscosity ratio p. In the complex flow considered here however, the flow type as
well as the capillary number continuously vary in time (figure 4.3). Nevertheless,
the critical capillary number Cacrit can be estimated using the maximum value of
ᾱ that is present in the flow under study. This maximum is around 0.20 (figure
4.3) and for a viscosity ratio of approximately 1.2 (see legend of figure 4.4) this
amounts to a value for Cacrit of about 0.49. Hence, the experimental results at
the higher capillary numbers in figure 4.4 are expected to be above the critical
conditions for break-up, where the MM-model is no longer valid. The break-up
dynamics will be dealt with in more detail in chapter 6.

In summary, the MM-model adapted to mixed flows agrees nicely with the exper-
imental results for the sub-critical complex flows considered here. Furthermore,
quantitative deviations only start to occur near the critical conditions for break-up.

4.2.3 Relaxation after cessation of sub-critical complex flow

A third series of experiments focussed on droplet relaxation after cessation of the
complex flow in the ECD. As before, droplet deformation is followed in the first
quadrant of the flow field during start-up of mixed flows of configuration A1. Af-
ter one complete rotation, the flow is stopped when the drop reaches a position
halfway the first quadrant of the coordinate system (see figure 4.5) and the relax-
ation process is observed microscopically.

Figure 4.5 shows typical relaxation results, where the different curves are character-
ized by the droplet Hencky strain ln(L/2R0), just before the flow is stopped. Note
that the orientation angle θ is undefined for a sphere. Therefore, no experimental
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Figure 4.5: Droplet dynamics during start-up and after cessation of sub-critical
complex flow of configuration A1 (X = 0.2, ωi = 0 and ωu constant) for a viscos-
ity ratio of p ≈ 1.2. Symbols represent experimental results (filled L/2R0, open
B/2R0) whereas lines are predictions according to the MM-model. The dashed
lines mark the moment at which the flow is stopped and ln(L/2R0) is the droplet
Hencky strain just before cessation of flow. Adapted from [11].
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observations of the orientation angle are reported when the drop shape becomes
too close to a sphere. Under the action of flow the droplet will first deform into
an ellipsoid, as illustrated in figure 4.5 at early times. After the flow is stopped,
the droplet will relax back to a sphere with L/2R0 and B/2R0 dropping to unity.
The orientation angle on the other hand, remains unchanged during the retraction
process and is approximately equal to the value just before cessation of the flow,
in line with published data for simple shear flow [69, 117].

For the strains and corresponding capillary numbers explored here (see figure 4.5)
the droplet remained ellipsoidal throughout the relaxation, and the deformation
as well as the relaxation part of the curves, again agree very well with the MM-
model. For small strains, as the ones applied here, the shape recovery process has a
single relaxation time τr[117] which equals τ/fMM

1 and is incorporated intrinsically
in equation 2.5 of the MM-model. For more elongated drop shapes (e.g. when
applying higher Ca and/or larger strains) the droplet shape can take various forms
such as rod-like and dumbbell shapes [117], recall figure 1.5. In the latter case,
the relaxation process slows down, becomes more complex and the MM-model will
predict a retraction much faster than observed, as was also shown by [2] for simple
shear flow, although the qualitative trends are still captured. For the sub-critical
flows considered here, on the other hand, the predictions of the MM-model are
excellent throughout, as illustrated in figure 4.5.

4.3 Conclusions

In this chapter, the deformation and orientation of single Newtonian droplets
dispersed in a Newtonian matrix undergoing sub-critical complex flows was in-
vestigated using the newly designed ECD. Three types of flow were considered:
start-up of a simple shear flow (reference case), a representative transient mixed
flow and relaxation after cessation of the complex flow. Furthermore, the viscosity
ratio was kept constant at a value of about 1.2. By changing the velocity of the
outer cylinder a whole range of capillary numbers was explored. The experimen-
tal results for droplet dynamics have been compared with the predictions of the
phenomenological model by Maffettone and Minale. These model predictions are
obtained by using the transient form of the MM-model, incorporating a flow type
parameter that accounts for the relative amount of extensional components in the
flow field and adapting the capillary number to mixed flows. It was shown that for
all sub-critical flow conditions the experimental results for droplet deformation and
orientation are in good agreement with the model predictions. Quantitative devi-
ations only start to occur near the critical conditions for break-up as determined
from steady homogeneous flow data. This indicates that time-resolved, in-situ
measurements of droplet dynamics can indeed be obtained with the ECD. More-
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over, these results provide a first quantitative assessment of drop shape predictions
in transient, mixed flows and a further validation of the MM-model.
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Chapter 5

Effect of flow type and
viscosity ratio on droplet
dynamics in mixed flow
conditions

In this chapter, the effect of flow type and viscosity ratio on droplet dynamics in
controlled complex flows is investigated. In chapter 1 it was seen that many studies
on complex flows concentrated on flow fields with either very high or low values for
the relative elongational contribution. Furthermore, the effect of varying viscosity
ratio in the former studies is often not explored very thoroughly, as the main focus
was only on the type of flow. In the present chapter, the effect of flow type, i.e.
varying the shear/elongation balance, on droplet dynamics in mixed flows applied
with the ECD is addressed in a first section, while the influence of viscosity ratio
is investigated in a second section. In a last section, a summary is made of the
experimental data on droplet dynamics, obtained for all flow types and all viscosity
ratios studied here.

5.1 Effect of flow type

In this section, experimental results for droplet deformation and orientation ob-
tained in two types of sub-critical mixed flow are discussed. Hereby, the viscosity
ratio is kept constant at a value of about 1.2. Furthermore, to help elucidate the
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effect of flow type the experimental results are compared to model predictions ac-
cording to the MM-model.

5.1.1 Experimental procedure

For the experiments conducted here, the ECD has been used in two configurations:
configuration A1 in which only the outer cylinder is rotating with a constant
speed, and configuration B where both cylinders rotate in the same direction
with the ratio of outer to inner cylinder velocity ωu/ωi equal to 1.5, see table
2.2. In both cases, the eccentricity ratio X is set to 0.2 and the transient droplet
deformation is observed in the first two quadrants of the flow field (figure 2.2b)
for a number of revolutions during start-up of the flow. Furthermore, the droplet
phase is composed of PDMS60 so that a constant viscosity ratio of p ≈ 1.2 is
maintained, see table 2.1.

5.1.2 Results and discussion

For configuration A1 the results have been discussed in detail in chapter 4. Typi-
cal profiles for the strain rates and corresponding flow parameters Ca(t) and ᾱ(t)
for a PDMS60 drop with a representative initial radius of 375 µm, were shown in
figures 2.5 and 4.3, respectively. Here, the shear rate is seen to reach a sharp max-
imum at the narrowest point of the gap [point C] and displays a broad minimum
in the widest part of the gap [point A]. These features also return in the typical
Ca-profile shown in figure 4.3. Hence, this type of complex flow for configuration
A1 is mostly shear dominated, which is also evident from the evolution of the flow
type parameter ᾱ in figure 4.3. The average amount of elongation ᾱavg,I−II over
the first two quadrants (I − II in figure 2.2b) is about 10% of the sum of strain
rates G, and ᾱ logically follows the same qualitative course as the elongational
strain rate, shown in figure 2.5. That is, both exhibit a symmetric profile with a
positive (stretching) maximum and an equal but opposite, negative (compression)
minimum in the converging and diverging parts of the gap, respectively.

The corresponding results for droplet deformation observed in configuration A1
(ωi = 0, ωu constant and X = 0.2), are repeated in figure 5.1 where the symbols
correspond to the experimental results and the lines are the model predictions
according to the MM-model for complex flows (equations 2.5, 2.8 and 2.10). Here,
the different experiments are characterized by the average capillary number Caavg
over one period of rotation instead of the maximum and minimum values Camax
and Camin as used in chapter 4, cfr. figure 4.4. In general, it is found that the ex-
perimental deformation parameters L/2R0 and B/2R0, and the orientation angle



5.1. EFFECT OF FLOW TYPE 107

Figure 5.1: Droplet dynamics as a function of dimensionless time t∗ during sub-
critical complex flow of configuration A1 (X = 0.2, ωi = 0 and ωu constant) for
a viscosity ratio of p ≈ 1.2. Symbols represent experimental results whereas lines
are predictions according to the MM-model.

θ show a steady oscillatory behavior in response to the applied, time periodic capil-
lary numbers Ca(t) (see figure 4.3). Furthermore, good quantitative agreement is
found between the experimental results and the model predictions. Quantitative
deviations only start to occur at Ca-numbers that are expected to be near the
critical conditions for break-up.
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Figure 5.2: Flow parameters for mixed flow of configuration B with X = 0.2,
ωi = 0.02 and ωu = 0.03 rad/s along streamline starting at x = 35 mm from the
axis of the inner cylinder: a) strain rates, shear (—) and elongation (−−), b)
capillary number Ca and c) flow type parameter ᾱ. Part b) is for a PDMS drop
with initial radius of 500 µm at a temperature of 24 ◦C.

For configuration B, in which both cylinders are co-rotating with the ratio ωu/ωi
set to a value of 1.5, the flow field is drastically changed, as shown in figure 5.2. In
this case, the shear rate (figure 5.2a) displays a minimum peak at the point where
the gap is smallest [point C] and a broad maximum at the widest part of the gap
[point A]. The elongation rate on the other hand, shows the same symmetric pro-
file as before, being positive in the converging part and negative in the diverging
part of the gap. The main difference compared to configuration A1 however, is the
fact that the extensional strain rate is of the same order of magnitude as the shear
rate during a substantial part of the streamline. This results in relatively larger
values of the flow type parameter ᾱ, as depicted in figure 5.2c. This parameter
follows the same symmetric profile as in configuration A1, but with significantly
higher extreme values (about ±0.50) in quadrant II and III of the flow field, re-
spectively. Consequently, the average amount of elongation ᾱavg,I−II in the first
two quadrants, is now increased to about 30% of the total sum of strain rates
for configuration B, as compared to only 10% for configuration A1. Next to the
change in the relative magnitudes of the strain rates, also the profile for the capil-
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Figure 5.3: Droplet dynamics as a function of dimensionless time t∗ during sub-
critical complex flow of configuration B (X = 0.2 and ωu/ωi = 1.5) for a viscosity
ratio of p ≈ 1.2. Symbols represent experimental results whereas lines are predic-
tions according to the MM-model.

lary number Ca differs substantially for configuration B, as can be seen in figure
5.2b. Here, Ca is more or less constant in the first quadrant of the flow field, and
then decreases rapidly to reach a sharp minimum value at the end of quadrant II
[point C]. Subsequently, this profile is symmetrically continued in quadrants III
and IV . The drastically changed flow field for configuration B illustrated in figure
5.2, will also lead to different results in droplet dynamics in this type of mixed flow.

