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ABSTRACT

EFFECT OF HYDRODYNAMICS ON THE PRODUCTION OF PICKERING
EMULSIONS IN UNBAFFLED STIRRED TANKS

Demirdogan, Ozge
Master of Science, Chemical Engineering
Supervisor: Assist. Prof. Dr. Inci Ayranci Tansik

September 2019, 135 pages

An emulsion is a fluid system obtained by dispersing one of two immiscible liquids in
the other. Since this formation is thermodynamically unstable, it has to be stabilized
using an emulsifier. Emulsions in which solid particles are used as emulsifiers are

called Pickering emulsions.

In this study, the investigation of the effect of different hydrodynamic conditions on
the production of Pickering emulsions in unbaffled stirred tanks was aimed. Oil in
water Pickering emulsions were produced. Distilled water was selected as continuous
phase and silicon oil was selected as dispersed phase. Hydrophilic solid glass beads
were used as emulsifier. To observe the effect of different flow patterns, Rushton
turbine (RT), down pumping pitched blade turbine (PBTD) and up pumping pitched
blade turbine (PBTU), all at two different sizes were used. Shaft was positioned at
three different locations: €/T=0, ¢/T=0.1 and ¢/T=0.2. Hydrodynamic parameters such
as impeller tip speed, impeller Reynolds number, Weber number and power per mass
ratio were changed to create different hydrodynamic conditions. The effect of these
different hydrodynamic conditions on the production of Pickering emulsion was
determined by analyzing drop size and drop size distribution with Malvern

Mastersizer equipment.



It was found that an increase in the eccentricity ratio causes a decrease in the size of
the vortex, an increase in the contact of the impellers with the liquid in the tank and
better transfer of performances of the impellers to the system. In general, increase in
eccentricity ratio causes a decrease in drop size. The amount of energy dissipated into
the system has an important effect on determining drop size of the emulsions.
Generally, the smallest drops and the narrowest drop size distribution were obtained

with RT T/3 at e/T=0.2.

Keywords: Pickering Emulsion, Unbaffled Stirred Tank, Vortex, Eccentricity, Drop

Size
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HIDRODINAMIK KOSULLARIN ENGELSIZ TANKLARDA URETILEN
PICKERING EMULSIYONLARI UZERINE ETKIiSi

Demirdogan, Ozge
Yiiksek Lisans, Kimya Mithendisligi
Tez Danismani: Dr. Ogr. Uyesi Inci Ayranci Tansik

Eylil 2019, 135 sayfa

Emiilsiyon normalde birbiri icerisinde karigmayan iki sividan birinin 6teki igerisinde
dagilmasiyla elde edilen akiskan sistemidir. Bu olusum termodinamik ag¢idan kararsiz
oldugundan kararli hale getirilebilmesi yiizey aktif madde kullanimi ile miimkiindiir.
Kat1 taneciklerin yiizey aktif madde olarak kullanildigi emiilsiyonlara Pickering

emiilsiyonlar1 ad1 verilmektedir.

Bu c¢alismada engelsiz tanklarda diretilen Pickering emiilsiyonlarina farkl
hidrodinamik kosullarin etkisinin belirlenmesi amaglanmistir. Su igerisinde yag
Pickering emiilsiyonlar: iiretilmistir. Saf su ana faz, silikon yagi dagilan faz olarak
secilmistir. Hidrofilik cam tozu ylizey aktif madde olarak kullanilmistir. Farkli akis
profillerinin etkilerinin gézlemlenebilmesi i¢in ikiser farkli boyutta Rushton tiirbini
(RT), asag1 yonlii akis saglayan egimli bicakl karistirici ucu (PBTD) ve yukar1 yonlii
akis saglayan egimli bicakli karistirict ucu (PBTU) kullanilmistir. Saft ii¢ ayri noktada
konumlandirilmistir: ¢/T=0, e/T=0.1 ve e/T=0.2. Karistirict ucu g¢evresel hizi,
karistirict ucu Reynolds sayisi, Weber sayist ve giic tiiketimi/kiitle orani gibi
hidrodinamik  parametreler  degistirilerek  farkli  hidrodinamik  kosullar
olusturulmustur. Farkli hidrodinamik kosullarin Pickering emiilsiyonu iiretimine
etkisi Malvern Mastersizer cithazi ile damla boyutu ve boyut dagilim analizleri

yapilarak belirlenmistir.

vil



Saftin merkezden uzaklagmasinin girdap boyutunda azalisa, karistirict uglarinin tank
igerisindeki s1v1 ile temasinda artisa ve karistirict uclarinin performanslarinin sisteme
iletiminde artisa neden oldugu bulunmustur. Genel olarak, saftin merkezden
uzaklagmasi damla boyutunda azalisa neden olmaktadir. Sisteme verilen enerji miktari
emiilsiyonlarin damla boyutunun belirlenmesinde O6nemli bir etkiye sahiptir.
Genellikle en kii¢iik damlalar ve en dar damla boyutu dagilimi RT T/3 karistirici ucu

ile ¢/T=0.2 konumunda elde edilmistir.

Anahtar Kelimeler: Pickering Emiilsiyonlari, Engelsiz Karigtirmali Tank, Girdap,

Merkez Dis1 Saft, Damla Boyutu

viil



Dedicated to my family and my love

X



ACKNOWLEDGEMENTS

First, I would like to thanks to my thesis advisor inci Ayranci Tansik for her kind
attitude and guidance. Her support, motivation and confidence in me have always
increased my self-confidence. Without her, this study would not have reached its final

form.

I would like to thank my family for supporting me financially and morally all the time
and being there for me. First, I would like to thank my father Hiiseyin Demirdogan
who provided me with all kinds of support, my mother Serpil Demirdogan who shared
my stress with me in all time and my sister Simge Demirdogan who made me laugh
even in the hardest time. I would also like to thank my love Ilhan Dogan who

supported me in all time for his patience and self-sacrifice.

I would like to thanks to members of Multiphase Mixing Research Laboratory, METU
especially Usman Abdulrasaq, Dila Karakaya, Gokhan Gok, Ezgi Altintas and Bagak

Kiitiik¢ii for their kind cooperation and support.

I would like to thank Asli Karausta who provided me plastic cans for carrying distilled
water and not leave me alone with her conversation while working, Burak Akdeniz
who helped to take microscopic images of the emulsion, Simge Gider who drew
plexiglass apparatus, Gokhan Ustabas who helped me to get plexiglass apparatus and
Selin Cansu Go6lboylu who helped me in case of any problems related to submission

procedure of my thesis.

This study is supported by TUBITAK (The Scientific and Technological Research
Council of Turkey) and METU BAP. I thank them for their financial support.
TUBITAK project number is 116M304 and METU BAP project number is YLT-304-
2018-3760.



TABLE OF CONTENTS

ABSTRACT ...ttt sttt ettt et e bt et s aeesbeennesaeens v
07/ vil
ACKNOWLEDGEMENTS ...ttt e X
TABLE OF CONTENTS ...ttt sttt st xi
LIST OF TABLES ...ttt ettt et Xiv
LIST OF FIGURES ...ttt st XV
LIST OF ABBREVIATIONS ...ttt e Xix
LIST OF SYMBOLS ...ttt ettt ettt XX
CHAPTERS
1. INTRODUCTION ....coiiiiiiiiiiee ettt ettt ettt et et beeseaeeneas 1
L1, EMUISIONS 1.ttt ettt st eateas 1
1.2. Surfactant-based EMUISIONS ........ccceeeiiiiiiiiiiiiiiieieeeee e 3
1.3. Pickering EMUISIONS .....cc.ooiiriiniiiiinieeeectcetctee e 5

1.4. Significant Physicochemical Parameters for Pickering Emulsion Formation...8

1.4.1. The Effect of Particle SiZe........ccocvviiiiiiiiiiiieeeeeeee e 9
1.4.2. The Effect of Particle Shape ..........cccoevvieeiiiiiiiieeiieeieeeee e 9
1.4.3. The Effect 0of Oil VISCOSILY ..eecviiiiiiiieiiieiiiieeiieeeiee ettt 9
1.4.4. The Effect of pH and Salt Concentration.............ccceevevveerciieercneeencneeenenennn 10

1.5. Significant Hydrodynamic Parameters for Pickering Emulsion Formation....10

1.5.1. The Effect of the Presence of Baffles .........ccccoooiiiiiiiiiiiniie 10
1.5.2. The Effect of Shaft Position in Unbaffled Tanks ...........ccccceevcvveerrrennnenn. 12
1.5.3. The Effect of the Type of the Impeller ..........cccoeevviieeciieniiieeieeeeeeen 13
1.5.4. Significant Hydrodynamic EXpressions..........c.cccoecveviieiiienieeneenieeieene, 16

X1



1.5.4.1. Impeller Tip SPeed ......cccvverieiiiiiieeiieie et 16

1.5.4.2. Impeller Reynolds NUMDET..........cccccuieriiiiiieniieiieieeieee e 16
1.5.4.3. Weber NUMDET........cccuoiiiniiieniieieeieeesit et 17
1.5.4.4. Power/Mass Ratio........ccceeiiiiiiiiiiiiiieicceee e 17

1.6. D1op Size€ MeEaSUIrCmMENt........ccccveeeiieeeireeeieieeeireeesieeeeteeeereeesseeessseeessseeessneens 18
1.7. Motivation Of TRESIS ....ccoueiiiiiiiieiiecieee e 21
2. EXPERIMENTAL PROCEDURE.........ccceootiiiiieieieeereeeeeeee e 23
2.1 MAtETIALS. ...ttt e 23
2.1.1. Determination of the Type of Particle..........cccoooveiiiiiiiiiiiniiiiecee 23
2.1.2. Determination of the Type of Oil........ccccoceiiiiiiiiniiniiiicecee, 25
2.1.3. Determination of the Type of Water ........c.occeevvieiieniieiiiecieceeeeeee 27
2.2. Experimental SEtUP .........ooviiiiiiiiiiiie et 28
2.3. Development of the Procedure of Emulsification Experiments...................... 31
2.3.1. Arrangement of Experimental Setup........ccccoevvveevieeniieeniieeeiie e 31
2.3.2. Determination of Oil/Water Ratio and the Amount of Particles............... 32
2.3.3. Determination of Agitation Speeds for Emulsification........................... 33
2.3.4. Determination of Premixing Time ........ccccceveeveriiniinieniieneeienienceeeeen 37
2.3.5. Determination of Emulsification Time.........cccooceevvieniiiiiienienienieeee 38
2.4. General Procedure of Emulsification Experiments.............ccccceveeverieneenennne. 39
2.5. The Procedure of Mixing Time EXperiments ..........ccccceevveeviienieniienieeieene 44
2.5.1. Materials and Method for Decolorization .........c...coceevevviereeneniencenennne. 45
2.5.2. Method for Image AnalysiS........ccceocueeviienieeiieniieeiieeie e 45

3. RESULTS AND DISCUSSION ......ooiiiiiiiiiiiniteieeieetee ettt 49

xii



3.1. Effect of Hydrodynamics on the Production of Pickering Emulsions in

Unbaffled Stirred Tanks with Centered Shaft............ccccooiiiiiiiiiiiii, 49
3.1.1. Effect of Impeller Tip Speed .......cvveeiiieiiiiieciieeee e 49
3.1.2. Effect of Impeller Reynolds NUmber...........ccccveeviieeiiieeiieeieeeie e 56
3.1.3. Effect of Weber NUMDET..........coociiiiiiiiiiiiiieieceee e 62
3.1.4. Effect of Power/Mass Ratio.........ccoceeiiiiiiiiiiiiiniiiiieeceee e 68

3.2. Effect of Hydrodynamics on the Production of Pickering Emulsions in

Unbaffled Stirred Tanks with Eccentric Shaft.............coocoooiniininiinieee, 73
3.2.1. Effect of Impeller Tip Speed .....ccceoiieiiiriiieiienieeieeieeieee e 77
3.2.2. Effect of Impeller Reynolds NUumber............ccccccvevviienieeiienieeiieeieeiene, 86
3.2.3. Effect of Weber NUMDET..........ccccoviiiiiiiiiiiiiieieeececceeee e 93
3.2.4. Effect Of POWET/IMASS.......coiiriiiiiieeienieeieeestee et 99

.............................................................................................................................. 105
3.4. MixXing Time ANALYSIS.....ccceerueriiriiriirienieie ettt 116
4. SUMMARY, OUTCOMES AND FUTURE WORK .......ccccccoiriiniininiinnns 119
4.1. Summary and OULCOMES ......c.eeeruieeriieeiiieeriieerieeerteeesireeeseeeesseeesaeeessseeenns 119
4.2, FULUIE WOTK .ottt 122
REFERENCES ... .o ettt sttt ettt s 123
APPENDICES
A, Mixing Time Code........ooiiniiiiiriiiiiiiiiie e 133

xiil



LIST OF TABLES

TABLES

Table 2.1. Volumetric particle size diStribution ............ccceeeevverieeiiienieeiiienie e 24
Table 2.2. Physical properties of glass beads ..........ccccceevieriiienieiiieniieieesie e 25
Table 2.3. Physical properties of silicon o1l ..........cccceeviiiieriiieiiieeieeeeeee e 26
Table 2.4. The speeds of oil entrainment, oil mixing and air entrainment for all
1100101511 () £ USSR 35
Table 2.5. Minimum agitation speeds required for turbulent regime......................... 36
Table 3.1. Selected Vtip values and corresponding impeller speeds.............ccueeunennn. 50
Table 3.2. Selected Reynolds numbers and corresponding impeller speeds.............. 57
Table 3.3. Selected Weber numbers and corresponding impeller speeds.................. 63
Table 3.4. Selected power/mass ratios and corresponding impeller speed................ 69