Figure 5.3 shows the resulting droplet deformation and orientation observed in
quadrant I − II during start-up of flows of type B. As in figure 5.1, the symbols
represent the experimental results, whereas the lines are the model predictions
according to the MM-model. Again, it can be seen that the deformation parame-
ters L/2R0 and B/2R0, and the orientation angle θ seem to follow an oscillating
trend for subsequent revolutions, in nice agreement with the model predictions.
In this case however, the deformation strongly relaxes back again near the end
of the second quadrant as shown by the fall and rise (especially for the lower
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Figure 5.4: Droplet dynamics as a function of dimensionless time t∗ during sub-
critical complex flow of configuration B (X = 0.2 and ωu/ωi = 1.5) for a viscosity
ratio of p ≈ 1.2, with observations made in quadrant III and IV of the flow field.
Symbols represent experimental results whereas lines are predictions according to
the MM-model.

Ca-values) respectively, of the major axis L and the minor axis B of the droplet.
Furthermore, the orientation angle starts to go up again at the end of the second
quadrant, indicating the droplet rotates away from the velocity direction. This
decreased deformation and orientation corresponds to the steep fall of the capil-
lary number at the end of quadrant II (see figure 5.2). As the Ca-number drops,
the driving force for deformation and orientation of the droplets decreases, and
the droplet is driven to a less deformed and less oriented state due to the action
of the interfacial tension. For the orientation angle, the model predictions even
indicate (for this range of Ca) that the droplet rotates past the 45◦ border, which
is the asymptotic limit for small Ca in simple shear flow [93]. This peculiar effect
cannot be explained entirely by the evolution of Ca; the effect of flow type, i.e.
the relative shear and elongational contributions, is also part of the interplay.

To investigate the effect of the changing shear/elongation balance and the shooting
up of the orientation angle more thoroughly, experiments were also performed in
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the third and fourth quadrant of the flow field. The results are shown in figure
5.4. Again, the droplet is injected in the widest part of the gap [point A], but
observations of the deforming drop are now made in quadrant III and IV of the
flow field. The relaxation of the droplet deformation is clearly confirmed in the
evolution of L/2R0 and B/2R0 depicted on the left of figure 5.4. In addition, the
orientation angle quickly rises to a maximum value above 45◦, as predicted by
the MM-model. Thus, the sharp increase of the orientation angle is indeed a real
physical phenomenon, indicating that the droplet rapidly rotates away from the ve-
locity direction to the perpendicular direction. This observation can be attributed
to the local change in flow type the droplet experiences in this configuration. At
the end of the second quadrant the elongation rate changes sign and becomes neg-
ative (compression flow), while the shear rate remains quite low at the same time,

Figure 5.5: Comparison of droplet dynamics in mixed flows of configuration A1
(ωi = 0, ωu constant and X = 0.2) and B (ωu/ωi = 1.5 and X = 0.2) for a
viscosity ratio of p ≈ 1.2 and same average capillary number Caavg.
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see figure 5.2a. As a consequence, a local flow field with a larger, negative ᾱ-value
exists for some time that tends to rotate the drop towards the 90◦ limit, resulting
in a maximum value of the orientation angle above 45◦.

The difference in droplet dynamics between configuration A1 and B is more clearly
illustrated in figure 5.5, which gives a comparison between both flow types for two
experiments that are characterized by the same average capillary number Caavg
and a viscosity ratio p around 1.2. What the deformation of the droplets concerns
(L/2R0 and B/2R0) the average level of deformation is about the same, though
in configuration B a relaxation part appears at the end of the second quadrant,
as discussed before. In contrast, a clear difference is evident for the orientation
of the drops which is caused by the inherently differing flow type profiles (com-
pare figures 4.3 and 5.2). Firstly, the flow angle reaches lower minimum values
in configuration B compared to configuration A1 because of the relatively higher,
positive ᾱ-values present in quadrants I − II of the flow field. Secondly, the angle
in flows of type B also shoots up at the end of the second quadrant because of the
larger, negative ᾱ-values appearing here, whereas for configuration A1 the orien-
tation angle only gradually increases in response to the flow parameters. Hence,
to conclude, the effect of flow type in transient mixed flow conditions applied with
the ECD is obvious from the comparison of the droplet orientation in the two
different configurations A1 and B. Furthermore, it has been shown that this effect
can be correctly predicted by the MM-model.

5.2 Effect of viscosity ratio

In this section, the effect of the viscosity ratio p on droplet dynamics in mixed flow
conditions is explored. Hereto, PDMS5 and PDMS500 droplets with a viscosity
ratio around 10 and 0.1 respectively (see table 2.1), have been observed during the
type of complex flow obtained in configuration B of the ECD.

5.2.1 High viscosity ratio

Figure 5.6 shows the results on droplet dynamics for drops with a high viscosity
ratio of p about equal to 10 in configuration B of the ECD. Note that observations
have only been made in the first two quadrants of the flow field, and results are
for low to intermediate Ca. Qualitatively, the same behavior is observed as before
for a viscosity ratio around 1.2, cfr. figure 5.3. The deformation and orientation
increase in the first part of the flow field, and start to relax again near the end of
the second quadrant, when the capillary number quickly drops to a lower value (see
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Figure 5.6: Droplet dynamics as a function of dimensionless time t∗ during sub-
critical complex flow of configuration B (X = 0.2 and ωu/ωi = 1.5) for a viscosity
ratio of p ≈ 10 and intermediate capillary numbers Ca. Symbols represent experi-
mental results whereas lines are predictions according to the MM-model.

figure 5.2b). It appears though that the relaxation part of the droplet dynamics
starts somewhat later for this high viscosity ratio case compared to p ≈ 1.2. This
is more clearly illustrated in figure 5.7 where the droplet dynamics for p ≈ 1.2 and
p ≈ 10 in configuration B are compared for about the same average Ca-number.
The high viscosity ratio drops are less deformed (lower L, higher B) and show
more orientation towards the flow direction (lower θ). In addition, the deforma-
tion process slows down due to the higher viscosity ratio which also makes that
the relaxation part of the deformation profile sets in later as compared to lower
viscosity ratio case. Furthermore, a nice agreement is obtained between the model
predictions (lines in figures 5.6 and 5.7) and the experimental results (symbols in
figures 5.6 and 5.7) in the low to intermediate Ca-range for these high viscosity
ratio drops.

For higher Ca however, as depicted in figure 5.8, deviations start to appear for
the major and minor axes of the drop, while the predictions for the angles are still
very reasonable. Evidently, something is happening here that makes the experi-
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Figure 5.7: Comparison of droplet deformation and orientation in mixed flows
of configuration B (X = 0.2 and ωu/ωi = 1.5), for a viscosity ratio of p ≈ 10
and p ≈ 1.2 respectively, for the same average capillary number Caavg. Symbols
represent experimental results whereas lines are predictions according to the MM-
model.

mental results behave differently from the model predictions (see discussion later
on), at least what the deformation of the droplet concerns. On the other hand, for
these high capillary numbers the effect of high p on the orientation angle becomes
more clear as shown in figure 5.9. Here, experimental results for the orientation
of droplets with p around 10 and 1.2 are compared for a somewhat higher average
capillary number of about 0.33. A higher viscosity ratio obviously promotes orien-
tation towards the flow direction, something that is also seen in simple shear flow,
e.g. [83].



5.2. EFFECT OF VISCOSITY RATIO 115

Figure 5.8: Droplet dynamics as a function of dimensionless time t∗ during sub-
critical complex flow of configuration B (X = 0.2 and ωu/ωi = 1.5) for a viscosity
ratio of p ≈ 10 and high capillary numbers Ca. Symbols represent experimental
results whereas lines are predictions according to the MM-model.

Figure 5.9: Comparison of droplet orientation in mixed flows of configuration B
(X = 0.2 and ωu/ωi = 1.5), for a viscosity ratio of p ≈ 10 and p ≈ 1.2 respectively,
for high capillary numbers Ca.
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If we go to even higher Ca-numbers, as the ones shown in figure 5.10, quanti-
tative deviations between model predictions and experimental results grow even
larger for L/2R0 and B/2R0, while the angle predictions still perform very well
(in this case, the orientation angle even shows an undershoot, passing through the
flow direction so that θ < 0). Qualitatively though, the predictions for the major
and minor axes of the drop still correspond to the experimental results. Further-
more, figure 5.10 illustrates that for this high viscosity ratio case, the amplitude
of the oscillating deformation parameters itself varies in time, as also seen in the
model predictions. This transient oscillatory behavior for high p in mixed flow
conditions can be regarded as similar to the damped oscillatory behavior observed
during start-up of simple shear flow for high viscosity ratios [99].

Ca = 0.565
avg

Ca = 0.708
avg

Figure 5.10: Droplet dynamics as a function of dimensionless time t∗ during sub-
critical complex flow of configuration B (X = 0.2 and ωu/ωi = 1.5) for a viscosity
ratio of p ≈ 10 and very high capillary numbers Ca. Symbols represent experimen-
tal results whereas lines are predictions according to the MM-model (solid line) and
the Minale model (dashed line).
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Note that in figure 5.10 next to the MM-model (represented by the solid lines) also
another model prediction according to the so-called “Minale model” (correspond-
ing to the dashed lines) is shown. The Minale model [67] was originally intended
as an extension of the Maffettone-Minale model [61] to account for elastic effects
in the matrix and/or droplet phase. It uses an extra “flow” term in the evolution
equation of the droplet shape tensor S with the coefficient f3, which also allows
for oblate droplet configurations. In the case of Newtonian components studied
here, Minale [67] showed that the predictions for steady simple shear flow almost
coincide with the MM-model over a large range of Ca and only differ for very high
capillary numbers. The dimensionless evolution equation for S in this case is given
as:

dS
dt∗ − Ca(W · S− S ·W) = −fMM

1 (S− gMinale(S)I) + Ca
{
fMinale

2 (D · S + S ·D)

+f3

[
(D · S · S + S · S ·D)− (D · S + S ·D)S : I

3

]}
(5.1)

where the extra coefficient f3 depends on the applied Ca and the viscosity ratio p,
and in the case of Newtonian components, is given by:

f3 = 880 + 12849p+ 10673p2

252(p+ 1)(3 + 2p)(16 + 19p) −
5395Ca

3(1 + 26Ca)(199 + 51p) (5.2)

The function f3 is chosen to recover the small deformation limit up to second order
in Ca [33], and the affine deformation limit for p = 1 and Ca → ∞ [29]. Note
that gMinale is again a term to preserve the volume of the drop and fMinale

2 (see
equation 5.3) is a slightly adapted form of fMM

2 using a weighting factor for the
function f c2 , defined in equation 2.8. In the current study of high viscosity ratio
and high capillary number, the extra term with factor f3 in the Minale model
seems to give different predictions compared to the MM-model, as shown in figure
5.10. From this figure it can be seen that the Minale model predictions show a
somewhat better agreement with the experimental profiles of L/2R0 and B/2R0,
although not quite satisfactorily yet. For the orientation angle on the other hand,
the Minale model and MM-model predictions practically fall on top of each other
and agree very well with the experimental values. Hence, the effect of high p (on
the order of 10) in combination with high Ca affects the parameter f3 in such a
way that the Minale model only differs substantially from the MM-model for what
the deformation of the drop is concerned.

Looking at both models into more detail however, we find that the real problem is
situated in the high viscosity ratio behavior of another, (almost) mutual coefficient
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of both models: f2. The parameters fMM
2 and fMinale

2 depend on p as well as Ca
and consist of two terms:

fMM
2 = f0

2 + f c2 ,

fMinale
2 = f0

2 + 0.75f c2 ,
with (5.3)

f0
2 = 5

2p+ 3 , f c2 = 3Ca2

2 + 6Ca2+δ
1

1 + εp2 ,

One term, f0
2 , is determined to recover the asymptotic limits of Taylor [92, 93].

The other term, fc2 , is an empirical factor added by Maffettone and Minale to
improve the predictions in simple shear flow, and used in the Minale model with
a weighting factor of 0.75 to nicely predict Cacrit in simple shear. The factor f c2
contains two empirical constants ε and δ which for all practical purposes, when
Ca and p are far from infinity, have been set to zero by Maffettone and Minale
[61]. In theory though, these parameters have to be small, positive numbers to
be able to recover the asymptotic limits for p → ∞, and of affine deformation
for p = 1 and Ca → ∞, respectively. This could mean that, in our case of high
p, also a small but non-zero value of the parameter ε has to be chosen in order
to reflect the behavior of the high viscosity ratio droplets. Figure 5.11 illustrates
the effect of the parameter ε on the model predictions for high viscosity ratio
drops (p ≈ 10) in configuration B of the ECD, for large Ca. By assigning a small
positive value to ε (10−3 and 10−2 in figure 5.11) the predictions for L/2R0 and
B/2R0 are indeed improved compared to the “normal” MM- and Minale model
predictions. In contrast, for the predictions of the orientation angle hardly any
effect of ε is observed, in line with the experimental results. This indicates that
it is the high viscosity ratio effect that causes deviations from the MM-model,
because the conditions reached are near the asymptotic limit for high p, for which
a small, non-zero value of the parameter ε has to be set in the coefficient fMM

2 of
the model.

Furthermore, it is known (e.g. [32]) that in simple shear flow when p > 4 a steady
deformation limit, independent of Ca, exists for large Ca. To check if something
similar is happening here, the deformation results for several large, but different
Ca-number experiments with p ≈ 10 are compared in figure 5.12. Figure 5.12a
shows the droplet major and minor axes as a function of dimensionless time t∗ for
two different and large average capillary numbers Caavg. Comparing the results
for these two experiments for subsequent revolutions, the deformation, in terms of
L and B, appears to level off to a same value, independent of Ca. This is similar
to the limiting behavior seen in steady simple shear flow for p > 4. There, the
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Figure 5.11: Effect of parameter ε on droplet dynamics in mixed flow of config-
uration B (X = 0.2 and ωu/ωi = 1.5) for a viscosity ratio of p ≈ 10 and large
capillary number Ca. Symbols represent experimental results whereas lines are pre-
dictions according to the MM-model (solid line), the Minale model (dashed line),
and the Minale model with ε = 0.001 (dotted line) and ε = 0.01 (dash-dotted line).

deformation parameter D of the droplet tends towards a constant value equal to 5
4p ,

and independent of Ca [93]. In the case of transient mixed flow conditions, figure
5.12b demonstrates the evolution of D, for the same two experiments shown in
figure 5.12a. Here, also two other experiments have been added with approximately
the same Caavg as the first two respectively, to illustrate the reproducibility of the
trends. Inspecting figure 5.12b, the deformation indeed seems to level off to a
steady value. To see this more clearly, we also calculated the time-averaged values
of the experimental deformation parameter Davg (calculated as [

∫ t
0 D(t)dt]/t) for

each subsequent revolution after start-up of the flow. In figure 5.12c Davg is
plotted as a function of the number of cycles. Obviously, apart from the initial
start-up transients, the average deformation for all four experiments appears to go
to a constant value, although only a limited number of cycles have been observed.

To confirm this steady limiting behavior for high p, the experiments were repeated
over a larger number of revolutions, the results of which are shown in figure 5.13.
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a) b)

c)

Figure 5.12: Limiting behavior of droplet deformation in mixed flows of configu-
ration B (X = 0.2 and ωu/ωi = 1.5) for a viscosity ratio of p ≈ 10 and large
capillary numbers Ca: a) dimensionless droplet axes L/2R0 and B/2R0 b) droplet
deformation parameter D = (L − B)/(L + B) c) average deformation parameter
Davg as a function of the number of cycles.

Note that for steady mixed flows with a constant value of the flow type parameter
ᾱ, a steady deformation limit for p → ∞ can also be derived from the analytical
solution of the Maffettone-Minale model, see Appendix B. This is represented
by the solid line in figure 5.13 for a steady 2D flow with a constant value of
ᾱ equal to the average value ᾱavg,I−II over the first two quadrants of the flow
field, for the transient complex flow experiments of figure 5.13. In figure 5.13
clear evidence is shown of the limiting behavior for high viscosity ratios (p ≈
10) in the transient mixed flow conditions obtained in the ECD. Moreover, the
experimental deformation limit is close to the theoretical limit for steady 2D flows
obtained from the MM-model. The existence of a steady deformation limit for high
viscosity ratios in mixed flow conditions was already confirmed experimentally by
Bentley and Leal [8] for steady flows with a constant ᾱ-value. For instance, they
found that for ᾱ ≈ 0.36 (when their flow type parameter αB&L is equal to 0.2) a
limiting deformation exists for p-values larger than about 27. In the present case
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Figure 5.13: Average droplet deformation for a viscosity ratio of p ≈ 10 and very
high Ca in mixed flows of configuration B (X = 0.2 and ωu/ωi = 1.5) as a function
of the number of cycles, for a large number of revolutions. The solid line represents
the deformation limit for p→∞ and for steady mixed flows with a constant value
of ᾱ, according to the Maffettone-Minale model.

however, this steady limiting behavior is already observed for p ≈ 10. Probably,
this difference is related to the transient nature of the mixed flow applied with the
ECD. Nonetheless, on average, the deformation observed for high p in the transient
complex flow of the ECD is approximately the same as for a steady mixed flow
with the same (average) value of the flow type parameter ᾱ.

5.2.2 Low viscosity ratio

Finally, the effect of a low viscosity ratio on the droplet dynamics in complex flows
was studied by using PDMS5 as the droplet phase. In this case, the viscosity ratio
p amounts to a value of about 0.1 at 24◦C, see table 2.1. The resulting dynamics
for these low viscosity ratio drops in configuration B of the ECD are shown in
figure 5.14 for low to intermediate capillary numbers Ca. Again, qualitatively the
same profiles as before for p ≈ 1.2 are obtained (compare with figure 5.3); the
deformation and orientation increase during the first part of the observations, and
subsequently relax near the end of the second quadrant. Also, good quantitative
agreement is found between experimental results and predictions according to the
MM-model (with ε = 0), as before.
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Figure 5.14: Droplet dynamics as a function of dimensionless time t∗ during sub-
critical complex flow of configuration B (X = 0.2 and ωu/ωi = 1.5) for a viscosity
ratio of p ≈ 0.1 and intermediate capillary numbers Ca. Symbols represent exper-
imental results whereas lines are predictions according to the MM-model.

Deviations only start to appear for higher Ca, as illustrated in figure 5.15 where
results are shown for the low viscous drops in high capillary number experiments.
This range of Ca-numbers is near the critical conditions for drop break-up where
the MM-model obviously breaks down. In fact, for the highest Ca explored here,
it was found experimentally that the droplet indeed breaks up after several revo-
lutions, as indicated by the arrows in the L/2R0-profile on the upper left side of
figure 5.15.