Xiv



LIST OF FIGURES

FIGURES

Figure 1.1. The structure of a surfactant and micelles (a) o/w emulsion, b) w/o
CIMULSTON ) ...ttt ettt et e et e st e e bt e s sbe e teeesbe e seeesseenssesnsaessseanseenns 4
Figure 1.2. The contact angle and the interfacial tensions of a solid particle situated at
the O1l/Water TNTETTACE........oeuiiiiieie e e 6
Figure 1.3. The relation between the contact angle of a solid particle and the type of

an emulsion (a) Oil in water emulsion with hydrophilic solid particles b) Water in oil

emulsion with hydrophobic solid particles) ..........cccuevireriierieeiiienieciece e 7
Figure 1.4. Comparison of mixing in the baffled and the unbaffled tank.................. 12
Figure 1.5. The effect of eccentricity on vortex formation............cceeeeeevieereeniieennene 13
Figure 1.6. Flow patterns of PBT impellers in baffled tanks..........c.cccocenieiiniencne. 14
Figure 1.7. Flow pattern of RT impeller in baffled tanks ...........cccccecenininninnnennn. 15
Figure 1.8. Scattered light depending on particle SiZe ........ccceveeveriiinienienvicneenenne. 19
Figure 1.9. Laser diffraction configuration of Malvern Mastersizer 3000 ................ 19
Figure 1.10. Light scattering by Mie and Fraunhofer models ..........c...ccoceeveeninnnee. 20
Figure 2.1. Particle size distribution of glass beads........c..cceoeerveiiiiniiiniiiiienienen. 24
Figure 2.2. Microscopic image of spherical glass beads.........c..cccceeviriininiinnncnne. 25
Figure 2.3. The effect of type of distilled water on drop Size ........cc.ccoceeververeenncnnee. 28
Figure 2.4. Tank configurations ..........coocueeiieiiiiiieniienieneeeeeee e 29
Figure 2.5. Impellers used in the experiments (from left to right respectively: RT T/2,
RT T/3, PBTD T/2 and PBTD T/3) ....ccoooiiiiiiiniiiiiieieieecieeceneeeeeeeeeeeie e 29
Figure 2.6. PBTU T/2 and PBTU T/3 from left to right respectively....................... 30
Figure 2.7. Used overhead stirrers in the eXperiments...........cccceeveenieiiieeniennieennenne 31

Figure 2.8. The apparatus used for arrangement of shaft positions: e/T=0, e/T=0.1 and
e/T=0.2 from left to right reSPeCtiVElY ......ceeviiiiiiiiieiiieie e 32

Figure 2.9. Arrangement of shafts using plexiglass apparatus............cccceceeevveenrennen. 32

XV



Figure 2.10. The effect of premix time on drop SiZe .......cccceceevveveeienienerniereeneenne. 37

Figure 2.11. The effect of emulsification time on drops size for large impellers...... 38
Figure 2.12. The effect of emulsification time on drops size for small impellers..... 39
Figure 2.13. Malvern Mastersizer 3000............ccveriieriierieeriienieeiieeieeiee e eeeesiaeens 40
Figure 2.14. Sample in wet diSpersion Unit ............cceeeverieerienieeniienieeieenie e s 42
Figure 2.15. Emulsion drop size distribution.............ccccveevieeeiiieeiieeeieecie e 43
Figure 2.16. Microscopic image of Pickering emulsion drops..........c.cccceeevveevveennee. 44
Figure 2.17. Frames of color Change .............ccooouieiiiiiiiiiiiieeeeee e 46
Figure 2.18. MiXing time Graph..........ccccoeviiieiiiiiieiieeieeeie ettt ens 47
Figure 3.1. The effect of impeller tip speed on drop Size.........ccoeevevvieriveneeeceennnnns 51
Figure 3.2. Formed vortices at the same impeller tip speed (132 m/min) for the large
1100101511 (o) 4 USRS 54
Figure 3.3. Formed vortices at the same impeller tip speed (132 m/min) for the small
TMPCIIETS ..ottt ettt ettt e et e e be e baessbeessaeesseesseaasseensseensaenseaans 55
Figure 3.4. Drop size distribution of all impellers at the same impeller tip speed: 132
100751111 | H OO PSSP PTUROUPRRR PRSPPI 56
Figure 3.5. The effect of Reynolds number on drop Size .........cccceeeeveeeciveenciieennenns 58
Figure 3.6. Drop size distribution of all impellers at Reynolds number 22 000........ 61
Figure 3.7. Drop size distribution of all impellers at Reynolds number 30000......... 62
Figure 3.8. The effect of Weber number on drop Size........cccccoceevveeiinieninicnccnennne. 66
Figure 3.9. Drop size distribution of all impellers at Weber number 350................. 67
Figure 3.10. Drop size distribution of all impellers at Weber number 450 ............... 68
Figure 3.11. The effect of power/mass on drop Size..........ccoceeveeveeeiineenenieneeniennne. 71

Figure 3.12. Drop size distribution of all impellers at the same power/mass ratio: 350

................................................................................................................................... 73
Figure 3.13. Vortex formations at different eccentricity ratios with PBTD T/3 ....... 74
Figure 3.14. Vortex formations with RT impellers at /T=0.2..........cccccocervervennenee. 75
Figure 3.15. Vortex formations with PBTD impellers at e/T=0.2...........cccccveenenee. 76
Figure 3.16. Vortex formations with RT impellers at €/T=0.1...........cccccceviiniinnncns 76
Figure 3.17. Vortex formations with PBTD impellers at e/T=0.1...........ccccceeeenees 77

XVi



Figure 3.18. The effect of impeller tip speed on drop size at ¢/T=0.1....................... 78

Figure 3.19. Formed vortices at the same impeller tip speed (132 m/min) for the small

IMPELIETS At €/T=0.1 ....ooioiiiiiiieeee e s e s are e e e e e sveeesaaee e 79
Figure 3.20. Formed vortices at the same impeller tip speed (132 m/min) for the large
IMPEllers at €/T=0.1 ......cooriieiieieee et eaae e ee 80
Figure 3.21. Drop size distribution of all impellers at the same impeller tip speed: 132
10070001 Y T R SRR PRRP 81
Figure 3.22. The effect of impeller tip speed on drop size at e/T=0.2............cc...c....... 82

Figure 3.23. Formed vortices at the same impeller tip speed (132 m/min) for the large
IMPEIIETS At €/T=0.2 ....oieeiiiiiieiieieee ettt e e saeebaesaeeens 83
Figure 3.24. Formed vortices at the same impeller tip speed (132 m/min) for the small
IMPEIIETS At €/T=0.2 ....oiiiiiiiiiiecee et e e e e st e e s aee e s reeesaaeeessaeeenes 84
Figure 3.25. Drop size distribution of all impellers at the same impeller tip speed: 132
M/MIN A €/T=0.2 1.ttt ettt 85
Figure 3.26. Effect of eccentricity on drop size at the same impeller tip speed (Viip=
132 M/IIN) 1.ttt ettt e et e et e e e s beeeabeeetaeeensaeeenseeeensaeennneeennnes 86
Figure 3.27. The effect of Reynolds number on drop size for all impellers located at
©/TZ0. 1 ettt ettt ettt et h et et ae et eneas 88
Figure 3.28. Drop size distribution of all impellers at the same Reynolds number: 30
000 At €/T=0.1 .ottt et ettt et e et esbteesbeeseeeebeesaeeens 89

Figure 3.29. The effect of Reynolds number on drop size for all impellers located at

€/ T00.2 ettt ettt et a et et et neenees 91
Figure 3.30. Drop size distribution of all impellers at the same Reynolds number: 30
000 At €/T=0.2 ..ottt ettt ettt et e st e bt et e et e e ateenbeesneeebeenaaaens 92
Figure 3.31. Effect of eccentricity on drop size (Re=30 000).........cccceeeevveercrveerneenns 93
Figure 3.32. The effect of Weber number on drop size for all impellers located at
©/T0.1 ettt ettt et a e 94
Figure 3.33. Drop size distribution at Weber number 450 at ¢/T=0.1 ...............c....... 96

Figure 3.34. The effect of Weber number on drop size for all impellers located at

©/T0.2 ettt st 97

Xvii



Figure 3.35. Drop size distribution at Weber number 450 at e/T=0.2..................... 98

Figure 3.36. Effect of eccentricity on drop size (Weber=450).........ccccvvvevcrveennnnns 99

Figure 3.37. The effect of power/mass on drop size at €/T=0.1 ..........cceeevrvrernenn. 101
Figure 3.38. Drop size distribution of all impellers at the same power/mass ratio: 400
AL ©/TT0.1 ettt 102
Figure 3.39. The effect of power/mass on drop size at €/T=0.2 ..........cceceevvrerneenns 103
Figure 3.40. Drop size distribution of all impellers at the same power/mass ratio: 400
AL €/ T=0.2 ettt e ae e e earean 104
Figure 3.41. Effect of eccentricity on drop size (power/mass=400)........................ 105
Figure 3.42. Formed vortices at the same impeller tip speed (132 m/min at ¢/T=0)
................................................................................................................................. 106
Figure 3.43. The effect of impeller tip speed on drop size at e/T=0........................ 108
Figure 3.44. Drop size distribution of all impellers at the same Vi (at ¢/T=0)...... 109
Figure 3.45. Formed vortices at the same impeller tip speed (132 m/min at ¢/T=0.1)
................................................................................................................................. 110
Figure 3.46. The effect of impeller tip speed on drop size at e/T=0.1..................... 111
Figure 3.47. Drop size distribution of all impellers at the same Vi (at €/T=0.1)...112
Figure 3.48. Formed vortices at the same impeller tip speed (132 m/min at ¢/T=0.2)
................................................................................................................................. 113
Figure 3.49. The effect of impeller tip speed on drop size at e/T=0.2..................... 114
Figure 3.50. Drop size distribution of all impellers at the same Vi (at e/T=0.2)... 115
Figure 3.51. Effect of eccentricity on the impellers at the same Viip....coceevueenneenee. 116

Figure 3.52.

Mixing time analysis for all impellers at the same impeller speed (865

XViii



LIST OF ABBREVIATIONS

ABBREVIATIONS
o/w - Oil in water
PBTD - Down Pumping Pitched Blade Turbine
PBTU - Up Pumping Pitched Blade Turbine
ppm - Power per mass (W/kg)
Re - Impeller Reynolds number
RGB - Red-blue-green
RO - Reverse osmosis
RT - Rushton Turbine
UP - Ultra-pure
w/o - Water in oil
We - Weber number

X1X



SYMBOLS

Roman characters

ds2

dso

e/T

Nip1
Nip2

Nmixed

LIST OF SYMBOLS

The volume fraction of the dispersed phase
Off-bottom clearance (m)

Impeller diameter (m)

Sauter mean diameter (um)

Number mean diameter (um)

The distance between the center of the tank and the center of

the shaft (m)

Eccentricity ratio

Liquid height (m)

Impeller height (m)

Particle mass (kg)

Particle mass (kg)

Impeller rotational speed (rpm)
Air entrainment speed (rpm)
Oil entrainment speed (rpm)
Oil mixing speed (rpm)

The number of mixed pixels

XX



teire -
Vimp -

Vtank =

Greek characters
Yow -
Vso -

Vsw -

Impeller power number
Impeller flow number

The total of pixels

Power (W)

Inner tank diameter (m)

The mean circulation time (s)
Impeller swept volume (m?)
Tank volume (m?)

Impeller tip speed (m/min)

Weight fraction

Interfacial tension between oil/water phases (N/m)
Interfacial tension between solid particle/oil phase (N/m)
Interfacial tension between solid particle/water phase (N/m)
Power/mass

Relative viscosity

Emulsion viscosity (kg/m s)

Continuous phase viscosity (kg/m s)

Emulsion viscosity (kg/m s)

Emulsion density(kg/m?)

XX1i



Pc

Pp

Pw

Continuous phase density (kg/m?)
Particle density (kg/m?)
Water density (kg/m®)

Interfacial tension (N/m)

xxii



CHAPTER 1

INTRODUCTION

1.1. Emulsions

An emulsion is a fluid system obtained by dispersing one of two immiscible liquids into the
other. Emulsification processes are used in many different industries including cosmetics
(lotions and lipsticks), food processing (creams, milk, mayonnaise, salad dressings, ice creams
and margarine etc.), paint (water-based emulsions), petroleum (crude oil emulsions) and
pharmaceutical industries (drugs and creams) (Rigg and York, 1985; Comstock, 1992;
Choplin et al., 1998; Khan et al., 2012). Research on emulsions include interdisciplinary
studies among interfacial chemistry, fluid mechanics, colloid and polymer chemistry

(McClements, 2016).

Emulsions are generally composed of oil and water. When these two phases come
together, since the density of oil phase is lower than the density of water phase, the oil
phase is positioned above the water phase. When emulsification process is applied,
spherical drops form. The interfacial force that keeps the drops spherical is defined as
Laplace pressure (AP;) and expressed by Young-Laplace equation (Adamson and

Gast, 1997):

4
AP, :7” (1.1)

Here, y is the interfacial tension between the phases and d is the drop diameter. At
equilibrium, the pressure inside of the drop is larger than the pressure outside of the
drop. Increase in the interfacial tension between the phases or decrease in the size of
drops results in increase in Laplace pressure. For drop breakup, an external stress to
be applied must be greater than the Laplace pressure. Since the Laplace pressure of
smaller drops are higher, the energy required to disrupt the drops is larger (Walstra,

1993).



The reason of the thermodynamic unstability of emulsions can be explained by Gibbs
free energy concept (Tadros, 2013; McClements, 2016). According to the second law

of thermodynamics, Gibbs energy of emulsion formation is expressed by:

AGformation = VAA - TASconfiguration (1-2)

where y is the interfacial tension between the phases, AA is the contact area between
oil and water phases, T is the absolute temperature and S is the configurational
entropy. When one of two phases is dispersed into the other phase to form an emulsion,
the contact area between the phases increases. This means that AA term is always
positive during emulsion formation. Entropy term is also positive because the number
of emulsion drops increases during emulsion formation. In general, yAA term is
greater than —TAS on figuration and this makes the AGyormation pOsitive. However, it
is known that AGformation Should be negative for the system to be spontaneous.

Therefore, emulsion formation is thermodynamically unfavorable, so phases separate

after a while and return to their initial stage.

Apart from thermodynamic stability, kinetic stability of an emulsion is also important.
Kinetic stability is related to long-term stability of an emulsion. After emulsification
process is applied, an emulsion is formed at metastable state. When some
physicochemical processes such as sedimentation or creaming due to gravity,
flocculation and coalescence take place, stability of an emulsion disappears, and phase
separation occurs (McClements and Gumus, 2016). For an emulsion to be kinetically
stable, the activation energy of the system must be larger than the thermal energy of
the system (kT). An emulsion that has greater kinetic stability has longer shelf life.
The smaller the emulsion drops the higher the kinetic stability and the lower the
thermodynamic stability (McClements, 2016).

To provide thermodynamic and kinetic stability of emulsions, emulsifiers have to be
used (Wu and Ma, 2016; McClements, 2016). With the adsorption of emulsifiers at
the oil-water interface, the interfacial area between the phases (AA) decreases and this

provides thermodynamic stability (Wu and Ma, 2016). Also, emulsifiers form a



protective shield around the emulsion drops to prevent them becoming very close and
coalesce (Tang et al., 2015; McClements, 2016). This results in an increase in kinetic

stability of emulsions.

There are mainly two types of emulsion: oil-in-water (o/w) and water-in-oil (w/0). If
the oil phase is dispersed in the water phase, oil drops are formed in the water and this
type of emulsion is called as oil in water (o/w) emulsion. In that type of emulsion, oil
is referred to as dispersed phase and water is referred to as continuous phase. On the
other hand, if the water phase is dispersed into the oil phase, water drops are formed
in the oil and this type of emulsion is called as water in oil (w/0) emulsion. In that type
of emulsion, water is referred to as dispersed phase and oil is referred to as continuous

phase.

Without emulsifiers, the type of an emulsion is based on the volume fractions of the
phases. If the volumetric amount of oil phase is lower than the volumetric amount of
water phase, the oil phase is dispersed into the water phase and oil in water emulsion
is formed (McClements, 2016). However, when emulsifiers are added to the mixture
of these phases, the type of emulsifier used for stabilization determines the type of an

emulsion.

1.2. Surfactant-based Emulsions

To stabilize emulsions, various types of emulsifier can be used. In the conventional
emulsification processes, chemical surfactants are used for stabilization (Wu and Ma,
2016; Binks, 2002). Chemical surfactants are asymmetric molecules. A surfactant
consists of hydrophilic head and hydrophobic tail parts. This means they have
amphiphilic structure. Surfactants are surface active agents, so they decrease the
interfacial tension. When they are adsorbed at the interface, water and oil molecules
are replaced by surfactants. While hydrophilic head of the surfactant is placed in the
water phase, hydrophobic tail of the surfactant is placed at the oil phase. Therefore,
increase in molecular interactions causes decrease in interfacial tension (Rosen, 2004).

Adsorbing of surfactants at the fluid-fluid interface provides emulsion stabilization by



decreasing interfacial area between the phases and preventing coalescence of newly
formed drops. Thus, the system becomes thermodynamically and kinetically stable.
According to Bancroft rule, the phase in which the solubility of a surfactant is high
becomes continuous phase (Bancroft, 1913). Which type of surfactant should be used
for the desired type of emulsion is determined by HLB method developed by Griffin
(1949). This method depends on the balance between the hydrophilic and hydrophobic
parts of a surfactant. A surfactant molecule has a hydrophile - lipophile balance (HLB)
number and the type of an emulsion is determined by this number (Binks, 2002).
While when HLB number has a range between 4 and 6, w/o emulsion is formed, when
HLB number has a range between 8 and 18+, o/w emulsion is formed (Griffin, 1949).
When surfactants are used for emulsion stabilization, they form micelles in the system.
The structure of a micelle varies with the type of an emulsion. The structure of a

surfactant and formed micelles can be seen in Figure 1.1.
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Figure 1.1. The structure of a surfactant and micelles (a) o/w emulsion, b) w/o emulsion)
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1.3. Pickering Emulsions

Surfactants used as emulsifier in the conventional emulsions have some
disadvantages. They are expensive materials. They can cause tissue irritation and cell
damage due to their chemical contents. When these drawbacks are taken into
consideration, their applications especially in cosmetics, biomedical, food and
pharmaceutical industries are challenging (Schrade et al., 2013; Chevalier and
Bolzinger, 2013; Tang et al., 2015). Therefore, alternative ways to stabilize emulsions
have been searched. Studies conducted by W. Ramsden and S. U. Pickering have been
pioneered in finding alternative emulsifiers. Ramsden (1903) observed that solid
particles which are placed at the interface of the two phases decrease the surface
energy of the free surface. Pickering (1907) realized that when solid particles which
adsorb at the oil/water interface were used as emulsifier, stable emulsions were

obtained. Emulsions stabilized using solid particles are called Pickering emulsions.

Solid particles have superior properties than surfactants. Since they contain low
toxicity, they are less harmful to human health and the environment. Solid particles
work like surfactants during emulsification process. Both are adsorbed at the oil/water
interface and decrease the interfacial area between the phases. Thus, surface free
energy is also reduced, and the system becomes thermodynamically favorable. There
are two main steps for stabilization of an emulsion with solid particles. In the first
step, solid particles form a steric and electrostatic protective shield around the
dispersed drops in the system by adsorbing at the oil/water interface. Therefore,
coalescence of newly formed drops is prevented. In the second step, a three
dimensional network is formed by particle-particle interactions to provide

stabilization (Binks, 2002).

Solid particles do not have sides with different properties unlike surfactants that have
amphiphilic structure (Binks, 2002). Therefore, in determination of the type of an
emulsion, different property of a solid particle is utilized. While the type of an

emulsion is determined by HLB number when surfactants are used for stabilization,



when solid particles are used as emulsifier, the type of an emulsion depends on the
particle wettability. Particle wettability is stated by three-phase contact angle of a solid
particle (0) shown in Figure 1.2. The contact angle of a solid particle is measured in
the water phase and expressed by the Young equation given in the following (Binks

and Clint, 2002).

water

¥so

Figure 1.2. The contact angle and the interfacial tensions of a solid particle situated at the oil/water
interface

Yso — Vsw (1,3)
Yow

cosf =

Here, y,, is the interfacial tension between the solid particle and the oil phase, yg,, is
the interfacial tension between the solid particle and the water phase and y,,, is the
interfacial tension between the oil phase and the water phase. Surfactants decrease the
interfacial tension between the phases because they are surface active materials.
However, the effect of the solid particles on the interfacial tension between the phases
1s complicated since studies about this topic have contradictions. Levine et al. (1989)
observed that interfacial tension was decreased by hydrophilic silica particles in
carbon tetrachloride-water emulsion. However, Drelich et al. (2010) observed that
interfacial tension was not affected in paraffin oil-water emulsion stabilized with

hydrophobic silica particles.



A solid particle that has a contact angle lower than 90° shows hydrophilic property
and most part of the particle is wetted by the water phase. Thus, this type of particle
is used to stabilize oil in water emulsions. On the other hand, a solid particle has a
contact angle higher than 90° shows hydrophobic property and most part of the particle
is wetted by the oil phase. Therefore, this type of particle is used to stabilize water in
oil emulsions. The relation between the contact angle of a solid particle and the type

of an emulsion is shown in Figure 1.3.
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Figure 1.3. The relation between the contact angle of a solid particle and the type of an emulsion (a)
Oil in water emulsion with hydrophilic solid particles b) Water in oil emulsion with hydrophobic

solid particles)

The contact angle of a solid particle plays an important role on emulsion stabilization.
If the contact angle of a solid particle is too low or too high, in other words, the particle
is very hydrophilic or very hydrophobic, the emulsion cannot be stabilized because

particles are located in one phase instead of being at the interface between the phases



(Binks, 2002). More stable emulsions are obtained with the solid particles which have
a contact angle close to 90° (Kaptay, 2006).

According to Binks (2002), energy is required to detach a particle from the interface.
Detachment energy (AE) depends on particle radius (r), oil/water interfacial tension
(Yow) and particle contact angle (0). The relation between them is expressed by the

following formula:

AE = nr?y,,, (1 + cos 0)? (1.4)

Detachment energy of a particle is greater than its thermal energy (kT). Therefore, it
can be said that solid particles are adsorbed at the interface almost irreversibly. In
terms of this aspect, solid particles provide better stability than surfactants because

surfactant can be adsorbed and desorbed more easily (Binks, 2002).

Apart from solid particles with homogeneous surface, there are also solid particles
with heterogeneous surface. They show amphiphilic property like surfactants. These
particles have been prepared from glass spheres by Casagrande et al. (1989) and they
are named as Janus particles. Since particle detachment energy of Janus particles is
higher than ordinary solid particles, an emulsion stabilized with Janus particles has
better stability compared to an emulsion stabilized with homogeneous solid particles

(Binks and Fletcher, 2001).
1.4. Significant Physicochemical Parameters for Pickering Emulsion Formation

There are some significant physicochemical parameters that affect drop size and drop
size distribution of Pickering emulsions. These parameters can be classified as the
type, size, amount and shape of the solid particles, the type and viscosity of oil, the
oil/water ratio, water pH and salt concentration in the system. The effect of these
physicochemical parameters on the production of Pickering emulsions have been
searched previously in detail. The results of some studies related to these parameters

are summarized in the following.



1.4.1. The Effect of Particle Size

The size of particles has an important effect on the emulsion stabilization. The surface
coverage of newly formed drops is affected by the size of the particles. Binks and
Lumsdon (2001) performed a study with polystyrene latex particles and they observed
that increase in particle size leads to increase in drop size. The same result was also
obtained with the study conducted by Tsabet and Fradette (2015b) with glass

microspheres. The smaller the particles, the more stable the emulsion drops.
1.4.2. The Effect of Particle Shape

Madivala et al. (2009) showed that when ellipsoid particles are used instead of
spherical particles, more stable emulsions are produced. They observed that ellipsoid
polystyrene latex particles provide higher stability compared to spherical ones. This
is an indication that emulsion stability is affected by the aspect ratio of the particles.
According to their study, ellipsoid particles cover the surface of the drops more
effectively because they have stronger capillary forces. Also, since they form elastic

shield around the drops, coalescence of drops is prevented.
1.4.3. The Effect of Qil Viscosity

According to studies conducted by Tsabet and Fradette (2015a, b), increase in oil
viscosity adversely affects emulsion stabilization. Increase in oil viscosity makes drop
movement difficult and the contact of drops with the particles becomes less (Chesters,
1991). Tsabet (2014) showed in his study that increase in oil viscosity causes increase
in particle adsorption time. An increase in oil viscosity may also result in decreased
levels of shear in the tank. As a result, larger drops are formed. However, decrease in
oil viscosity leads to increase in shear in the tank and this cause drop breakup. Since
mobility of drops and particles increases, their contact also increases, and particle
adsorption becomes easy. Therefore, more stable drops are produced with low

viscosity oils.



1.4.4. The Effect of pH and Salt Concentration

Addition of a salt or an acid into an emulsion increases ionic species in the system.
The interactions between the ionic species and the particles gives rise to particle
flocculation and this situation creates the similar effect of stabilizing of an emulsion
with large particles (Tsabet and Fradette, 2015b). Therefore, increase in salt
concentration in the system leads to formation of larger and less stable drops. Binks
et al. (2006) also observed that increase in ionic species in the system leads to drop

coalescence.
1.5. Significant Hydrodynamic Parameters for Pickering Emulsion Formation

Apart from physicochemical parameters, hydrodynamic conditions in the system play
also an important role for mixing of immiscible liquids. Hydrodynamics of a system
are influenced by many factors: the geometry of the tank, flow regime, the type and
the size of the impellers, the thickness and the number of impeller blades, the off-
bottom clearance of the impeller, the presence of baffles and the position of the shaft.
Also, different hydrodynamic conditions are created by changing hydrodynamic
parameters such as impeller tip speed, impeller Reynolds number, Weber number and
power per mass ratio. Some of these parameters are mentioned in detail in the

following.
1.5.1. The Effect of the Presence of Baffles

Mechanically agitated stirred tanks are used for many purposes including blending,
suspending, dispersing, homogenizing and transferring. The shape of a conventional
stirred tank is vertical cylindric and the fluid in tank is agitated by top-entering rotating
motor (Hemrajani and Tatterson, 2004). Mixing can be done in a baffled or an
unbaffled stirred tank depending on process requirements. The presence or absence of
baffles influences the flow pattern in a stirred tank. Wall baffles transform tangential
flows to vertical flows, provide top-to-bottom mixing without swirl, and minimize air
entrainment (Hemrajani and Tatterson, 2004). Despite these advantages, there are

some drawbacks of the presences of baffles also. Dead zones where mixing is slower
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and more difficult to become homogeneous are formed behind the baffles. This
accumulation also makes tank cleaning difficult. Therefore, in food, pharmaceutical
and cosmetic industries where cleaning is one of the most important criteria, the usage
of baffled stirred tanks for mixing process is challenging (Assirelli et al., 2008). Also,
when precipitation processes are done in baffled tanks, incrustations are formed on the
baffles (Rousseaux et al., 2001). Hekmat et al. (2007) observed from their studies that
performing of crystallization process which is an alternative way for purification of
biomolecules in a baffled tank causes formation of smaller crystal particles compared
to unbaffled tank because the presence of baffles results in damaging of growing
particles. Also, in biotechnological applications, working with baffled tanks can cause

death of shear sensitive cells (Aloi and Cherry, 1996).

Due to drawbacks of working with baffled tanks, in the recent years, mixing in
unbaffled tanks has drawn attention. When baffles are removed, a central vortex
begins to form at the free surface. The depth of the central vortex gets larger when the
impeller speed is increased. Formed vortex on the surface begins to reach the impeller
as the impeller speed increases (Devi and Kumar, 2017). The impeller speed that the
vortex reaches the impeller is defined as critical speed (Ncr). After critical impeller
speed, air entrainments occur. When the impeller speed continues to increase, vortex
enlarges below the impeller and an air cavity is formed below the impeller (Assirelli
et al., 2008; Scargiali et al., 2013). The formed vortex is not steady but moves slightly
and oscillates in the system (Busciglio et al., 2016).