To study the effect of a low viscosity ratio on the droplet dynamics in more de-
tail, results for p ≈ 0.1 and p ≈ 1.2 are compared in figure 5.16. First, figure
5.16a demonstrates the comparison for intermediate Ca [Caavg ≈ 0.2]; here, no
significant effect of the low viscosity ratio is visible, and the deformation and ori-
entation are approximately at the same level for both viscosity ratios. Next, in
figure 5.16b results are given for higher Ca [Caavg ≈ 0.4], where some differences
start to appear. The low viscosity ratio drops exhibit a somewhat larger deforma-
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Figure 5.15: Droplet dynamics as a function of dimensionless time t∗ during sub-
critical complex flow of configuration B (X = 0.2 and ωu/ωi = 1.5) for a viscosity
ratio of p ≈ 0.1 and high capillary numbers Ca. Symbols represent experimental
results whereas lines are predictions according to the MM-model.

tion (e.g. visible in the evolution of the major axis L) and slightly less orientation
(e.g. a larger maximum value for θ at the beginning of the first quadrant). These
observations are also in agreement with the model predictions according to the
MM-model, although not shown in figure 5.16. Finally, figure 5.16c illustrates
the comparison between p ≈ 0.1 and p ≈ 1.2 for a very large capillary number
[Caavg ≈ 0.5]. Clearly, the low viscosity ratio drops are more deformed, especially
the major axis of the droplet L. In addition, they show significantly less orienta-
tion towards the flow direction as evident from the average level of the orientation
angle θ. Thus, the effect of a low viscosity ratio (p ≈ 0.1) in transient mixed flow
conditions applied with the ECD, only becomes apparent for higher Ca, leading
to increased deformation and decreasing orientation, as compared to the case for
p around 1.2.
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a) b)

c)

Figure 5.16: Comparison of droplet deformation and orientation in mixed flows of
configuration B (X = 0.2 and ωu/ωi = 1.5) for a viscosity ratio of p ≈ 0.1 and
p ≈ 1.2 respectively, for: a) intermediate Ca, b) high Ca, and c) very high Ca.
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5.3 Summary

The experimental droplet deformation data obtained for all sub-critical mixed flows
and all viscosity ratios investigated in this chapter, can be summarized as depicted
in figure 5.17. Here, the average deformation parameter Davg (for a “steady” os-
cillatory behavior) is shown as a function of the average capillary number Caavg
multiplied by the Taylor factor (19p+16)/(16p+16) (see equation 1.5). According
to Taylor’s small deformation theory [93], there is a linear relationship between
these parameters as represented by the solid line in figure 5.17. From figure 5.17 it
is clear that the average deformation for drops with a viscosity ratio of p ≈ 1.2 and
p ≈ 0.1 in transient mixed flows of type A1 and B of the ECD, more or less follows
the Taylor line, even for higher Ca. Hence, the relation between the time-averaged
drop deformation and time-averaged flow intensity in these sub-critical complex
flows can still be described by the Taylor theory. Similar results were obtained by
Egholm et al. [28] for the average deformation in the complex flow field existing
in their toothed rotor-stator device.

Figure 5.17: Average deformation of drops with a viscosity ratio of p ≈ 0.1, 1.2 and
10 in transient mixed flows of configuration A1 (X = 0.2, ωi = 0 and ωu constant)
and B (X = 0.2 and ωu/ωi = 1.5) as a function of Caavg(19p + 16)/(16p + 16).
The solid line corresponds to Taylor’s small deformation theory, whereas the dotted
line represents the steady deformation limit for p→∞ and for steady mixed flows
with a constant value of ᾱ, as derived from the MM-model.
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For the high viscosity ratio drops (p ≈ 10) on the other hand, no results are ob-
tained for low Ca as the drops did not reach a steady oscillatory behavior within
the time window of the experiments, cfr. section 5.2.1. For higher Ca though, a
constant deformation limit, independent of Ca, was seen to appear for p around
10 (see figure 5.13), which is also illustrated in figure 5.17. Furthermore, for steady
2D mixed flows with a constant value of the flow type parameter ᾱ, a steady flow
limit for p→∞ was also derived from the MM-model (see Appendix B). This an-
alytical limit is shown in figure 5.17 as a horizontal dotted line, and is calculated
for ᾱ equal to the average value ᾱavg,I−II , and for p equal to the average viscosity
ratio respectively, over all the complex flow experiments with p ≈ 10. Figure 5.17
reveals that the experimental deformation limit observed for high p in transient
mixed flows, also agrees remarkably well with the steady flow limit according to
the MM-model.

In summary, the above results indicate that the drop behavior in the complex
flows applied with the ECD can, to some extent, be described using time-averaged
values of the deformation and a time-averaged capillary number. This, however,
does not give any detailed information on the transient process of drop deformation,
including any local extremes, which is, for instance, of interest and necessary to
analyze the break-up process.

5.4 Conclusions

In this chapter, the effects of varying flow type and viscosity ratio on the dynamics
of single Newtonian droplets dispersed in an immiscible Newtonian matrix sub-
jected to transient mixed flow conditions, have been investigated. The controlled
complex flows are applied using the home built eccentric cylinder device (ECD).
By exploring different operation modes for the ECD, and varying the viscosity
ratio p over a range of two decades (from 0.1 till 10), the influence of flow type
and viscosity ratio can be studied. Next to the experimental results on droplet
dynamics obtained from optical microscopy, model predictions according to the
MM-model which is adapted to complex flows, have been used for comparison.

For all types of sub-critical flow applied and all viscosity ratios explored, a fairly
good agreement is found between experimental results and model predictions. Fur-
thermore, the effect of flow type is predicted, as evident from the comparison
between two different types of flow obtained in the ECD, using two different con-
figurations (outer cylinder rotating vs. co-rotation). In addition, this flow type
effect is reflected in the differences seen in the specific evolution of the flow type
parameter ᾱ (defined above) for both configurations. Hence, the parameter ᾱ
provides a sufficient description of the flow type in 2D mixed flows. Next, the
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experimentally observed effect of a high (p ≈ 10) and low (p ≈ 0.1) viscosity ratio
respectively, as compared to the base case of p ≈ 1.2, is also in agreement with
the model predictions. Quantitative deviations only start to appear for higher
capillary numbers Ca; for p around 0.1 and 1.2 these deviations occur near the
critical conditions for droplet break-up, where the MM-model obviously is not
valid anymore. For p ≈ 10 on the other hand, a steady deformation limit exists,
independent of the applied Ca. This limiting behavior can only be incorporated
into the MM-model by assigning a non-zero value to the empirical factor ε in the
definition of the coefficient fMM

2 of the model.

Finally, all the experimental data can be summarized in terms of the average
deformation as a function of the average flow intensity; for p ≈ 0.1 and p ≈ 1.2 the
time-averaged deformation parameter Davg appears to scale linearly with the time-
averaged capillary number Caavg, in agreement with Taylor’s small deformation
theory. For p ≈ 10 in contrast, the average deformation levels off to a constant,
limiting value for high capillary numbers. Moreover, this experimental deformation
limit for high viscosity ratios agrees fairly well with the analytical steady flow limit,
as can be derived from the MM-model for p → ∞ and constant ᾱ. Of course,
care must be taken when using this “average-field” description, as no detailed
information about the transient drop shape is available in this case.
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Chapter 6

Droplet break-up in mixed
flow conditions

In this chapter, results are presented for the break-up behavior of single, Newto-
nian drops in super-critical mixed flows applied with the ECD. This includes a
study of the mode of break-up, as well as experimental break-up times. Chapter 1
showed that break-up in complex flows is frequently observed to occur through cap-
illary wave instabilities (see figure 1.3), although several other interesting break-up
mechanisms have been discerned. The conclusions drawn from the former studies
are however, often influenced by confinement effects and restricted to flows that
have a predominant extensional nature. Furthermore, the break-up dynamics have
not been studied in much detail, nor have they been compared to existing scaling
laws for simple flows.

This chapter is organized as follows: in a first section, the experimental procedure
is shortly reviewed. Next, the following section deals with the modes of break-up
observed in transient mixed flows applied with the ECD. Here, both the effect of
viscosity ratio and flow type is discussed. In a third section, the experimentally
obtained break-up times are presented and compared to scaling relations for simple
flows known from literature. Finally, the last section contains a discussion of the
break-up phenomena observed here.

6.1 Experimental procedure

Break-up experiments have been performed using three configurations of the ECD:
A1, A2 and B, see table 6.1. By changing the configuration, the effect of flow type
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Table 6.1: Configurations of ECD used in break-up study
Configuration A1 A2 B

Eccentricity ratio X 0.2 0.3 0.2
Velocity ratio ωi/ωu 0 0 2/3

can be explored and/or the range of Ca can be expanded. Furthermore, PDMS
droplets with varying viscosities (cfr. table 2.1) and radii ranging from 400 to 800
µm are injected, to assess the influence of viscosity ratio p. Next, a super-critical
flow with chosen values for ωi and ωu is started and the droplet is visualized using
optical microscopy during many revolutions until the first instance of break-up
(defined as detachment of part of the drop) is observed which marks the break-up
time. To explore different ranges of Ca, the rotational speeds as well as the initial
droplet size R0 are varied.

6.2 Break-up modes

Firstly, the break-up behavior is studied in configuration A1 of the ECD where
only the outer cylinder rotates with a constant speed and the eccentricity ratio X
equals 0.2. Here, a more shear dominated type of mixed flow is obtained with the
average value of ᾱ over quadrants I − II of the flow field equal to 10% only, as
discussed before (see figures 2.5 and 4.3).

The droplet dynamics during super-critical flows of type A1 and for a viscosity
ratio of p ≈ 1.2 are exemplified in figure 6.1. In figure 6.1a typical profiles for
the length L of the droplet (made dimensionless with the droplet diameter 2R0)
are shown for sub- and super-critical flows of type A1. The different experiments
are characterized by the time averaged capillary number Caavg over one period of
rotation, and observations have only been made in the first two quadrants of the
flow field. For the lowest Ca (Caavg = 0.517), conditions are below critical and the
droplet length exhibits a steady, oscillatory behavior as described in chapter 4. For
super-critical conditions (e.g. for Caavg = 0.625 in figure 6.1a) on the other hand,
the droplet length keeps on increasing, though in a non-monotonic manner, until
eventually drop break-up occurs. The process resembles an undamped oscillatory
behavior, and can be attributed to the time periodic applied capillary numbers Ca
and the changing of sign of the elongation rate ε̇ in quadrants III−IV ; as the Ca-
number drops again at the end of quadrant II (after point C, see figure 4.3) the
driving force for deformation is diminished. Furthermore, the flow type parameter
ᾱ becomes negative here, indicating a compressional strain in the direction of flow.
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For the third experiment shown in figure 6.1a (Caavg = 0.553) the conditions are
just near Cacrit as the droplet length also keeps on increasing, and presumably
break-up would have occurred later on, outside the time window of the experiment.

(iii)(ii)(i)

(vi)(v)(iv)

a)

b)

Figure 6.1: a) Dimensionless droplet length L/2R0 as a function of dimensionless
time t∗ for sub- and super-critical mixed flows of type A1 b) Evolution of droplet
near end of quadrant II [point C in figure 4.3] for experiment with Caavg = 0.625
shown in a): (i) t∗ = 5.00, (ii) t∗ = 14.78, (iii) t∗ = 34.67, (iv) t∗= 54.36, (v)
t∗ = 73.79, and (vi) tb∗ = 93.31. Parts a) and b) are both for droplets with a
viscosity ratio of p ≈ 1.2.