Unbaffled tanks are used in many industrial applications. When unbaftled tank is used
as bioreactor that contains shear sensitive cells, required oxygen for the cells can be
taken into the system without any cell damage. It should be noticed that for the
application of the oxygen feeding for the cells, reaching of the vortex to the impeller
blades should be avoided. Since air entrainment occurs when the vortex reaches to
impeller blade, air bubbles are formed in the system and this can affect the cells

negatively also (Scargiali et al., 2012).
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However, without baffles fluid in the tank performs solid body rotation. This causes
poorer mixing in the unbaffled tanks rather than baffled tanks. The comparison of
mixing in the baffled and the unbaffled tank can be seen in Figure 1.4. The central

vortex formation due the absence of baffles can be seen clearly.

a) Baftled tank b) Unbaffled tank
Figure 1.4. Comparison of mixing in the baffled and the unbaffled tank

1.5.2. The Effect of Shaft Position in Unbaffled Tanks

To eliminate of negative effects of unbaffled stirred tank on mixing, the position of
the shaft can be changed. When the shaft is located at away from the tank center
instead of at the tank center, the vortex formation is affected. Eccentricity is the
distance between the center of the tank and the center of the tank. The ratio of this
distance to tank diameter is defined as eccentricity ratio. Depending on the eccentricity
ratio, the depth of the vortex changes. The vortex even begins to disappear as the
eccentricity ratio increases. When the shaft is located at away from the center of the
tank, the formed vortex gains an inclination with respect to the vertical axis. As the
eccentricity ratio increases, the size of the vortex becomes smaller and inclination with
respect to the vertical axis becomes larger (Galletti and Brunazzi, 2008; Musik and
Talaga, 2016) . After a certain impeller speed, a lower vortex is formed below the

impeller (Montante et al., 2006). However, the system is affected mostly by the upper
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vortex and the effect of the lower vortex on the system is weak compared to the upper
vortex (Galletti et al., 2008). The effect of eccentricity ratio on the vortex formation

can be seen in Figure 1.5.

a) e/T=0 b) ¢/T=0.1 ¢) e/T=0.2

Figure 1.5. The effect of eccentricity on vortex formation

1.5.3. The Effect of the Type of the Impeller

The flow pattern created in a tank varies with the type of the impeller. Impellers can
be classified as axial flow, radial flow, mixed flow and high shear. In selection of an
impeller, the purpose of mixing should be taken into consideration. While solid
suspension is provided more efficiently with axial flow impellers, fluid-fluid

dispersion occurs better with radial flow impellers (Hemrajani and Tatterson, 2004).

The pitched blade turbine (PBT) is built by mounting an even number of angled blades
to a hub. In general, pitched blade turbines that contain 4 blades with 45° blade angle
are used. A pitched blade turbine is a mixed flow impeller that means it creates both
axial and radial flow patterns. It can be designed to provide two different flow

directions: down pumping pitched blade turbine (PBTD) and up pumping pitched
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blade turbine (PBTU). When PBTD is used in a stirred tank, the impeller discharge is
first sent to the bottom of the tank. Then it moves up, circulates in the tank and comes
back to the impeller. On the other hand, when PBTU is used, the impeller discharge
is first sent to the top of the tank. Then it moves down and circulates in the tank and
comes back to the impeller. Created flow patterns with PBT impellers in baffled stirred
tanks are seen in Figure 1.6. PBT impellers are good in solid suspension and blending

processes.

JN—

a) PBTD b) PBTU
Figure 1.6. Flow patterns of PBT impellers in baffled tanks

Rushton turbine (RT) impellers are built by mounting 6 vertical blades to a disc. It
creates radial flow pattern in the system. The impeller discharge firstly impinges to
the tank wall and then circulates in the tank as two parts: one is above the impeller and
the other one is below the impeller and come back to the impeller. Created flow pattern
in a baffled stirred tank can be seen in Figure 1.7. RT impellers are good in fluid-fluid

dispersion.
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Figure 1.7. Flow pattern of RT impeller in baffled tanks

Since Pickering emulsion formation includes solid suspension and liquid-liquid
dispersion, to investigate which type of impeller will give better performance, PBT

and RT impellers were used in this thesis.

While RT impellers create higher shear than PBT impellers, PBT impellers have
higher pumping capacity compared to RT impellers (Hemrajani and Tatterson, 2004).
PBT impellers have greater flow number, so their pumping capacity is higher
compared to RT impellers. Impeller power number is similar to drag coefficient. Just
as the drag coefficient depends on the shape of the object, the power number depends
on the type of the impeller. The power number of RT impeller is higher than PBTD
impeller (Chapple et al., 2002). Therefore, RT impeller gives more energy into the

system.

When baffles are removed, created flow patterns by the impellers in the tank are
affected. When the shaft is at the center, the flow patterns created in unbaffled tanks
by the small impellers are the same with the flow patterns created in baffled tanks.
However, for the large impellers, there is a difference between the flow patterns
created in baffled and unbaffled tanks. In the unbaffled tanks, radial component of the
flow pattern formed with centrically located PBTD T/2 is more dominant. Also, the

impeller discharge is sent with a downward inclination when RT T/2 is centrically
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located in an unbaffled tank. Therefore, it can be said that the flow patterns created

with the large impellers are almost the same.

The flow patterns are also affected by the shaft position. When the shaft is located
away from the center, different flow patterns are created for all sizes of the impellers
compared to baffled and centrically located unbaffled cases. Similar flow patterns are
created with RT, PBTU and PBTD impellers at the region where the shaft is close to
the tank wall. The impeller discharge impinges to the tank wall and due to interaction
between the fluid and the tank wall, fluid separates into two loops at that region. On
the other hand, at the region where the shaft is away from the tank wall, fluid circulates

the tank by following an elliptic path.
1.5.4. Significant Hydrodynamic Expressions
1.5.4.1. Impeller Tip Speed

Impeller tip speed (Viip) 1s the maximum speed that can be obtained at the end of the
impeller blade. In this section, the effect of change in impeller tip speed on the
emulsion drop size was investigated in unbaffled tanks with centered shaft. The

formula of impeller tip speed is given below:

Vyip = TND (1.5)

1.5.4.2. Impeller Reynolds Number

Impeller Reynolds number (Re) represents the ratio of the inertial forces to viscous

forces and it is expressed by the following:

__ND?*p (1.6)
U
The flow regime in the tank is adjusted by changing impeller Reynolds number. When

Re

Re < 10, the flow regime in the tanks becomes laminar. When Re > 20 000, the flow
regime in the tank becomes turbulent. The flow regime between these two is defined
as transitional (Hemrajani and Tatterson, 2004). The fluid flows by following the

streamlines when the flow regime is laminar. However, when the flow regime is
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turbulent, eddies are formed in the system and they cause turbulent fluctuations. They
provide better mixing compared to laminar regime. The presence of turbulent

fluctuations contributes to drop breakup and formation of smaller drops.
1.5.4.3. Weber Number

Weber number (We) represents the ratio of inertial forces to surface forces and it is

expressed by the following:

_ pcN?D? (1.7)
- g

We

While inertial forces cause formation of smaller drops, surface forces try to keep a
drop in original shape. Also, since the interfacial tension between the phases affects
the drop size and Weber number is a parameter associated with the interfacial tension,
investigation of the effect of varying Weber number on the system can be a guiding
for understanding of drop breakup mechanism of the system. As Weber number
increases, inertial forces become dominant in the system and it is expected that drop

breakup occurs mostly.
1.5.4.4. Power/Mass Ratio

Power/mass is an indication of breakup potential of an emulsion system in a stirred
tank. Mass includes volume. When the impeller swept volume is used, the power/mass
is known as the maximum energy dissipation in the tank. At the same power/mass
ratio with different impellers, the same amount of energy is dissipated into the system.
In this thesis, the effect of varying power/mass ratios on drop sizes was investigated.

This ratio is expressed with the following relation:

P pN3D°N, N3D°N, (1.8)
P Vimp p Vimp Vimp

E =
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1.6. Drop Size Measurement

The final drop size of an emulsion depends on the balance between drop breakup and
coalescence and the final value is affected from the conditions created in the system.
Therefore, measurements of drop size and drop size distribution are necessary to
investigate how hydrodynamics affect the system. There are many techniques for
determination of drop size and drop size distribution such as direct imaging, laser
systems and sound systems (Niknafs, 2011). In this thesis, Malvern Mastersizer 3000
equipment was utilized for the measurements. Particle size range between 0.01 um
and 3500 um can be analyzed using this equipment. It works with laser diffraction
principle. A certain amount of particle is put into the wet dispersion unit of the
equipment. Whether the added amount is sufficient is controlled by the obscuration
range. Particle addition is continued until the amount is within the desired obscuration
range. This range can be arranged by the user. During addition of particles, the
equipment applies mixing for better dispersion. If particles agglomerate, adding more
energy can be required to disperse the particles. In that case, the speed of stirrer can
be increased, or ultrasound can be activated. After sufficient dispersion is achieved,
particles are vacuumed and sent to the optical unit. In the optical unit, a laser beam is
directed to the particles. There are two different types of laser beams that can be
utilized during measurements: red light and blue light. Red light source is 4 mW He-
Ne and has 632.8 nm wavelength. Blue light source is 10mW LED and has 470 nm
wavelength (Mastersizer 3000). Once light hits the particles, it scatters. While large
particles create small scattering angle, small particles create large scattering angle as

shown in Figure 1.8.

18



-
7
,/,/
__——*—_______' . . ///
Incident light ~un Incident light e
—) . Small angle scattering e ‘\ Large angle scattering
_____7_______ \‘\\\
. o
\“\
.
a) Large particle scattering b) Small particle scattering

Figure 1.8. Scattered light depending on particle size

While red light is suitable for the measurement of small angle scattering, blue light is
suitable for the measurement of large angle scattering. When the size of the particles
is smaller than 1 pm, the usage of blue light gives more accurate result. The usage of
blue light for the particles above this size reduces the accuracy of the measurements.
Also, wrong results can be obtained when blue light is used to measure drop size of
the particles which contain red and yellow color because of blue light absorption
(Malvern, 2017). In Figure 1.9, diffraction configuration for red light and blue light is

shown.
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Figure 1.9. Laser diffraction configuration of Malvern Mastersizer 3000
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The angular scattered light intensity data collected by detectors is used to create
scattering pattern. Scattering pattern created by the particles can be obtain using two
different optical methods which are Mie theory and Fraunhofer approximation. After
scattering pattern is obtained, particle size and particle size distribution are represented
as volume equivalent sphere diameter (A Basic Guide to Particle Characterization,
2015).

Mie theory requires the information related to optical properties of the particles and
the dispersant. In this theory, incident light is not only scattered but also refracted and
absorbed (Aydin, 2015; Virden, 2017; A Basic Guide to Particle Characterization,
2015). Therefore, refractive and absorption index of both particle and dispersant
should be known. However, according to ISO 13320 standard, if optical properties of
the particles are not known and the size of particles is larger than 50 pm, the usage of
Fraunhofer approximation can be used for particle size and size distribution analysis.
Particles are assumed completely opaque in this approximation and the incident light
is just scattered, so the information of refractive and absorption indices is not required
(A Basic Guide to Particle Characterization, 2015; Rawle, 2003; Ye et al., 2012). If
the size of particles is smaller than 50 pm, Fraunhofer approximation can cause
multiple scattering and wrong results, so for size analysis of the particles below that
size, Mie theory should be used. In Figure 1.10, the difference between Mie and

Fraunhofer model is shown.

S ,ﬂ Scattered
/_—Scattered _(,/.// "
Incident light Incident light ZD
Refracted -,
. Scattered
a) Mie theory b) Fraunhofer approximation

Figure 1.10. Light scattering by Mie and Fraunhofer models
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Drop size can be expressed by various different mean diameter values (Leng and

Calabrese 2004) and all can be obtained by Malvern Mastersizer 3000 equipment:

e The Sauter mean diameter (ds2): It is also known as surface-volume mean
diameter and represents the ratio of the third to second moments of the drop

size distribution.

_ XiETtnd? (1.9)
d32

T yi=m 2
i=1 nid;

e Mass mean diameter (d43): It represents the ratio of the fourth to third

moments of the drop size distribution.

Xt nd} (1.10)
d43

T oyi=m 3
i=1 nid;

e Arithmetic mean diameter (dio, dso, d9o): dio means 10% by volume of all
drops smaller than dio, dso means 50% by volume of all drops smaller than dso
and doo means 90% by volume of all drops smaller than doo (Leng and

Calabrese 2004)

(1.11)

In these relations, the number of drops is represented by n; and the diameter of

drops is represented by d;.
1.7. Motivation of Thesis

There are many studies in the literature about the effect of physicochemical parameters
on the production and the stability of Pickering emulsions. However, studies about the

effect of hydrodynamic conditions on Pickering emulsion formation are still scant.
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Also, experiments related to Pickering emulsions were done in vials and the
production were performed by handshaking method. In food industries, on the other
hand, homogenizers were utilized to produce Pickering emulsions. There are some
studies carried out by Tsabet and Fradette (2015a, b) that the productions were done
in the stirred tanks. They have mainly focused on the effect of physicochemical
parameters on Pickering emulsions in their studies. They did not compare types of
impeller and different hydrodynamic conditions. They have performed the
experiments in unbaffled stirred tanks with eccentrically located shaft but did not
provide any information about the eccentricity ratio. Therefore, the effect of
eccentricity ratio on the production of Pickering emulsions are unknown. Abdulrasaq
and Ayranci, (2019) investigated the effect of hydrodynamics on the drop size of

Pickering emulsions, but they used a baffled stirred tank.

In this thesis, it was aimed to investigate the effect of hydrodynamics on the
production of Pickering emulsions in unbaffled stirred tanks by analyzing drop size.
For this purpose, productions were performed with three different types of impeller
which are PBTD, PBTU and RT at two different sizes: T/2 and T/3. Also, experiments
were done when the shaft was located at three different positions: ¢/T=0, e/T=0.1 and
e/T=0.2. To observe only the effects of hydrodynamic conditions, physicochemical
properties were kept constant throughout the experiments. The emulsions were
produced with the listed impellers at given eccentricity ratios at varying tip speed,
impeller Reynolds number, Weber number and power per mass. Their performances

were compared at the same value of each hydrodynamic parameter.