In general, for droplets with a viscosity ratio p of around 1.2 in mixed flows of
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type A1, break-up takes place within ca. 10 ± 1 revolutions and for Caavg >
Caavg,crit ≈ 0.52− 0.55. The break-up process itself is shown in more detail in fig-
ure 6.1b where the evolution of the droplet near the end of quadrant II is shown
for the experiment with Caavg = 0.625 of figure 6.1a. The mode of break-up
observed resembles the “end-pinching” mechanism, as also seen in simple shear
flow (cfr. chapter 1 and [100]); the droplet is progressively stretched – albeit in
an oscillating manner, see figure 6.1a – into a slender thread with two bulbous
ends pinching off from the middle part until eventually one (or both) ends de-
tach and droplet break-up is a fact. In this specific case where p ≈ 1.2, the back
part of the drop always appears to break off first. This is probably due to the
non-homogeneous flow applied in the ECD, and the fact that the front and back
of the droplet ‘feel’ different strain rates. Therefore, a possible time delay exists
between the response of the head and tail of the drop respectively, depending on
the material deformation time scale, e.g. reflected in the value of p.

To explore higher Ca and the effect of the eccentricity ratio, X is increased to a
value of 0.3 in configuration A2 of the ECD. In this mixed-flow type the velocity
field is very similar to the one in configuration A1, as illustrated in figure 6.2a
where the typical strain rate profiles are shown. The strain rates though, are in-
creased to higher levels for equal rotational velocity as compared to configuration
A1 (compare figures 6.2a and 2.5). That way, higher values of Ca can be obtained
for the same ωu since the rotational velocity is limited because of inertial effects
(cfr. chapter 3). Furthermore, the Ca-profile (not shown) for configuration A2
is also qualitatively equal to the one for A1; the same holds for the flow type
parameter ᾱ with only a slightly higher maximum value and about the same av-
erage value over quadrants I − II: ᾱavg,I−II = 0.09. The resulting mixed-flow
type of configuration A2 can thus be regarded as quasi-identical to the one of
configuration A1, the only difference being the higher attained Ca. As a conse-
quence, the break-up behavior for drops with a viscosity ratio of p ≈ 1.2 is also
very similar, as illustrated by figure 6.2b; break-up occurs via end-pinching, also
at the back of the drop first, after the droplet has attained very large deformations.

To investigate the effect of viscosity ratio and extend the range of time data (see
section 6.3), the break-up of droplets with a viscosity ratio around 0.1 in mixed
flows of type A1 and A2 is also studied. The break-up behavior is found to be
very similar to the case of p ≈ 1.2; break-up also occurs through end-pinching,
though in this case the front and back of the droplet seem to ‘pinch off’ more
or less simultaneously. This is illustrated in figure 6.3 where examples of droplet
break-up are shown for drops with p ≈ 0.1 in mixed flows of type A1 and for
different Caavg. For higher Ca-numbers (figures 6.3b and c) the end-pinching is
clearly visible where both the front and back are detached from the rest of the
droplet body. The fact that head and tail of the drop now respond more or less
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a)

b)

Figure 6.2: a) Strain rate profiles: shear (—) and elongation (−−), for configura-
tion A2 with ωi = 0, ωu = 0.025 rad/s and X = 0.3, along streamline starting at
x = 30 mm from the axis of the inner cylinder b) Example of droplet break-up in
mixed-flow type represented in a) for a viscosity ratio of p ≈ 1.2.

simultaneously to the flow and break off at the same time, as opposed to the case
for p ≈ 1.2, probably has to do with the changed material time scale for deforma-
tion. As a result, the droplet reacts faster to changes in the flow field, and front
and back of the drop behave more similarly. Moreover, a much larger elongation is
attained prior to break-up as compared to the case for p around 1.2. This increased
deformation for low viscosity ratios is also seen in sub-critical mixed flows applied
with the ECD, as discussed in chapter 5. For the lowest Ca explored in figure 6.3a
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Figure 6.3: Example of droplet break-up for a viscosity ratio of p ≈ 0.1 in mixed
flow of type A1 (X = 0.2, ωi = 0 and ωu constant) at the beginning of quadrant
I [point A] for: a) Caavg = 0.601, b) Caavg = 0.878, c) Caavg = 1.476 with (i)
front of drop, and (ii) back of drop.

(Caavg = 0.601) on the other hand, the droplet breaks up in a fashion similar to
the necking phenomenon observed in steady flows (see chapter 1), producing two
equal sized drops with a small satellite drop in between. This mode of break-up
is only seen close to the critical conditions (Ca ≈ Cacrit) where there is break-up
without large scale stretching.

For all other experiments performed with p ≈ 0.1 in flows of type A1 and A2 (and
for higher Ca) break-up by end-pinching is predominant. In general, break-up
is observed within about 6 revolutions for Caavg > Caavg,crit ≈ 0.60. Mostly,
break-up takes place during flow in quadrant III and IV where the droplet re-
sides outside the field of view. In these cases, the break-up time is estimated by
averaging between the end of quadrant II, where the drop moves out of sight, and
the beginning of quadrant I, where the drop reappears in the field of view. The
error resulting from the use of this averaging procedure to obtain the break-up
times, will be discussed in section 6.3.

Finally, a change of flow type is considered by looking at the break-up dynamics
in flows of type B (corotation: ωu/ωi = 1.5, and X = 0.2). In this configura-
tion, the flow field is drastically changed as was shown in figure 5.2. Here, the
extensional strain rate has the same order of magnitude as the shear rate along a
substantial part of the streamline. This results in relatively larger values of the
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(iii)(ii)(i)

(vi)(v)(iv)

a)

b)

Figure 6.4: a) Dimensionless droplet length L/2R0 as a function of dimensionless
time t∗ for sub- and super-critical flows of type B b) Evolution of droplet near end
of quadrant II [point C in figure 5.2] for experiment with Caavg = 0.654 shown in
a): (i) t∗ = 7.82, (ii) t∗ = 18.16, (iii) t∗ = 28.47, (iv) t∗ = 54.19, (v) t∗ = 79.85,
and (vi) tb∗ = 100.30. Parts a) and b) are both for droplets with a viscosity ratio
of p ≈ 1.2.

flow type parameter ᾱ. The average relative amount of elongation ᾱavg,I−II in
the first two quadrants is now increased to about 30% of the total sum of strain
rates, as compared to only 10% for configurations A1 and A2. Also, the profile for
the capillary number Ca differs substantially for configuration B, e.g. compare
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figures 5.2 and 4.3. In configuration B, Ca drops rapidly near the end of quad-
rant II to reach a sharp minimum value at the narrowest part of the gap [point C].

The break-up process for drops with a viscosity ratio around 1.2 in mixed flows of
type B is exemplified in figure 6.4. Although the flow field is drastically changed,
the break-up profiles are actually very similar to the ones seen in configuration
A. Again, under super-critical conditions, the droplet length shows an undamped
oscillation (see figure 6.4a) until eventually break-up occurs through end-pinching
with the back of the drop (mostly) detaching somewhat earlier than the front of the
drop, as illustrated in figure 6.4b. In this case however, the average capillary num-
ber needs to reach higher levels before break-up is possible; e.g. for Caavg = 0.616
in figure 6.4a, no break-up is observed and the droplet still shows a steady oscilla-
tory behavior as described in chapter 5 for sub-critical mixed flows of type B. This
higher Caavg,crit is probably connected to the fact that the Ca-number exhibits
a steep fall near the end of the second quadrant (e.g. from Camax = 0.735 to
Camin = 0.218, for Caavg = 0.616 in figure 6.4a) causing the driving force for
further deformation to cease. Hence, the time during which the strain rates are
above critical conditions (the critical strain) could be insufficient for break-up to
occur. In addition, quite large negative ᾱ-values exist in the diverging part of the
gap. These comprise a considerable compression along the flow direction, working
against the shear rate in this region of the flow field.

a) b)

Figure 6.5: Example of droplet break-up for a viscosity ratio of p ≈ 0.1 in mixed
flow of type B (ωu/ωi = 1.5 and X = 0.2) for: a) Caavg = 0.607, and b) Caavg =
0.698.

Overall, break-up of drops with a viscosity ratio of p ≈ 1.2 in mixed flows of
type B is found to occur for Caavg > Caavg,crit ≈ 0.62 − 0.64 after about 20 ± 1
revolutions. Furthermore, the break-up behavior is very similar to the observations
made in flows of type A1 and A2 (compare figures 6.1 and 6.4). This is also true for
the break-up of low viscosity ratio drops (p around 0.1) in mixed-flow type B, as
illustrated in figure 6.5. Once again, end-pinching is observed for sufficiently high
Ca with front and back pinching off at about the same time, see figure 6.5b. Only
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for conditions just near Cacrit (figure 6.5a) behavior is somewhat different with
break-up occurring via necking, as also seen for flows of type A1 (cfr. figure 6.3a).
These critical conditions for low p are found to be around Caavg,crit ≈ 0.58− 0.60,
and break-up takes place after ca. 10 rotations.

6.3 Break-up dynamics

6.3.1 Scaling break-up times

During processing of immiscible polymer blends, the interest often lies in estimat-
ing the break-up time of an initially spherical drop under flow. For steady, simple
flows it is known that the total break-up time tb (after start-up of the flow) obeys
the following scaling behavior [108]:

tbγ̇ ∼
(
ηmR0γ̇

Γ

)2/3
p0.5 and tbε̇ ∼ log

(
ηmR0ε̇

Γ

)
p0.5, (6.1)

for simple shear and extensional flow, respectively. Thus, the dimensionless break-
up time tb∗ (= tb · ṡ) scales with a certain function of the capillary number Ca and
the viscosity ratio p.

Figure 6.6: Schematic representation of break-up through Rayleigh instabilities.
Adapted from [108].