In Chapter 2, experimental procedure of the experiments performed in this study is
given in detail. In Chapter 3, the effect of different types of impellers and the effect of
different hydrodynamic conditions on the production of Pickering emulsions are given
as drop size and drop size distribution. Impeller performances and the effect of shaft
position are compared by measuring drop size of the emulsions. In Chapter 4, results

of this study are summarized, and suggestions are done to improve this study.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1. Materials

The aim of this study was to investigate the effect of hydrodynamic conditions on the
production of Pickering emulsions in unbaffled stirred tanks. To perform this aim oil
in water Pickering emulsions were prepared. Hydrophilic solid particles were used for

stabilization. Details of the materials are given below.
2.1.1. Determination of the Type of Particle

The selection of a set of solid particles that were appropriate for the production of o/w
Pickering emulsions was based on a literature survey. The studies carried out by Tang
et al. (2015) and Tsabet and Fradette (2015a, b) reported a range of possible particle
types. Several types of particles were selected: micronized calcite, micronized silica,
micronized zinc powder, titanium dioxide, glass beads, micronized zinc oxide and
micronized copper oxide. To test their suitability for this study, the particle size and
particle size distribution of these particles were analyzed with Malvern Mastersizer
3000. O/w Pickering emulsions were formed with each of the particles in vials. The
most appropriate particle type was selected as Sovitec brand glass beads from Omnis
Kompozit considering the particle size distribution and stability and size distribution
of the formed emulsion drops. These glass beads had a narrow particle size distribution
and yielded stable drops with narrow drop size distribution without any visible
agglomeration. The particle size and particle size distribution analysis done with
Malvern Mastersizer 3000, are given in Figure 2.1 and volumetric particle size
distribution is given in Table 2.1. The average particle diameter, dso 18.3 um and 99%

of the particles are smaller than 60 um according to this analysis.
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Particle Name Glass (Soda lime) Concentration 0,0204 %

Particle Refractive Index 1.513 Span 2,268
Particle Absorption Index 0,100 Uniformity 0,698
Dispersant Name Water Specific Surface Area 1030 m*/kg
Dispersant Refractive Index 1.330 D [3;2] 582 pm
Scattering Model Mie D [4;3] 21.1pm
89 Analysis Model General Purpose Dv (10) 2.26 um
Weighted Residual 0,89 % Dv (50) 182 um
Laser Obscuration 21.25 % Dv (90) 438 pm
=
- — \\
Y \ LA R B L) | ' v LA ) | J v LB IR R | ' v "“‘\‘I v \ UL LB LR | v v LENLER LY |
00 01 10 100 1000 1.000,0 10.000,0

Size Classes (um)

Figure 2.1. Particle size distribution of glass beads

Table 2.1. Volumetric particle size distribution

Size (um) % Volume In = Size (um) % Volume In = Size (pm) % Volume In = Size (um) % Volume In = Size (um) % Volume In = Size (um) % Volume In = Size (pm) % Volume In

1,65 1,02 312 1,14 592 2,08 11,2 3,63 21,2 6,27 40,1 4,44 76,0 0,27
1.88 1.00 3,55 1.28 6,72 230 127 4,16 241 6,44 456 347 86,4 0,00
213 0,99 4,03 146 7.64 2,54 14,5 4,75 274 6,34 518 247 98,1 0,00
242 1,00 4,58 1,66 8,68 2,83 16,4 535 311 595 589 1,56 11 0,00
2,75 1,05 521 1.87 9,86 319 187 588 353 530 66,9 0,81 127 0,00

As shown in Figure 2.2 the particle shape was determined to be spherical based on
microscopic image taken with Olympus BX53 Upright Microscope. Physical

properties of glass beads can be seen in Table 2.2.
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Figure 2.2. Microscopic image of spherical glass beads

Table 2.2. Physical properties of glass beads

The name of the product Microperl® (Sovitec)
Chemical Composition Soda lime glass
Particle Size (um) 18.3
Density (g/cm?) 2.52

2.1.2. Determination of the Type of Oil

The selection of a set of possible types of oil was also based on literature survey.
Sunflower oil, corn oil, castor oil and silicon oil were used for production of Pickering

emulsions within the vials and their performance were compared to each other. Based
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on these tests, silicon oil was chosen as dispersed phase because smaller emulsion
drops were obtained with this oil. Another point taken into consideration during the
selection of silicon oil as dispersed phase is the production technique of the oil.
Cooking oils could have had varying properties between batches due to their different
fatty acid contents. This situation could have affected the results of the experiments in
an undesirable way. Silicon oil, however, was produced based on a standard procedure
that would keep the properties almost the same and could be purchased in large
batches. Tsabet and Fradette (2015a, b) who worked on the production of Pickering
emulsions in stirred tanks also used silicon oil. They investigated the effect of
viscosity of silicon oil on the production of Pickering emulsions in stirred tanks with
off-centered shaft. According to the results of their experiments performed with using
silicone oils with different viscosities, smaller drops can be obtained when low
viscosity of silicon oil is used. When the viscosity of oil decreases, oil/particle affinity
increases and thanks to this, the interface is covered in a more effective way. Also,
they found that the size of formed emulsion drops is close when silicon oil viscosity
is between 10 cst and 500 cst. In the light of these studies, 100 cst Dow Corning silicon
oil was selected as the dispersed phase. It was purchased from Pistol Kimya. Using
pendant drop technique, the oil in water interfacial tension was determined as 59.748

mN/m. The physical properties of silicon oil used in this study is given in Table 2.3.

Table 2.3. Physical properties of silicon oil

The name of the product XIAMETER® PMX-200
Silicone Fluid

Viscosity (cst) 100
Density (25°C) (g/cm?) 0.964
Refractive index 1.4030
Surface tension (25°C) (mN/m) 20.9
Interfacial tension (25°C) (mN/m) 59.748
Solubility in some solvents

Pure alcohol Poor

Water Poor
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2.1.3. Determination of the Type of Water

Based on previous studies, it was decided that distilled water would be used as
continuous phase. However, there was no information about which type of distilled
water was used in those studies. Distilled water can be classified as RO (reverse
osmosis) and UP (ultra-pure). To observe the effect of type of water on the production
of Pickering emulsions, two experiments were done (4 experiments with repetitions
in total) with RT T/3 impeller at 1443 rpm when the shaft was 2 cm away from the
tank center. One of them was done using RO water and the other one was done using
UP water. After every hour, a sample was taken. Then the size of formed emulsion
drops was compared by analysis done with Malvern Mastersizer 3000. According to
the results of these analysis, the size of produced emulsion drops is very close to each
other and there is almost no difference between the UP and RO water for the
production of Pickering emulsions. This can be seen in Figure 2.3. Since RO water
can be obtained more easily compared with UP water, RO water was chosen as the

continuous phase for this study.

27



400

350 + t
300 + :

[\9)
(P4
S
]
T

RO Water

UP Water

Drop Size d;,(um)
T
S S

p—
W S
S S
| |
1 1

0 1 2 3 4
Emulsification Time (h)

)

Figure 2.3. The effect of type of distilled water on drop size

2.2. Experimental Setup

Experiments were performed in unbaffled tanks. 1 L glass cylindrical beaker with
inner diameter T=9.9 cm was used as tank. Shaft was positioned at three different
locations: e/T=0, ¢/T=0.1 and e/T=0.2 where e is the distance between the center of

the tank and the center of the shaft. The tank configurations can be seen in Figure 2.4.
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Figure 2.4. Tank configurations

To observe the effect of different flow patterns on the emulsion formation, Rushton
Turbine (RT) and 45° down pumping Pitched Blade Turbine (PBTD) at two sizes were
used: T/2 and T/3 where T is the inner tank diameter. Same size impellers also have
the same blade thickness and blade width. All impellers were made up of polyamide

and they were produced with 3D printer. Used impellers are shown in Figure 2.5.

Figure 2.5. Impellers used in the experiments (from left to right respectively: RT T/2, RT T/3, PBTD
T/2 and PBTD T/3)
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To see the difference of performance between 45° down pumping Pitched Blade
Turbine (PBTD) and 45° up pumping Pitched Blade Turbine (PBTU), PBTU at two
different sizes was used: T/2 and T/3. They were used just in the experiments which
were done to investigate of the effect of impeller tip speed on the production of
Pickering emulsions. They were not used in the other experiments because they
produced undesired emulsion drops and their performance was not good. Used PBTU

impellers are shown in Figure 2.6.

Figure 2.6. PBTU T/2 and PBTU T/3 from left to right respectively

All impellers were adjusted to have off-bottom clearance as C=T/3 in all experiments.
The liquid height (H) within the tank was equal to the inner tank diameter (H=T) for
effective mixing. The agitation was done with three different types of overhead stirrer
motors all of which provide constant impeller speed during operation: IKA® Microstar
7.5 control, Daihan Scientific® HS-30D and Heidolph® Hei-TORQUE Precision 100.

They can be seen in Figure 2.7.
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a) IKA® Microstar 7.5  b) Daihan Scientific® HS- ¢) Heidolph® Hei-
control 30D TORQUE Precision 100

Figure 2.7. Used overhead stirrers in the experiments

2.3. Development of the Procedure of Emulsification Experiments
2.3.1. Arrangement of Experimental Setup

Different hydrodynamic conditions were created with different shaft positions as well
as the use of different type of impellers. The effect of all hydrodynamic parameters on
the production of Pickering emulsions, were tested at three different shaft positions:
e/T=0, ¢/T=0.1 and e/T=0.2. To arrange the shaft position correctly, three apparatus
were designed as seen in Figure 2.8. They were made up of plexiglass material. After
impellers were set according to off bottom clearance (C=T/3), shaft was positioned

using these apparatus as seen in Figure 2.9.
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Figure 2.8. The apparatus used for arrangement of shaft positions: ¢/T=0, ¢/T=0.1 and ¢/T=0.2 from
left to right respectively

b) e/T=0.1 c) e/T=0.2
Figure 2.9. Arrangement of shafts using plexiglass apparatus

2.3.2. Determination of OQil/Water Ratio and the Amount of Particles

In the determination of oil to water ratio, it was paid attention to conduct experiments
without phase inversion. Therefore, experiments were carried out so that the oil

content was 10% and 30% of the total volume in the tank. Stable emulsion drops were
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produced when the oil content was 30%, so it was decided that 30% oil to water ratio
would be used in all experiments in this study. After determination of the oil to water
ratio, the next step was the determination of the amount of solid glass beads used for
emulsification. Various amounts -10, 15, 17, 20, 25, 30, 50, 60, 70, 80, 90, 100 and
200 g- of particles were tested to find needed amount. The amount of particles used
below 100 g was insufficient and some amount of oil remained on the surface without
emulsifying. In order to eliminate the effect of coverage potential of the particles on
the final drop size and to highlight just the impact of hydrodynamic conditions on the
production of Pickering emulsions, excess amount of particle needed to be used. 100
g solid glass beads were found to be sufficient as a result of the experiments carried
out considering this information. In the experiments performed using 200 g particles,
it became difficult to disperse the solid particles in the continuous phase and too many
particles settled to the bottom of the tank. This situation can be explained by the result
of'the work of Tsabet and Fradette (2015a). According to their study, too much particle
causes decrease in turbulent energy dissipation and this situation makes dispersion

difficult.
2.3.3. Determination of Agitation Speeds for Emulsification

Determination of the speeds required for emulsification process is one the most
important steps of emulsion production procedure. Some conditions should be
considered for appropriate speed selection for the system. Movement of oil in the
system should be observed for determination the speed limit at which mixing can be
performed. When oil and water begin to be mixed, the speed at which the first oil drop
enters the water phase is called oil entrainment speed (Njp1) and the speed at which
the oil phase can completely mix with the water phase is called oil mixing speed
(Nyp2). For emulsion formation, the oil phase must be completely dispersed in the
water phase. This means that the oil mixing speed determines the lower speed limit at
which emulsification is to be carried out. Therefore, agitation speeds should be higher

than Njp>.

33



Another important factor that should be considered in order to determine
emulsification speeds is the air entrainment to the system. The lowest speed at which
air bubbles enter and remain in the system is called air entrainment speed (NE)
(Bhattacharya et al., 2007). Air entrainment causes foam formation and the inclusion
of a new phase in the system may affect the results; therefore, agitation should be

performed below this speed.

To determine agitation speed limits, experiments were carried out in the previously
specified experimental set-up using all determined impellers. 30% silicon oil and 70%
distilled water were placed into the tank at a height equal to the inner tank diameter.
The agitation speed was gradually increased to determine Njp;. After determination
the oil entrainment speed, agitation speed was increased with smaller increments. Ten
minutes after each increment, the system was observed to determine Njp2. The
agitation speed was continued to be increased and to determine the air entrainment

speed.

Table 2.4 shows Njpi, Nyp2 and Ng for all configurations. When small impellers are
used for emulsification, higher agitation speeds are required for complete dispersion
of oil phase within the water phase compared to the large impellers. Since air
entrainment also occurs at higher agitation speeds with small impellers, it is possible
to produce emulsions at higher speeds. By this way, turbulence intensity within the
system can be increased. When RT and PBTD impellers are compared, it was found
that the required agitation speeds for PBTD T/3 are higher than RT T/3; however,
required agitation speeds for RT T/2 are higher than PBTD T/2 impellers for complete
oil dispersion within the water phase. Therefore, the highest agitation speeds are
needed when PBTD T/3 impeller is used. These results are valid both when the shaft
is positioned at the center and away from the center. In the experiments conducted
with RT impellers in unbaffled tanks with centered shaft, as the agitation speed was
increased, the oil phase began to disperse into the water phase by the angular rotation
due to absence of axial flow, so the oil entrainment speed could not be observed. This

speed could be determined when the shaft was at eccentric position. As the eccentricity

34



increased, air entrainment speed decreased when the large impellers were used. On
the other hand, increase in eccentricity affected air entrainment speed differently when
the small impellers were used. In the usage of small impellers, the lowest air
entrainment speeds occurred at e/T=0.1 compared with ¢/T=0 and e/T=0.2. These
results were caused by different hydrodynamic conditions within the tanks and their
effect on the formed emulsion drops was discussed in detail in the Results and

Discussions Part.