The scaling function for Ca was derived from the original Khakhar and Ottino
theory [55] for break-up of liquid threads in steady linear flows, and verified ex-
perimentally. The scaling with p0.5 on the other hand, was an empirical factor
found by Van Puyvelde et al. [109], that allowed to superimpose data measured
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at different viscosity ratios. Khakhar and Ottino extended the linear stability
analysis of Tomotika [98] and Mikami et al. [64] for the break-up of an infinitely
long Newtonian fibril under flow. Such a long liquid thread will develop capillary
waves at the interface, the so called Rayleigh instabilities [97] as shown in figure
6.6. These sinusoidal distortions will grow in time and eventually cause the fibril
to break-up in a string of smaller droplets, when the amplitude of the dominant
instability becomes equal to the average fibril radius. Furthermore, flow tends to
stabilize the interfacial disturbances and break-up will be delayed as compared to
quiescent conditions [98]. Van Puyvelde et al. analyzed the break-up of fibrils
experimentally by first applying a high flow strength (Ca �) to generate a fib-
rillar morphology, and subsequently lowering the strain rate to observe break-up
through a rheo-optical method.

To compare the break-up dynamics for mixed flows obtained in the ECD with the
scaling relations of equation 6.1, the problem rises that G and Ca will vary in time.
Therefore, we propose to use average values Gavg and Caavg over one period of
rotation for the ECD:

Gavg = 1
T

∫ T

0
G(t)dt; Caavg = 1

T

∫ T

0
Ca(t)dt (6.2)

Furthermore, the break-up time for mixed flows will be scaled with the flow
strength GB&L according to Bentley and Leal [8] and which, using equation 2.14,
can be written as:

GB&L =
√

4ε̇2 + γ̇2

1 + αB&L
(6.3)

Here, the flow type parameter αB&L defined by Bentley and Leal is always greater
than zero (see section 2.4.2) and can also be expressed as a function of our flow
parameter ᾱ from equation 2.14: αB&L = f(|ᾱ|). GB&L,avg is used instead of Eavg,
the average value of the second invariant of the strain rate tensor D, to avoid
possible confusion, and because it recovers the extensional case (for αB&L = ᾱ = 1,
GB&L = ε̇). As illustrated in figure 6.7, scaling with E causes the break-up lines for
simple shear and pure elongational flow (constructed as fits through data of [108])
to cross each other, making it difficult to discriminate between the two scaling
laws in this region. Moreover, the former scaling is believed to be more accurate
for intermediate flow types as will be shown later on (see figure 6.9).
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Figure 6.7: Comparison between different scaling factors E and GB&L for break-up
times tb in simple flows. The lines are fits through data of [108].

6.3.2 Experimental results

In this section, experimentally obtained break-up times in transient mixed flows
applied with the ECD, are compared to existing scaling laws for simple shear and
pure extensional flow, as described above. Hereto, the dimensionless break-up
time tb∗(= tb ·GB&L,avg) is observed as a function of the average capillary number
Caavg and for two different viscosity ratios of p ≈ 1.2 and 0.1.

First, the dimensionless break-up times for droplets with a viscosity ratio p of
around 1.2 and 0.1 in flows of type A1 and A2 are depicted in figure 6.8. For ref-
erence, simple shear data obtained in configuration C of the ECD (see table 2.2)
and for a viscosity ratio of about 1.2, are also included in figure 6.8. Here, symbols
correspond to experimental results in the ECD whereas lines are fits through data
of Van Puyvelde and co-workers [108, 110] for simple shear and extensional flow.
Furthermore, error bars are added for p ≈ 0.1 to reflect the standard variation re-
sulting from the averaging procedure to obtain the break-up times in this case (cfr.
section 6.2). From figure 6.8 it is clear that this averaging does not significantly
alter the data with respect to the global range. Obviously, the break-up times
for mixed flows of type A1 and A2 and for both viscosity ratios collapse with the
simple shear line indicating the break-up dynamics are shear dominated. For low
p though, a small upturn is visible, but this was also seen for steady simple shear
flow [110]. Only close to the critical conditions, some deviations from the scaling
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Figure 6.8: Dimensionless break-up times in mixed flows of type A1 and A2 (ωi = 0,
ωu constant, and X = 0.2 and 0.3, respectively) for a viscosity ratio of p ≈ 1.2 and
0.1. Symbols represent experimental results; lines are fits through the data of [108]
and [110]. The error bars for p ≈ 0.1 reflect the standard deviations resulting from
the averaging procedure used to obtain tb.

behavior appear to occur, as indicated in figure 6.8 (for instance, the point for
p ≈ 0.1 marked on the left, is just near the critical conditions where the necking
mechanism occurs, as depicted in figure 6.3a). This is due to the fact that just
near Cacrit the initial stages of the deformation process occur very slowly with
respect to the total break-up process (see figure 6.1a), as was also documented in
literature for steady 2D flows [88]. Moreover, Van Puyvelde’s scaling law is only
valid above a certain ratio of Ca/Cacrit when the droplet is expected to deform
more or less affinely with the matrix [109].

Next, the dimensionless break-up times for break-up in mixed flows of type B are
summarized in figure 6.9, for drops with a viscosity ratio p around 0.1 and 1.2.
Again, symbols correspond to the experimental break-up times tb while the lines
are fits through data of Van Puyvelde et al. [108, 110] for simple flows. Further-
more, the open symbols represent results obtained using a different scaling factor
for tb (cfr. section 6.3.1): Eavg. When comparing open and filled symbols, it
is clear that scaling the break-up times with GB&L,avg or Eavg leads to different
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Figure 6.9: Dimensionless break-up times in mixed flows of type B (ωu/ωi =
1.5 and X = 0.2) for a viscosity ratio of p ≈ 1.2 and 0.1. Symbols represent
experimental results; lines are fits through the data of [108] and [110]. Note that
the open symbols are obtained when non-dimensionalizing the break-up time tb with
the average value of the flow intensity Eavg.

Figure 6.10: Dimensionless break-up times in all mixed-flow types applied with the
ECD for a viscosity ratio of p ≈ 1.2 and 0.1.
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results in this specific flow type with higher ᾱ-values (in contrast, for flows of type
A1 and A2 there is no significant difference between the two scaling factors). Non-
dimensionalizing tb with Eavg shifts the data up, well above the simple shear line.
Hence, it seems that the right scaling factor is GB&L, the flow strength as defined
by Bentley and Leal, whereas the flow intensity E causes an overestimation of the
flow strength contribution.

With tb
∗ = tb · GB&L,avg, the data of figure 6.9 indicate again that the break-

up times are shear dominated, even for flow type B with the higher values for
ᾱavg,I−II (about 30%). For low p however, an upturn is visible, as also seen in
flows of type A1 and A2 (figure 6.8). This is more clearly seen in figure 6.10 which
collects the break-up data for all types of mixed flow investigated in the ECD, and
for a viscosity ratio around 1.2 and 0.1. Still, overall, the scaling law for simple
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Figure 6.11: Dimensionless break-up times in mixed flows of type A1, A2 and B
for droplets with a viscosity ratio of p ≈ 1.2, injected in the narrowest point of
the gap [point C]. Symbols represent experimental results; lines are fits through the
data of [108] and [110].



6.4. DISCUSSION 143

shear flow is very reasonable despite the substantial amount of elongation present
in the flow field.

Finally, to check the effect of initial starting position on the break-up dynamics,
some experiments were performed with droplets injected in the narrowest part
of the gap (point C, figure 6.11). This will influence the total strain history
experienced by the drop. The dimensionless break-up times for these changed
initial conditions and for p ≈ 1.2 are shown in figure 6.11. It points out that the
initial position for start-up of the flow does not influence the resulting break-up
dynamics; break-up times still follow the same scaling relation.

6.4 Discussion

Despite the transient nature of the mixed flows applied with the ECD, the results
above indicate that the global break-up dynamics can still be described by a simple
scaling relation when using average values for the flow strength and the capillary
number. This is shown once again in figure 6.12 which collects all the data ob-
tained with the ECD (including simple shear data) together with the simple shear
data obtained by Van Puyvelde et al. for synthetic [109] as well as bio-polymers
[110]. Overall, the scaling is very reasonable for all data in mixed as well as simple
shear flows, although for low p a slight upturn is visible. This scaling relation,
originally intended for steady simple shear flow and based on the Khakhar and
Ottino theory [55], was derived for break-up occurring through capillary instabili-
ties (cfr. section 6.3.1) rather than the end-pinching phenomenon seen here. Yet,
the scaling law appears to be valid for the transient mixed flow data as well. In
the complex flows studied here, the end-pinching dynamics probably occur on a
faster time scale relative to the time required for capillary disturbances to develop
and grow on the elongated droplet. However, it is possible that for higher capil-
lary numbers applied in the ECD with correspondingly higher elongated droplets,
capillary waves will eventually form and dominate the break-up process at later
times, as described by Stone and Leal [89]. Higher Ca-numbers could however not
be explored in the present experiments as described above, because the rotational
velocities ωu and ωi are limited by inertia.

The end-pinching mechanism observed here, for all mixed flows and all viscosity ra-
tios investigated, is very similar to the break-up processes described by Stone and
Leal [90]. They give a very lucid description of this phenomenon, occurring after
step changes in both the flow rate and the flow type, for steady two-dimensional
flows generated in a four-roll mill. In fact, our flow field is quite similar to the one
they apply; the only difference is that in the ECD, flow type (ᾱ) and flow strength
(G) are continuously changing in time as opposed to the discrete changes used by
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Figure 6.12: Dimensionless break-up times for all flow types applied with the ECD
together with simple shear data from Van Puyvelde et al. [109, 110]. The solid
line represents the simple shear scaling law as in figures 6.8, 6.9 and 6.11.

Stone and Leal. Furthermore, negative values of the elongation rate ε̇ (indicating
compression in the flow direction) are not present in the velocity field of the four-
roll mill. Nonetheless, the general break-up mechanism appears to be the same;
it involves a complicated interaction between an interfacial-tension-driven flow on
the one hand, causing bulbing of the ends and a relaxational motion reminiscent of
the end-pinching phenomenon in quiescent conditions [89], and on the other hand,
the external extensional flow around the drop (not the externally applied flow!)
which drains fluid from the central region and is trying to stretch the droplet fur-
ther. The interfacial-tension-driven motion is dependent on the drop shape (e.g.
curvature of the interface) and the viscosity ratio p; the external extensional mo-
tion basically also depends on droplet shape (e.g. droplet length L/2R0) next to
the capillary number Ca and instantaneous flow type ᾱ. The net result can be
both competitive and cooperative depending on the region of the drop and the
stage of the interface evolution. Therefore, to explain more accurately the break-
up processes observed in the mixed flows applied with the ECD, more detailed
information about the velocity field interior and exterior to the drop is needed.
That way, for instance, the retarded ‘pinching off’ of the front (see e.g. figure 6.1)
seen for drops with a viscosity ratio of p ≈ 1.2, could possibly be accounted for.
However, these rather involved calculations of the flow field in- and outside of the
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drop, are beyond the scope of the current work. In any case, things become more
complicated for the transient flows applied with the ECD, as the time scales gov-
erning the different processes (e.g. deformation, rotation, relaxation) also change
continuously during flow.