Table 2.4. The speeds of oil entrainment, oil mixing and air entrainment for all impellers

e/T Nip1 (rpm) Nip2 (rpm) NE (rpm)
0 220 850 920
PBTD T/3 0.1 190 430 780
0.2 230 570 870
0 90 200 550
PBTD T/2 0.1 110 160 430
0.2 110 180 360
0 - 440 830
RT T/3 0.1 180 340 670
0.2 260 360 810
0 - 300 500
RT T/2 0.1 90 260 380
0.2 100 220 340

Apart from Njpi, Njp2 and Ng, flow regime is also important to determine the
emulsification speeds of the experiments. Turbulent regime is more effective for
emulsification procedure in this study since the viscosity of the oil is low. The speeds
required for emulsification for each impeller to provide emulsification in the turbulent

regime were determined by impeller Reynolds number:
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_ pND? (2.1)
u

Re

In this equation, p represents the density of the liquid in the tank (kg/m?), N is the
agitation speed (rps), D is the impeller diameter (m), u is the viscosity of the liquid
(kg/m s). For the calculation of the emulsion viscosity, an equation modelled by

Roscoe (1952) was utilized:

=t/ = (1—135%¢)25 (2.2)

In this equation, 1, is the relative viscosity, p  is the viscosity of emulsion, p. is the
viscosity of continuous phase and c is the volume fraction of the dispersed phase. This
equation was modified from Einstein’s viscosity equation to be valid for the dispersion
of uniform spheres with high volume fraction. In this study the oil volume fraction is
high at 30%, and formed emulsion drops are spherical; therefore, equation can be used
in this study for calculation of emulsion viscosity. In this equation, the system is
assumed as a unimodal suspension. According to this formula, glass beads and water
are assumed as the continuous phase and oil drops are assumed as the dispersed phase.
After calculation of emulsion viscosity, speed limits required for emulsion production
in the turbulent regime were calculated using Equation 1. Reynolds number should be
greater than 20 000 for the agitation to be carried out in the turbulent regime. Based
on this, minimum speeds required for he agitation in the turbulent regime are given in

Table 2.5.

Table 2.5. Minimum agitation speeds required for turbulent regime

Type of impeller N (rpm)
PBTD (T/3) 1238
PBTD (T/2) 549

RT (T/3) 1238
RT (T/2) 549
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To produce emulsions in turbulent regime, some air entrainment occurred due to
vortex formation. However, this amount was neglected since it was more important to
produce emulsions in turbulent regime. Premixing speeds were much lower than the
emulsification speeds because there would be much more air entrainment if the

premixing speeds were the same with emulsification speeds.
2.3.4. Determination of Premixing Time

After particles and water are added into the tank, the mixture should be stirred to break
up particle aggregation and disperse particles to entire tank volume. An experiment
was carried out to determine the time required for dispersion of particles. According
to the drop size of the produced emulsions with premixing time of 10 min and 30 min,
increase in premixing time causes increase in drop size as can be seen in Figure 2.10.

Therefore, it was decided that premixing would be done for 10 min.
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Figure 2.10. The effect of premix time on drop size
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2.3.5. Determination of Emulsification Time

To determine required time for emulsification, some experiments were performed.
The time required for emulsion drops to reach an equilibrium size for all
configurations was determined and general emulsification procedure was obtained.
The experiments were performed at 755 rpm for T/2 impellers and at 1393 for T/3
impellers. After every hour samples were taken from the tanks for 6 hours and
analyzed with Malvern Mastersizer 3000. Figure 2.11 and Figure 2.12 shows the effect
of emulsification time on drop size of Pickering emulsions. According to these two
graphs, it can be said that at end of 3 hours, emulsion drops almost reached equilibrium

size. Therefore, emulsification time was decided as 3 hours for all experiments.
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Figure 2.11. The effect of emulsification time on drops size for large impellers
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Figure 2.12. The effect of emulsification time on drops size for small impellers

2.4. General Procedure of Emulsification Experiments

In all experiments, firstly, 100 g solid glass beads (48% (w/w) particle/oil ratio) were
put into the tank. After particle adding, impeller and shaft were positioned.
Appropriate amount of distilled water was added to the tank so that the oil to water
ratio was 30%. Based on this ratio, 532 ml distilled water and 230 ml silicon oil were
used in every experiment. Particle-water mixture was stirred for 10 min for premixing
process. For the large impellers, premixing speed was 350 rpm and for the small
impellers, premixing speed was 800 rpm. After premixing completed, while motor
was still on, silicon oil was added quickly to particle-water mixture and the agitation
speed was increased to desired emulsification speed. At the end of 3 hours mixing,
samples were taken into 2 vials by pipette from the tank while motor was still on in

order to better representation of the emulsion in the tank. By this way, the smallest
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and the largest drops could be taken from the tank. Samples were taken at the same
point in the tank for all experiments: from just above the impellers in the vertical
direction and from the middle distance between the left side of the shaft and the tank
wall in the horizontal direction. Taken samples were waited for a while until the excess
glass beads had settled to the bottom of the tank to prevent misleading of analysis.
Analysis of emulsions was done on the same day. In this study, drop size and drop
size distribution of the emulsions were analyzed with Malvern Mastersizer 3000

shown in Figure 2.13.

Figure 2.13. Malvern Mastersizer 3000

In the analysis of the sample, firstly, the name of sample was recorded in Malvern
software. During analysis of the size and size distribution of glass beads, the type of
particle was chosen as spherical and Mie scattering model was utilized. The average
size of the glass beads was determined approximately 22 pm by the company. If the

size of the particle is smaller than 50 um and refractive and absorption indices of the
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material and the dispersant are known, Mie scattering should be used to obtain true
result. After the type of material and the type of dispersant were determined, their
refractive and absorption indices were chosen from materials database included in the
software. Glass (soda lime) was selected as material type and water was selected as
dispersant type. The refractive index of glass beads is 1,513 and absorption index of
glass beads is 0,1. The refractive index of water is 1,33. As a result of the analysis,

average size of glass beads was found as 18.3 pum.

In the analysis of emulsion drops, the type of particle was chosen as opaque and
Fraunhofer approximation was utilized. Therefore, optical properties of materials
were not taken into consideration. Measurements were done with red light. Since the
size of materials in this study was larger than 1 um, the usage of only red light was
sufficient, and the usage of blue light was not required. Measurement durations were
arranged as 10 seconds for background measurement and 6 seconds for sample
measurement. Ultrasound was not used to avoid possible drop breakup which would
have mislead the results. The number of measurements was selected as 5. This means
five measurements were performed per sample. One vial was analyzed two times, so
20 results were obtained for one tank. Obscuration range was arranged between 0.5%
and 20% and sample was put into the wet dispersion unit via pipette until the amount

was between in this range like in Figure 2.14.
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Figure 2.14. Sample in wet dispersion unit

The stirrer speed of the dispersion unit was arranged as 1050 rpm for all measurements
from the accessory control settings. During determination of this speed, the case of
drop breakup and adequate amount of sample vacuuming by the equipment were taken
into consideration. For example, if higher stirrer speed was used, drop breakup would
occur. On the other hand, if lower stirrer speed was used, sufficient amount of the
sample would not be sent to inside of the equipment. Moreover, general purpose was
selected for analysis model from the analysis settings. After all these settings, analysis
was performed, and 20 results were obtained for one tank. Than average of these 20
results were calculated by Malvern program to obtain mean drop size of the sample.
Mean drop size was represented as ds» called as Sauter mean diameter. All
experiments were performed in twice to ensure repeatability of the experiments. As a
result of the analysis of the samples, it was realized that samples contained excess
glass beads although they were waited at least 2 hours. By particle size analysis of the
glass beads it is known that the size of 99% glass beads is less than 60 microns. Based

on this knowledge, a second analysis was carried out by assuming that drops smaller
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than 60 microns actually represents glass beads and those were not taken into account.
Emulsion drop size distribution is given in Figure 2.15. Moreover, microscopic image
of formed emulsion drops is given in Figure 2.16. The graphs are plotted by averaging
of particle eliminated 20 data of the main experiment and particle eliminated 20 data
of the repeated experiment. Error bars are also given for each data on the graphs and
they represent standard deviations. Top of the error bar and bottom of the error bar
show the largest and the smallest drop size respectively. Drop size distribution graphs
are also plotted using averaged data and the information of span that represents width

of the distribution is also added as another graph into distribution graphs.

Particle Name Glass (Soda bme] Concentration 00927 %
Particle Refractive Index 0,000 Span (1841
20 Particle Absorption Index 0.000 Uniformity 0,257
Dispersant Name Waler specific Surface Area 10,56 m'/ig
Dispersant Refractive Index 1.330 D [3:2] 563 um
7197 Scattering Model Fraunhofer D [4:3] 645
:_. Analysis Model General Purpose Dw (10) 405 um
7 Weighted Residual 1.04 % D {50) 624
® Laser Obscuration 1526 % Dv (90) 930 um
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Figure 2.15. Emulsion drop size distribution
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Figure 2.16. Microscopic image of Pickering emulsion drops

2.5. The Procedure of Mixing Time Experiments

The mixing time is the time taken to achieve a certain degree of homogeneity. This is
an important parameter to understand mixing efficiency of different mixing
geometries. By measuring mixing time, performance of different impellers in stirred
tanks can be characterized. For determination of mixing time, various techniques can
be used and decolorization technique was preferred in this study. In this method,
mixing time was determined by chemical color change using two acid-base indicators
and colorimetric diagnosis of digital images (Cabaret et al., 2007; Delaplace et al.,

2004).
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2.5.1. Materials and Method for Decolorization

For decolorization technique, fast acid-base reaction was performed. 10M
hydrochloric acid (Merck) as acid and 10M sodium hydroxide (Merck) as base were
selected to carry out the reaction. The bromocresol purple (Sigma Aldrich) (0.08%
(w/w) bromocresol purple/water ratio) was used as indicator. This indicator gives
yellow color when pH is lower than 5.2 (acid) and gives purple color when pH is

higher than 6.8 (base).

The experiments were carried out by following the similar procedure of the study
conducted by Cabaret et al. (2007). Based on this study, acid-base ratio should be
higher than 2 in order to observe macromixing time within the tank correctly.
Therefore, 1 ml of NaOH and 2 ml of HCI were used in the experiments. The change
from purple color to yellow color was observed since analysis of change in dark color
to light color is much easier. Firstly, 1 ml of NaOH was added to the tank and then 20
ml of bromocresol purple indicator was added. The mixture was agitated for some
time to ensure that the dispersion of them was done homogenously within the tank.
After homogenous dispersion, the color within the tank turns to purple. Later, the
mixture of 2 ml of HCI and 3 ml of sample were added to the tank. The addition of
the HCI and sample mixture was done due to the fact that the density difference
between the emulsion within the tank and added sample would be small as much as
possible. The addition point was same in all experiments to provide repeatability. It
was done quickly over the liquid surface between the shaft and the tank wall. Color
change from purple to yellow during the addition of the HCI and sample mixture to

the tank was recorded with Canon EOS 100 D camera.
2.5.2. Method for Image Analysis

The videos were recorded 640*480 in size at 25 frames per second. Later they were
split into the frames and converted to bitmap (bmp) format using VLC software shown

in Figure 2.17.
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Figure 2.17. Frames of color change

For comparison of color change between the frames, RGB (red-green-blue) model was
used. In the RGB model, a color can be represented by pure red, green and blue colors
at levels ranging from 0 to 255. The RBG components of a pixel can be determined
by converting the bmp images to the portable pixel map (ppm) format. A threshold
value can be defined for RGB components to separate unmixed pixel from mixed
pixel. From the literature, it is known that green component of RGB model and
threshold value of 50% should be used for bromocresol purple (Cabaret et al., 2007).
A pixel is accepted as mixed at a point where the green component of it exceeds the
threshold value. A mixing graph is obtained by plotting time versus division of the
number of mixed pixels (Nmixed) to the total number of pixels (Niot). In the study
conducted by Cabaret et al. (2007), it was accepted that homogeneity within the tank
is sufficient when the ratio of Nmixed t0 Niotal called as mixedness is reached to 90%. In
the experiments conducted with the light of this study, it was decided to take this value
as 95%. Mixing time can be calculated by mixing graph. The difference between the
time corresponding to the point at which 95% is reached and the time corresponding
to the point at which the mixing started gives the mixing time as shown in Figure 2.18.

A code was written to conduct this analysis automatically given in Appendix A.
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Figure 2.18. Mixing time graph
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CHAPTER 3

RESULTS AND DISCUSSION

In this study, investigation of the effect of different hydrodynamic conditions on the
production of Pickering emulsions in unbaffled stirred tanks was aimed.
Physicochemical properties of the emulsions were kept constant. Hydrodynamic
parameters such as impeller tip speed (Vip), Reynolds number (Re), Weber number
(We) and power per mass were changed to create different hydrodynamic conditions.
Performances of two different types of impellers were compared: 45° down pumping
Pitched Blade Turbine (PBTD) and Rushton Turbine (RT) at two different sizes to
find optimum mixing geometry. Shaft position was also varied. Drop sizes of
Pickering emulsions were analyzed to determine which type of impeller in which shaft
position gives better performance. In this chapter, drop sizes and drop size

distributions are given in terms of Sauter mean diameter (d32).

3.1. Effect of Hydrodynamics on the Production of Pickering Emulsions in

Unbaffled Stirred Tanks with Centered Shaft
3.1.1. Effect of Impeller Tip Speed

Impeller tip speed (Viip) is the maximum speed that can be obtained at the end of the
impeller blade. In this section, the effect of change in impeller tip speed on the
emulsion drop size was investigated in unbaffled tanks with centered shaft. The

formula of impeller tip speed is given below:

V,., =nND 3.1)

ip

Impeller tip speed depends on impeller diameter (D) and impeller speed (N), but not

on the type of the impeller. In this study, impeller speeds were selected to ensure that
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the flow regime was turbulent. At the same impeller tip speed, impeller speeds are the
same for the impellers which have the same diameter. For the large impellers when
the agitation was done above a certain impeller tip speed the liquid within the tank
exceeded the tank height and overflowed. For the small impellers, on the other hand,
when the agitation was performed below a certain impeller tip speed, mixing could
not be done in turbulent regime. The impeller tip speeds were selected considering all
these limitations. The selected impeller tip speeds and corresponding impeller speeds
are given in Table 3.1. Only one common impeller tip speed could be determined for
T/2 and T/3 impellers: 132 m/min. The values in Table 3.1 were also used when the

shaft is off-centered.