To conclude, it is also possible – although it is hard to define exact critical condi-
tions for these transient flows in terms of flow strength – to find an average critical
capillary number Caavg,crit above which break-up occurs in the mixed flows stud-
ied here (see section 6.2). For flows of type A with ᾱavg,I−II about 10%, these
critical values for viscosity ratios around 0.1 and 1.2 roughly agree with Cacrit
for steady simple shear flow, reported in literature (0.61 and 0.52, respectively)
[22, 32]. This is not so surprising since these flows are shear dominated (see figure
4.3) and the Ca-profile resembles a sinusoidal behavior. For flows of type B with
increased ᾱ-values, somewhat different observations are made. For a viscosity ratio
of around 0.1 Caavg,crit is again about equal to the critical value for simple shear
(0.58-0.60 vs. 0.61, respectively), although the relative elongational contribution
reaches values as high as 50%. For p ≈ 1.2 the critical value is even higher than
that for flows of type A and simple shear flow (0.62-0.64 vs. 0.52). These results
for flows of type B can be attributed to the transient profile for Ca, as described
above, influencing the critical strain achieved. Moreover, the equally larger, nega-
tive values of ᾱ in the diverging part of the gap, cause considerable compression
along the flow direction working adversely with respect to the shear rate in this
region. In any case, the average extensional effect taken over one period is equal
to zero (ᾱavg,I−IV = 0), because the positive and negative contributions cancel
each other out in the symmetric profile of ᾱ. That could explain why the break-up
dynamics are still shear dominated, although substantial (positive and negative)
elongational strain pulses are present in the flow field.

6.5 Conclusions

In this chapter, the break-up dynamics of a single, Newtonian droplet dispersed
in an immiscible Newtonian matrix undergoing a controlled mixture of shear and
extensional flow, has been investigated using the home made eccentric cylinder
device. This included the study of the mode of break-up as well as experimental
break-up times. Hereto, different representative super-critical flows have been ap-
plied and also the effect of viscosity ratio is explored using droplets with p around
0.1 and 1.2, respectively.

For all types of mixed flow applied and all viscosity ratios studied, break-up is
observed to proceed through an “end-pinching” mechanism also known to occur in
steady flows, where the two bulbous ends are gradually detaching from the slender
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waist of the drop. Depending on viscosity ratio p, front and back of the drop break
off at different moments in time owing to the transient nature of the flow. Critical
conditions could be defined in terms of a time-averaged critical capillary number
above which break-up is possible, although exact critical conditions are somewhat
ambiguous in these transient flows. Furthermore, the experimentally obtained
break-up times have been compared with scaling relations for simple shear and
purely extensional flow known from literature. It appears that the global break-
up dynamics, based on average values for flow strength and capillary number, are
still shear dominated; the dimensionless break-up times follow the scaling behavior
for steady simple shear flow, even for conditions where the elongational component
comprises a substantial amount (up to 30% on average) of the mixed flow.



Chapter 7

Conclusions

The end properties of immiscible polymer blends are determined to a large extent
by the underlying microstructure, which in turn, is affected by the flow condi-
tions during processing. From a more fundamental point of view, the study of
single droplet dynamics is regarded to be a reasonable starting point to model
the complex behavior of immiscible polymer blends. Although numerous experi-
mental and theoretical studies have focused on the structure evolution in simple
flow conditions, existing data in literature concerning the flow behavior in more
complex flow fields remain relatively scarce. The main objective of this thesis
was to provide a clearer understanding of the single droplet behavior in transient
mixed flow conditions. In order to do so, one of the goals was to develop a suitable
experimental set-up to probe in-situ and time-resolved the morphology develop-
ment of immiscible polymer blends in controlled complex flows. In this work, a
systematic and quantitative investigation has been performed on the dynamics of
single Newtonian droplets dispersed in a Newtonian matrix undergoing controlled
mixed flow conditions. The main results of this research are summarized below.

Design of a new flow cell

A new eccentric cylinder device (ECD) has been designed and constructed that
allows to study in-situ the microstructural evolution of immiscible polymer blends
in controlled complex flows:

• Key features are the multi-functionality of the device allowing for co-rotating,
counter-rotating and single cylinder rotation operation modes, and the flex-
ible variation of the eccentricity through a rail-carrier system. In this way,
the relative importance of shearing and elongational components in a mixed
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flow field can be adjusted. Furthermore, the transparency of the flow cell
enables direct visualization of the morphological phenomena.

• The quality of the applied flow field was verified by comparing the velocity
profiles obtained through three independent methods: an analytical solution
for the flow between infinite eccentric cylinders, FEM-simulations of the
velocity field and Particle Image Velocimetry experiments. Results for three
different, representative test cases show a very good agreement, assuring the
the performance of the ECD.

• Finally, it was assessed through FEM-simulations that critical conditions for
drop break-up can be reached for simple shear as well as elongational flow.

Droplet dynamics in sub-critical complex flows

The deformation and orientation of single droplets has been studied in different
types of sub-critical flow applied with the newly designed ECD. The viscosity ratio
p was hereby kept constant at a value of about 1.2. The experimental results have
been compared to predictions of the phenomenological model of Maffettone and
Minale. These model predictions are obtained by using the transient form of the
MM-model, incorporating a flow type parameter that accounts for the relative
amount of extensional components and adapting the capillary number to mixed
flows. The following conclusions could be drawn:

• First, droplet dynamics have been observed during start-up of a simple shear
flow using the ECD under concentric conditions. For this reference case,
overall, the agreement between experimental results and model predictions
is quite satisfactory, indicating that quantitative in-situ measurements of
droplet deformation and orientation can be achieved with the new eccentric
cylinder device.

• Next, results have been obtained during start-up of a representative transient
mixed flow, with the average positive elongational contribution equal to 10%.
After the initial start-up transient, the deformation and orientation of the
drop show a steady oscillatory behavior in response to the time periodic
applied flow parameters. Furthermore, a good quantitative agreement is
found between the experimental data and the model predictions according
to the MM-model. Quantitative deviations only start to occur near the
critical conditions for break-up.

• In a third type of flow, droplet relaxation after cessation of the sub-critical
complex flow has been studied. After the flow is stopped, the droplet relaxes
back to a sphere with the deformation dropping to zero again. The orien-
tation angle on the other hand, remains unchanged during the retraction
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process and is approximately equal to the value just before cessation of the
flow, in line with simple shear behavior. For the sub-critical flows explored
here, the droplet remained ellipsoidal throughout the relaxation, and the de-
formation as well as the relaxation part of the curves, again agree very well
with the MM-model.

The above results provide a first quantitative assessment of drop shape predictions
in transient, mixed flows and a further validation of the Maffettone-Minale model.

Effect of flow type and viscosity ratio

The effects of varying flow type and viscosity ratio on single droplet dynamics in
mixed flow conditions has been investigated by exploring different operation modes
for the ECD, and varying the viscosity ratio p over a range of two decades. The
measurements have also been compared to the MM-model predictions and can be
summarized as follows:

• The effect of flow type is evident from the comparison between two different
types of flow obtained in the ECD, using two different configurations (outer
cylinder rotating vs. co-rotation). The distinction is most pronounced in the
evolution of the orientation angle, and this effect is also nicely predicted by
the MM-model. In addition, the flow type effect is reflected in the differences
seen in the specific evolution of the flow type parameter ᾱ (defined above) for
both configurations. Hence, the parameter ᾱ provides a sufficient description
of the flow type in 2D mixed flows.

• The experimentally observed influence of a high (p ≈ 10) and low (p ≈ 0.1)
viscosity ratio respectively, as compared to the base case of p ≈ 1.2, is also
in agreement with the model predictions. A higher viscosity ratio promotes
orientation towards the flow direction while the deformation is decreased, for
all values of the flow intensity. In addition, the deformation process slows
down in case of a high p. In contrast, the effect of low p in transient mixed
flows applied with the ECD, only becomes apparent at higher flow strengths,
leading to increased deformation and decreasing orientation, as compared to
the case for p ≈ 1.2.

• For all types of sub-critical flow applied and all viscosity ratios explored,
a fairly good agreement is found between experimental results and model
predictions. Quantitative deviations only start to appear for higher capillary
numbers Ca; for p ≈ 0.1 and p ≈ 1.2 these deviations occur near the critical
conditions for droplet break-up, where the MM-model is not valid anymore.
For p ≈ 10 on the other hand, a steady deformation limit exists, independent
of the applied Ca. This limiting behavior can only be incorporated into the
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MM-model by assigning a non-zero value to the empirical factor ε in the
definition of the coefficient fMM

2 of the model.

• A summary of all the experimental data can be made in terms of the average
deformation as a function of the average flow intensity; for p around 0.1 and
1.2 the time-averaged deformation parameter Davg appears to scale linearly
with the time-averaged capillary number Caavg, in agreement with Taylor’s
small deformation theory. For p ≈ 10 in contrast, the average deformation
levels off to a constant, limiting value for high capillary numbers. This exper-
imental deformation limit for high viscosity ratios agrees with the analytical
steady flow limit, as can be derived from the Maffettone-Minale model for
p→∞ and constant ᾱ.

All these findings provide evidence that the rather simple phenomenological model
of Maffettone and Minale performs quite well in predicting single droplet dynamics
for arbitrary, sub-critical mixed flow fields. Hence, it can be regarded as a useful
tool when predicting the morphology development in more complex blend systems
(e.g. incorporating elastic and concentration effects, and ‘real’ processing flows).