Table 3.1. Selected Vtip values and corresponding impeller speeds

N (rpm) N (rpm)

Vtip
T/2 T/3
(m/min)
impellers impellers
98 645

115 755
132 865 1300
141 1393
151 1496

Figure 3.1 shows the results. Increase in impeller tip speed leads to a continuous
decrease in drop size for the large impellers. This is expected because increase in
impeller tip speed means increase in impeller speed and this results in increase in the
amount of energy dissipated into the system. When more energy is dissipated into the
system, drop breakup becomes easier and smaller drops are formed. Among the large
impellers it is seen that PBTD gives smaller drops than RT. When the small impellers
are used, with RT the drop size decreases with increasing tip speed. With PBTD T/3,
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the drop size increases for the middle Vyp, but decreases after that. When the small
impellers are compared, it can be seen that RT T/3 produces smaller drops than PBTD

T/3.
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Figure 3.1. The effect of impeller tip speed on drop size

For better understanding of differences in performances of different impellers,
comparison should be done at the same impeller tip speed. Experiments could be
performed at only one common impeller tip speed for all impellers: 132 m/min. As
shown in Figure 3.1, the smallest drop size is obtained with PBTD T/2 impeller. RT
T/2 and T/3 impellers give similar drop sizes. PBTD T/3 impeller yields slightly larger
drops. The difference between the large and the small PBTD is based on the sizes of

the impeller and coalescence zones.
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The data for RT T/3 seems almost like a continuation of the data for RT T/2. At 132
m/min the data for the two impellers overlap nicely. This indicates that tip speed is the
determining factor for drop size for this impeller. RT is known as a high shear
impeller. The drops are sheared and broken into smaller drops, until reaching
equilibrium, around the impeller. While the energy dissipations are different for the
two sizes of this impeller at the same Vyp, similar drop sizes indicate that the
hydrodynamics in the absence of baffles and presence of a large central vortex
removes the energy dissipation as a factor for final drop size. PBTD, on the other hand,
is a flow impeller. The larger impeller creates better flow, allowing for a better
circulation throughout the tank compared to the PBTD T/3. Therefore, the drops
formed with PBTD T/2 do not necessarily spend extensive time in the coalescence

zone.

Drop breakup occurs mostly in the regions close to the impeller because shear and
dissipated energy are higher in the impeller zone. Drop coalescence takes place near
the tank wall or the liquid surface (Tsabet and Fradette, 2015a, b). With the large
impeller the impeller zone is larger and coalescence zone is smaller; therefore, smaller
drops are formed with the large impeller. However, coalescence zone is larger for the

small impellers, so bigger drops are produced.

In a baffled tank with no vortex, it would be expected to have smaller drops with the
shear intensive impeller, RT T/2, compared to PBTD T/2 (Abdulrasaq and Ayranci,
2019). However, as seen in Figure 3.1, at the same impeller tip speed, PBTD T/2 gives
smaller drops than RT T/2. This can be attributed to the shape of vortex. In unbaffled
stirred tanks with centered shaft, vortex is formed on the free surface at the center of
the tank and gets larger as the impeller tip speed increases. Similar observation has
been also obtained from the study performed in a unbaffled stirred tank with concave
type impeller. According to this study, vortex depth increases with the increase in
impeller speed (Devi and Kumar, 2017). Formed vortices for the large impellers at the
same impeller tip speed are shown in Figure 3.2. Vortex formation in water filled tanks

are photographed for a better view of the vortices. As seen in these photographs,
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vortices reach the impeller blades and air entrainment occurs because experiments are
performed in the turbulent regime and required impeller speeds exceeded the air
entrainment speed limits. An air cavity is formed under the impeller. Similar
observations have been also found in studies conducted by Assirelli et al. (2008) and
Scargiali et al. (2013). They have studied the flow with RT T/3 impeller in an
unbaffled, only water filled stirred tank and observed that increase in impeller speed
causes increase in the depth of vortex and formation of air cavity below the impeller.
The amount of air entrainment is smaller in Pickering emulsions than in these
photographs because the presence of oil and glass beads within the tanks affects the
flow regime and air entrainment occurs at higher impeller speeds. Therefore, the size
of formed vortex and air cavity under the impeller are much smaller compared with
water filled tank at the same impeller speed. When impeller tip speed is 132 m/min,
most part of the impeller remains in the vortex. Decrease in contact of impeller blades
with the liquid reduces the effect of shear (Francesca Scargiali et al., 2013). The size
of the formed vortex is much larger when RT T/2 impeller is used. Formed air cavity
under the impeller is also much bigger for the RT T/2. Hemrajani and Tatterson (2004)
reported that as the size of the PBTD impeller increases, the radial component of
PBTD becomes dominant and the flow patterns of RT and PBTD impellers become
similar. Even if they have similar flow patterns, PBTD impeller is in contact with the
liquid more. Therefore, at the same impeller tip speed, formed drops with PBTD T/2

are smaller than formed drops with RT T/2 when they are at the center of the tank.
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a) RTT/2 b) PBTD T/2

Figure 3.2. Formed vortices at the same impeller tip speed (132 m/min) for the large impellers

At the same impeller tip speed, RT T/3 gives smaller drops than PBTD T/3. Formed
vortices for the small impellers at the same impeller tip speed are shown in Figure 3.3.
Even if the formed vortex size is larger with RT T/3 impeller and contact of impeller
blades with liquid decreases, smaller drops are produced because the system is
exposed to more shear. RT impeller is known as a high shear impeller, so more shear
is created within the system. Since there is more space in the tank for coalescence
compared to large impellers, shear capacity of an impeller has more effect on drop
size when small impellers are used. Also, at the same impeller speed, RT impeller
gives more energy to the system compared to the PBTD impeller due to having higher
power number. The PBTD does not create much shear at this small size, it cannot form
sufficient flow like it did at the larger size, and it does not provide large energy to the
system. As a result, at the smaller impeller size, the advantage of produced flow with

the large PBTD disappears, and smaller drops are produced with the RT impeller.
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a) RTT/3 b) PBTD T/3

Figure 3.3. Formed vortices at the same impeller tip speed (132 m/min) for the small impellers

Figure 3.4 shows drop size distribution of all impellers at the same impeller tip speed,
132 m/min. When obtained drop size decreases, drop size distribution becomes
narrower. The impeller that produces the smallest drop size, PBTD T/2, has also the
narrowest drop size distribution. Even though the average drop sizes obtained with RT
T/2 and RT T/3 are very close, RT T/2 has narrower drop size distribution than RT
T/3. Based on these results, it can be concluded that larger impellers produce not only
smaller drops but also narrower drop size distribution than small impellers at the same

impeller tip speed.
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Figure 3.4. Drop size distribution of all impellers at the same impeller tip speed: 132 m/min

3.1.2. Effect of Impeller Reynolds Number

Impeller Reynolds number is another important design parameter in a stirred tank.
Reynolds number is an indicator of the flow regime in the tank. When Reynolds
number is greater than 20 000, agitation is carried out in turbulent regime. In this
thesis, emulsification is performed in turbulent regime to provide effective agitation.

Reynolds number is expressed with the following relation:

_ ND?% (3.2)
U

Re

N represents the impeller speed (rps), D represents the impeller diameter (m), p and p

are density (kg/m?) and viscosity (kg/m s) respectively. At the same Reynolds number,
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the impeller speeds are the same for the same size impellers if they are used to agitate
the same liquid. In Table 3.2 the selected Reynolds numbers and corresponding
impeller speeds are given. In selection of these speeds, fluid overflow and operation

in turbulent regime were considered.

Table 3.2. Selected Reynolds numbers and corresponding impeller speeds

N (rpm) N (rpm)
Reynolds P P
T/2 T/3
number
impellers impellers
22 000 605 1360
26 000 715 1610
30 000 825 1855

In Figure 3.5, the effect of Reynolds number on drop size with different impellers is
shown. For the large impellers, when Reynolds number increases, average drop size
decreases. This is expected, since turbulence intensity and energy dissipation within
the system increases as Reynolds number increases. Thus, drop breakup becomes
easier and smaller drops are produced. When Reynolds numbers are 22 000 and 26
000, the central vortex does not reach the impeller, so the impeller blades are in contact
with the liquid. Since RT is high shear impeller, it would be expected of RT to produce
smaller drops. However, at these Reynolds numbers, RT T/2 and PBTD T/2 give
almost the same size drops. According to the studies, performed in baffled tanks with
T/2 and T/3 PBT impellers, it has been found that the radial component of the impeller
discharge becomes dominant when T/2 impeller is used (Jaworski et al., 2001; Ozcan-
Taskin and Wei, 2011). Haque et al. (2006) modelled turbulent flows for RT T/2

impeller at T/3 off-bottom clearance with free surface in unbaffled stirred tanks. They
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modeled the flow pattern of the impeller for the case where the vortex does not reach
the impeller. The result of this study indicates that the flow pattern includes two loops
one above and one below the impeller similar to flow pattern of RT impeller in baffled
tanks. However, they also found that RT impeller in a unbaffled tank forms a radial
flow with downward inclination. Based on these results, in a unbaffled tank the flow
fields produced by RT and PBTD are similar when the vortex does not reach the

impeller, and this causes producing similar size drops.
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Figure 3.5. The effect of Reynolds number on drop size

When Reynolds number increases, PBTD T/2 yields slightly smaller drops than RT
T/2. This is related to the size of formed central vortex. When Reynolds number
increases, formed vortex at free surface gets larger and reaches the impeller blades.

This prevents the contact of the impeller with the liquid in full and causes a decrease

58



in the transfer of shear to the system. At the same Reynolds number, the size of formed
vortex and air cavity under the impeller are larger for RT T/2 compared to PBTD T/2.
Therefore, shear capacity of RT impeller cannot be transferred to the system

completely.

Pumping capacity of impellers can affect the drop size. Impeller flow number depends
on the type of the impeller and represents pumping capacity of an impeller. Impeller
flow number of PBTD is higher than Rushton turbine (Hemrajani and Tatterson, 2004;
Grenville et al., 2017). This means PBTD impeller has better pumping capacity than
RT impeller. Therefore, better particle dispersion occurs when PBTD is used. Better
particle dispersion can make surface coverage better and result in formation of smaller

drops.

Circulation time can be another reason of the production of smaller drops with PBTD.
Circulation time is the time between discharge of the impeller leaving the impeller and
coming back to impeller zone. It is expressed by the following relation (Leng and

Calabrese, 2004):

- Vtank (3.3)
e Ny xD3xN

In this relation, tcic represents the mean circulation time, Ng is the impeller flow
number, N and D are impeller speed and impeller diameter respectively. At the same
impeller speed, PBTD impeller has larger Ng and therefore smaller circulation time
than RT impeller when their sizes are equal. Therefore, drops come back to impeller
zone more quickly and are exposed to shear more frequently. This case results in

formation of smaller drops.

For the small impellers, when Reynolds number increases, average drop size
increases. At the same Reynolds number, impeller speeds are higher for the small
impellers and more energy is dissipated into the system. Turbulence fluctuations are
also larger. Increase in turbulence fluctuations leads to increase in collision frequency

of drops (Coulaloglou and Tavlarides, 1977; Tsabet and Fradette, 2015a). Particle
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detachment from the interface occurs due to collisions. Drop collisions also cause
decrease in film drainage and increase in film rupture (Chesters, 1991). According to
Tsabet and Fradette (2015b), when the surface of the drops is not covered completely,

they come together and form larger drops.

At the lowest Reynolds number RT T/3 and PBTD T/3 give the same size drops. The
shear capacity RT impeller at low Reynolds number can be compensated by the
pumping capacity of PBTD impeller. As Reynolds number increases, PBTD T/3 gives
smaller drops than RT T/3. Formation of central vortex prevents contact of the
impellers with the emulsion system. Even if formed shear by RT impeller is higher, it
cannot be transferred to the system completely due to presence of central vortex. Since
circulation time of PBTD impeller is smaller, drops come to the impeller zone more
quickly and spend more time in the impeller zone. Drop breakup occurs mostly in the
impeller zone, so PBTD impeller creates smaller drops compared to RT impeller. In
the overall, however, drop collisions begin to dominate over drop breakup as seen by

the increasing drop size trend.

Figure 3.5 shows that at the lower Reynolds numbers the small impellers give smaller
drops than the large impellers. At the same Reynolds number, impeller speeds are
higher for the small impellers. Operating at higher impeller speeds causes increase in
the energy dissipated into the system and therefore, increase in turbulence fluctuations.
This brings about formation of smaller drops. However, as Reynolds number
continues to increase, there is an increase in drop collisions and particle detachment
occurs. This situation leads to drop coalescence. With the small impellers at the
highest two Reynolds numbers, the impeller speeds are so high that drop coalescence
dominates over drop breakup. Large impellers, however, over the full range of
Reynolds numbers tested have moderate-high impeller speeds that drop breakup can

still dominate and yield smaller drops.
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Figure 3.6 shows the drop size distribution of all impellers at Reynolds number 22000.
A little bit narrower drop size distribution is obtained with PBTD at both sizes than
RT. This can be attributed to better particle dispersion property of PBTD impellers.
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Figure 3.6. Drop size distribution of all impellers at Reynolds number 22 000

Figure 3.7 shows that the drops size distribution of all impellers at Reynolds number
30000. Narrowest drop size distribution is obtained with PBTD T/2. PBTD T/2 also
gives smaller drop size. The rest of the distributions are very close to each other, even
though there are variations in drop sizes. However, even if RT T/2 produces smaller
drops than RT T/3, drops size distribution obtained by RT impellers are almost the

same.
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Figure 3.7. Drop size distribution of all impellers at Reynolds number 30000

3.1.3. Effect of Weber Number

The interfacial tension between the phases of an emulsion is an important factor that
affects the drop size. Since Weber number is a parameter associated with the
interfacial tension, the effect of change in Weber number on Pickering emulsion

formation was investigated. Weber number is defined as:

_ pcNZD? (3.4)
N o

We

Here, p. refers to the density of the continuous phase (kg/m?), N is the impeller speed
(rps), D is the impeller diameter (m), and ¢ is the interfacial tension (N/m). In
calculation of the density of the continuous phase, the amount and density of the

continuous phase, distilled water, and the glass beads were taken into account:
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Here, m,, and m,, represent the mass of water and the mass of particles respectively.