Droplet break-up in mixed flow conditions

The break-up behavior of single, Newtonian drops in super-critical complex flows
obtained with the ECD has been observed. This included a study of the mode of
break-up, as well as experimental break-up times. Different representative super-
critical flows have been applied and also the effect of viscosity ratio is explored
using droplets with p ≈ 0.1 and 1.2, respectively. Concerning the break-up dy-
namics in transient mixed flows, the following conclusions could be drawn:

• For all types of mixed flow applied and all viscosity ratios studied, break-up
is observed to proceed through an “end-pinching” mechanism also known to
occur in steady flows, where the two bulbous ends are gradually detaching
from the slender waist of the drop. Depending on viscosity ratio p, front
and back of the drop break off at different moments in time owing to the
transient nature of the flow.

• The experimentally obtained break-up times have been compared with scal-
ing relations for simple shear and purely extensional flow known from lit-
erature. It appears that the global break-up dynamics, based on average
values for flow strength and capillary number, are still shear dominated; in
all cases studied, the dimensionless break-up times follow the scaling behav-
ior for steady simple shear flow, even for conditions where the elongational
contribution comprises a substantial amount (up to 30% on average) of the
mixed flow.
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Global conclusion

As a global conclusion, it may be stated that this work contributes to a further
understanding of the morphological phenomena occurring in immiscible polymer
blends during complex flows. First of all, a valuable experimental set-up has been
designed, built and evaluated that enables a time-resolved and in-situ study of the
morphology development of immiscible polymer blends in controlled mixed flows,
and which can be used for future studies. Secondly, an extensive experimental
reference data set has been gathered in this research which provides a quantitative
validation of existing models and scaling theories, and can be used to guide future
modeling and simulation efforts.

Suggestions for further work

Some suggestions for future research can be made concerning blend behavior in
transient mixed flows applied with the new eccentric cylinder device:

• A logical next step would be the study of droplet dynamics in complex flows
for blend systems containing one viscoelastic component, either the droplet
or the matrix phase, in line with the current research conducted at the lab
of “Applied Rheology and Polymer Processing” of the K.U.Leuven [12, 111].
This can provide more detailed information on real-life droplet behavior in
processing flows.

• Also, dilute blends could be studied in the eccentric cylinder device to inves-
tigate concentration effects. This way, additional phenomena such as hydro-
dynamic interactions and coalescence effects, could be investigated. Here,
the main difficulty will be the visualization of the morphology. Possibly,
other component materials with closer matching refractive indices, have to
be selected in this case.

• Studying compatibilized systems in complex flows also seems highly attrac-
tive. Compatibilizers are frequently added to refine and stabilize the blend
morphology. Therefore, it could be interesting to observe the effect of com-
patibilization on droplet dynamics in transient mixed flows.

• Finally, the experimental set-up can be used to study the effect of colloidal
particles at the droplet-matrix interface. Particles are also often used to
stabilize the blend morphology, and research has already been performed in
simple shear flow [112]. How these particles affect the behavior of single
drops in complex flows, could be studied using the ECD.
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Appendix A

Ballal and Rivlin [3] provided a general analytical solution for the creeping flow of
a Newtonian fluid between two infinite eccentric cylinders with arbitrary rotation
speeds and rotation direction. In the problem statement, they define a Cartesian
coordinate system (x1, x2) for which the axes of the outer and inner cylinders are
at (l, 0) and (l − e, 0) respectively, as depicted in figure A.1. Furthermore, to
describe the velocity field in this system a stream function Ψ is used for which:

v1 = ∂Ψ
∂x2

; v2 = − ∂Ψ
∂x1

The Navier-Stokes equations can then be written in terms of the stream function
Ψ(x1, x2) subject to the following boundary conditions:

v1 = ∂Ψ
∂x2

= −ωux2

on the outer cylinder

v2 = − ∂Ψ
∂x2

= ωu(x1 − l)

and

v1 = ∂Ψ
∂x2

= −ωix2

on the inner cylinder

v2 = − ∂Ψ
∂x2

= ωi(x1 + e− l)
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Figure A.1: Coordinate frame used by Ballal and Rivlin. Adapted from [3].

To solve the governing equations, Ballal and Rivlin introduce a bipolar coordinate
system (ξ, µ) defined by:

x1 = −b sinh ξ
cosh ξ − cosµ, x2 = b

sinµ
cosh ξ − cosµ

where b is positive. Here, ξ = ξ1 and ξ = ξ2 represent the surfaces of the outer
and inner cylinders respectively, and the annular domain expresses a region which
is surrounded by µ = π and µ = −π, cfr. figure A.1. Consequently, Ru, Ri, e and
l are given by:

Ru = − b

sinh ξ1
, Ri = − b

sinh ξ2
e = −b (coth ξ1 − coth ξ2)
l = −b coth ξ1

Thus, the parameter b of the bipolar coordinate system reads

b = 1
2e

√
(Ru2 +Ri

2 − e2)2 − 4Ru2Ri
2

Further, Ballal and Rivlin employ the notation
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H = b/
√
c2 + s2

with
c = cosh ξ cosµ− 1, s = sinh ξ sinµ√
c2 + s2 = cosh ξ − cosµ,

so that

∇ = 1
H

(
∂

∂ξ
,
∂

∂µ

)

Using the formalism of Ballal and Rivlin, the solution of the flow field in terms of
the stream function Ψ(ξ, µ) is given as:

Ψ = HΦ, Φ = F1(ξ) + F2(ξ) cosµ,

where

F1(ξ) = (A1 + C1ξ) cosh ξ + (B1 +D1ξ) sinh ξ
F2(ξ) = A2 cosh 2ξ +B2 sinh 2ξ + C2ξ +D2,

and

(A1, B1, C1, D1) = (f1, f3, f5, f7)ωuRu + (f2, f4, f6, f8)ωiRi
(A2, B2, C2, D2) = (f9, f11,−f5, f13)ωuRu + (f10, f12,−f6, f14)ωiRi,

with

f1 = 1
∆

(
∆̄
∆∗h1h7 + h3

)
, v2 = 1

∆

(
∆̄
∆∗h2h7 + h4

)
,

f3 = 1
∆

(
∆̄
∆∗h1h8 + h5

)
, v4 = 1

∆

(
∆̄
∆∗h2h8 + h6

)
,

∆∗f5/h1 = ∆∗f6/h2 = cosh(ξ1 − ξ2),
∆∗f7/ sinh ξ2 = ∆∗f8/ sinh ξ1 = − sinh2(ξ1 − ξ2),

2∆∗f9/h1 = 2∆∗f10/h2 = − sinh(ξ1 + ξ2),
2∆∗f11/h1 = 2∆∗f12/h2 = cosh(ξ1 + ξ2),
2∆∗f13/h1 = 2∆∗f14/h2 = sinh(ξ1 − ξ2) + 2ξ2 cosh(ξ1 − ξ2)
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Here, the scalar functions ∆, ∆̄, ∆∗, h1, h2, ... h8 are solely dependent on the
parameters ξ1 and ξ2, as defined above.

From this solution for Ψ, the velocity field (v1, v2) can be found by differentiation
and changing back from bipolar coordinates (ξ, µ) to Cartesian coordinates (x1, x2).
Finally, transforming the Cartesian coordinate system (x1, x2) of Ballal and Rivlin
to our coordinate frame (x, y), as defined in figure 3.2, where

x1 = x+ l − e = x− b/ tanh(ξ2); x2 = y

an elaborate expression for the magnitude of the velocity field v in terms of x- and
y-coordinates can be obtained (after extensive algebraic manipulations):

‖v‖ = f(x, y),

with f containing scalar functions of the parameters ξ1, ξ2 and b defined above,
which depend on the specific geometrical parameters of the eccentric cylinder sys-
tem (Ru, Ri and e). This expression for ‖v‖ is used for comparison with the
FEM-simulations and the PIV measurements as described in chapter 3.
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The non-dimensional form of the Maffettone-Minale model [61] was given in equa-
tion 2.5 as

dS
dt∗ − Ca(W · S− S ·W) = −fMM

1 (S− gMM(S)I) + CafMM
2 (D · S + S ·D),

where S is made dimensionless with R0
2, and time t with the characteristic emul-

sion time τ . For convenience, the superscript MM will be omitted henceforth. The
dimensionless vorticity and rate of deformation tensors W and D can be written
as:

D = 1√
4ᾱ2 + (1− |ᾱ|)2




ᾱ 1−|ᾱ|
2 0

1−|ᾱ|
2 −ᾱ 0
0 0 0


 ;

W = 1√
4ᾱ2 + (1− |ᾱ|)2




0 1−|ᾱ|
2 0

− 1−|ᾱ|
2 0 0

0 0 0




The steady state values for the dimensionless axes L/2R0 and B/2R0 of the drop
can then be calculated from the above equations to be:

(
L

2R0

)2
=
f1

2 + Ca2(1− |ᾱ|)2 + Caf2

√
[f1

2 + Ca2(1− |ᾱ|)2][(1− |ᾱ|)2 + 4ᾱ2]
[f1

2 + Ca2(1− |ᾱ|)2]1/3[((1− f2
2)(1− |ᾱ|)2 − 4ᾱ2f2

2)Ca2 + f1
2]2/3

(
B

2R0

)2
=
f1

2 + Ca2(1− |ᾱ|)2 − Caf2

√
[f1

2 + Ca2(1− |ᾱ|)2][(1− |ᾱ|)2 + 4ᾱ2]
[f1

2 + Ca2(1− |ᾱ|)2]1/3[((1− f2
2)(1− |ᾱ|)2 − 4ᾱ2f2

2)Ca2 + f1
2]2/3
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Thus, the deformation parameter D = (L−B)/(L+B) equals:

D =

√
f1

2 + Ca2(1− |ᾱ|)2 −
√
f1

2 + Ca2(1− |ᾱ|)2 − Ca2f2
2[(1− |ᾱ|)2 + 4ᾱ2]

Caf2
√

(1− |ᾱ|)2 + 4ᾱ2

Taking the limit for p→∞ and large Ca where f1 goes to zero and f2 to 5
2p (see

equations 2.8 for ε, δ > 0), finally one obtains:

Dlim = 5
4p

√
(1− |ᾱ|)2 + 4ᾱ2

(1− |ᾱ|)

Here, Dlim represents the steady deformation limit for steady 2D mixed flows with
a constant ᾱ. For ᾱ = 0 Dlim equals 5

4p , the Taylor limit for simple shear flow
[93]; for ᾱ = 1 on the other hand, no steady limit exists as pure extensional flow
can break-up a drop of any p.
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