(3.5)

Pe

Pw is the water density and p,, is the particle density. In determining the Weber number

values for testing, overflow and turbulent regime were considered as was the case for
the other hydrodynamic parameters. In Table 3.3 selected Weber numbers and

corresponding impeller speeds are given.

Table 3.3. Selected Weber numbers and corresponding impeller speeds

N (rpm N (rpm
S (rpm) (rpm)
T/2 T/3
Number
impellers | impellers
350 774 1425
400 828 1523
450 878 1615

Figure 3.8 shows that for the large impellers, increase in Weber number causes
decrease in drop size of the emulsions. Impeller speed increases as the Weber number
increases and more energy is dissipated into the system. This brings about increase in
drop breakup and formation of smaller drops. At low Weber numbers, RT T/2 and
PBTD T/2 produce almost the same size drops. This means that at low Weber
numbers, the type of impeller does not affect the drop size. Shear capacity of RT
impeller can be compensated by pumping capacity of PBTD impeller at low Weber
numbers. The system is exposed to more shear when RT impeller is used. Therefore,
formation of smaller drops would be expected. However, particle dispersion is better
when PBTD impeller is used because flow number of PBTD is higher than flow
number of RT impeller. Better particle dispersion enables the coverage of newly

formed drops and allows the formation of smaller drops. PBTD impeller is known as
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mixed flow impeller that means its flow pattern includes axial and radial components.
However, radial component of flow pattern created by PBTD T/2 is dominant. Also,
flow pattern created by RT T/2 has a downward inclination. Thus, RT T/2 and PBTD
T/2 create similar flow patterns in the tank. Therefore, the sizes of drops generated by

RT T/2 and PBTD T/2 impellers are almost the same.

PBTD T/2 produces smaller drops than RT T/2 at the largest Weber number. Formed
vortex at free surface, gets larger as the impeller speed increases. Impeller blades
remain in the vortex and shear generated by the impellers cannot be transferred into
the system effectively. In this case, how long the drops remain in the impeller zone
plays an important role in determination of the drops size. Since the circulation time
of PBTD impeller is smaller than the circulation time of RT impeller, drops come to
impeller zone more frequently and spend more time in the impeller zone. Drops in the

impeller zone are exposed to more shear, and this results in formation of smaller drops.

At low Weber numbers, PBTD T/3 and RT T/3 produce almost the same size drops.
Again, at low Weber numbers the type of impeller does not affect the drop size even
if the size of impellers is changed. The drop size obtained by RT T/3 increases as
Weber number increases. The increase in Weber number means an increase in the
amount of energy dissipated into the system due to an increase in the impeller speed.
At high impeller speeds, drop collisions lead to particle detachment from the interface.
Coalescence takes place due to partial surface coverage of newly formed drops. The
decrease in effectively covered interface due to drop collisions at high Weber numbers
is also observed in the study conducted by Tsabet and Fradette (2015a). However,
even if the dissipated energy into the system increases, smaller drops are produced
with PBTD T/3 as Weber number increases. According to Tsabet and Fradette (2016),
after initial particle adsorption, slow adsorption occurs, so reaching the final drop size
takes time. Since the circulation time of PBTD is smaller than the circulation time of
RT impeller, drops come to the impeller zone more quickly and are exposed to more
shear. Therefore, it would be expected that increase in drop size would occur as Weber

number increases due to smaller adsorption time. However, the opposite result was
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obtained in this study. This is attributed to the better particle dispersion property of
PBTD impeller. The presence of better particle dispersion within the system provides

better surface coverage before coalescence takes place.

In Figure 3.8, it is seen that the size of the impeller does not have much effect on drop
size at the highest Weber number. For the small impellers, the amount of energy
dissipated into the system is larger than the large impellers. For the large impellers,
impeller zone is larger than the small impellers. The effect of having higher energy
dissipation with the small impellers is compensated with the effect of larger impeller
zone of the large impellers. Therefore, RT T/2 gives similar size drops with RT T/3
and PBTD T/2 gives similar size drops with PBTD T/3. Among the impellers, PBTD
produces smaller drops than RT due to better particle dispersion property. At low
Weber numbers, formed vortex does not cover completely the impeller and it is seen
that the energy dissipated into the system is more effective than the size of impeller

zone in producing smaller drops.
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Figure 3.8. The effect of Weber number on drop size

Figure 3.9 shows the drops size distribution of all impellers at Weber number 350. At
low Weber number, the drop size is affected by the size of the impellers rather than
the type of the impellers. The small impellers give smaller drops at low Weber
number, but their drop size distribution is wider. This is an indication of the
importance of the impeller zone because narrower drops size distribution is obtained

with the large impellers.

66



18 +
. “#RT T2
g 1 4 =PBTD T/3
\_/ =PBTD T/2
' é't 12 -+RTT/3
g 10 + = RTT/2
2 8+ -
= «PBTD T/2
S 6T
= +PBTD T/3
4 1
'2 .
0 | - i
1 10 100 1000 10000

Size Classes (pum)

Figure 3.9. Drop size distribution of all impellers at Weber number 350

Figure 3.10 shows the drops size distribution of all impellers at Weber number 450.
At high Weber number, the drop size is affected by the type of the impellers rather
than the size of the impellers. Even if RT T/2 and RT T/3 produce almost the same
size drops, RT T/3 gives narrower drop size distribution than RT T/2. Even if PBTD
T/2 and PBTD T/3 produce almost the same size drops, PBTD T/2 gives narrower
drop size distribution than PBTD T/3.
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Figure 3.10. Drop size distribution of all impellers at Weber number 450

3.1.4. Effect of Power/Mass Ratio

Power/mass is an indication of breakup potential of an emulsion system in a stirred
tank. Mass includes volume. When the impeller swept volume is used, the power/mass
is known as the maximum energy dissipation in the tank. At the same power/mass
ratio with different impellers, the same amount of energy is dissipated into the system.
In this thesis, the effect of varying power/mass ratios on drop sizes was investigated.

This ratio is expressed with the following relation:

Power P  pN3D°N, N3D°N, (3.6)

Mass p Vimp p Vimp Vimp
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N (rps) refers to the impeller speed, D (m) is the impeller diameter, N, is the impeller
power number and Vinp is the impeller swept volume. Vi is calculated by the relation

given below.

nwD? (3.7)

Vimp = 4 * Himp
D 3.8
Himp = E 39

In Table 3.4, the selected power/mass ratios and corresponding impeller speeds are
given. In selection of these values, liquid overflow and operating in turbulent regime
were taken into account. For better understanding of the effect of power/mass on drop
size, only two common values could be determined for all impellers. However,
required impeller speeds for these common values caused liquid overflow when the
large impellers are used. Therefore, a longer tank which has the same diameter with

the original tank was used in the experiments for the large impellers.

Table 3.4. Selected power/mass ratios and corresponding impeller speed

N (rpm) N (rpm) N (rpm) N (rpm)
Power/mass
RT T/2 PBTD T/2 RT T/3 PBTD T/3
(W/kg)

impellers impellers impellers impellers
300 923 1493 - -
350 971 1571 1274 2060
400 1016 1643 1332 2155
450 - - 1386 2240
500 - - 1435 2320

Impeller power number depends on the type of the impeller. The power number of RT

impeller is higher than the PBTD impeller (Chapple et al., 2002; Grenville et al.,

69



2017). Therefore, at the same power per mass ratio, impeller speed of RT is smaller
than the impeller speed of PBTD. Power numbers of the impellers are constant in
turbulent regime for baffled tanks (Hemrajani and Tatterson, 2004). However,
according to studies performed with RT impeller in unbaffled stirred tanks filled with
water, power number of the impeller changes with the vortex depth. When the central
vortex does not reach the impeller, power number slightly decreases as Reynolds
number increases. When the central vortex reaches the impeller, a steep reduction in
power number occurs (Scargiali et al., 2013; Scargiali et al. 2017). These results do
not reach an agreement with another study conducted by Assirelli et al. (2008). This
paper used RT impeller in unbaffled stirred tanks filled with water. According to this
study, power number is constant in turbulent regime in the unbaffled tank as in the
baffled tank but smaller than in the baffled tank. Because of the contradiction in these
results and lack of information about the change in power number in the eccentric
shaft position, the power number values for baffled tanks were used in the experiments

to make comparisons more accurate.

Figure 3.11 shows the effect of power per mass ratio on drop size. When power/mass
ratio is 350, PBTD T/3 gives the smallest drops. This is followed by PBTD T/2. At
the same power/mass ratio, PBTD impellers produce smaller drops than RT impellers.
This can be explained by circulation time of the impellers. Since PBTD impellers have
larger flow number than RT impellers, they have smaller circulation time. This case

can be shown in detail for the same size impellers by the following relations:

P = pN3DSN, (3.9)
N~N, /3 (3.10)
_ Vtank (3-11)
feire = NX D3 x N
N, 1/3 (3.12)
teire~ ©
circ Nq
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The smaller the circulation time, the more often the drops come to the impeller zone.
Since drop breakup occurs mostly in the impeller zone, drops are exposed to shear
more frequently and smaller drops are produced. Similar results have been obtained
in the study performed to investigate liquid-liquid dispersion in baffled tanks by Pacek
et al. (1999). According to this study, an impeller with smaller power number gives

smaller drops.
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Figure 3.11. The effect of power/mass on drop size

Formation of smaller drops with PBTD T/3 than PBTD T/2 is related with their
impeller speeds. At the same power/mass ratio, the impeller speed of PBTD T/3 is
larger than the impeller speed of PBTD T/2. Therefore, turbulence fluctuations in the
system are higher when PBTD T/3 is used and this case makes drop breakup easier.

However, as power/mass ratio continues to increase, drop sizes with PBTD T/3
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increase. Increase in turbulence fluctuations in the system with increase in the impeller
speeds causes also increase in drop collision frequency. At low power/mass ratio, drop
collisions cause drop breakup however, after a certain impeller speed, particle
detachment from the interface occurs. The time required for particle attachment on the
interface is not sufficient at higher impeller speeds. Thus, drops that are not covered
completely coalesce and bigger drops are formed. The reason of the formation of the
same size drops with PBTD T/2 and PBTD T/3 when power/mass ratio is 400 is that
drop sizes increase with PBTD T/3 as power/mass ratio increases; therefore, data of

the two impellers overlaps.

At the same power/mass ratio RT T/2 and RT T/3 impellers give the same size drops.
This indicates that power/mass ratio is the determining factor for drop size for this
impeller. Impeller size of RT impeller does not affect the drop size at the same
power/mass ratio. As power/mass ratio increases, drops size decreases with RT T/3.
At higher power/mass ratio, RT T/3 produces smaller drops than PBTD T/3. This is
related to again their impeller speeds. At the same power/mass ratio, the impeller
speed of RT T/3 is smaller than PBTD T/3. Therefore, there is less turbulence
fluctuations that do not cause particle detachment in the system, so smaller drops are

formed with RT T/3 compared to PBTD T/3.

In Figure 3.12 drop size distribution of all impellers at the same power/mass ratio,
350, is given. PBTD T/3 impeller that produces the smallest drop size has the largest
drop size distribution. This is an indication that more frequent exposure of the drops
to the shear causes drop breakup, as well as particle detachment from the surface and
thus the drop coalescence. Even though RT T/2 and RT T/3 impellers produce the
same size drops, RT T/2 impeller has narrower drop size distribution. Since the
impeller speed of RT T/3 impeller is higher than the impeller speed of RT T/3 when
power/mass ratio is 350, turbulence fluctuations in the system are more and this brings
about formation of smaller drops and drop coalescence due to particle detachment

from the interface.
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Figure 3.12. Drop size distribution of all impellers at the same power/mass ratio: 350

3.2. Effect of Hydrodynamics on the Production of Pickering Emulsions in

Unbaffled Stirred Tanks with Eccentric Shaft

In this section, the effect of shaft position on drop size was investigated. Shaft was
positioned at 1 cm (e/T=0.1) and 2 cm (e/T=0.2) away from the tank center in the
experiments. The values specified for the centered shaft for each parameter and

corresponding impeller speeds were also used in this section.

When the baffles are removed, and the shaft is located at e/T=0, a central vortex form.
When the shaft is located eccentrically, an upper and a lower vortices form. These
vortices periodically oscillate in the system; they are not steady (Galletti et al., 2008).
According to studies conducted by Galletti et al. (2008) and Musik and Talaga (2016),
when the shaft is located eccentrically, asymmetric vortex forms at the region where

the shaft is away from the tank wall instead of symmetric, central vortex. As the
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eccentricity ratio increases, inclination of the vortex relative to vertical axis increases
and vortex oscillation decreases. These studies were performed with RT T/3 impeller
in a stirred tank filled with single phase fluid. These results were also observed in this
study where Pickering emulsion, a multiphase system, was produced. Formation of
asymmetric vortex and increase in vortex inclination were observed not only with RT
T/3 but also with other impellers. Figure 3.13 shows change in vortex formation with
PBTD T/3 owing to the change in eccentricity ratio. These photographs were taken

when the impeller speeds were suitable for the best visibility of the vortices.

a) e/T=0 b) e/T=0.1 c) e/T=0.2

Figure 3.13. Vortex formations at different eccentricity ratios with PBTD T/3

Montante et al. (2006) conducted a study to investigate the effect of the shaft
eccentricity on the hydrodynamics of unbaffled stirred tanks filled with water using
RT T/3 impeller and they positioned the shaft at e/T=0.25. According to their study,
two vortices that have an inclination with the vertical axis formed in the system: one
is above the impeller and one is below the impeller. Their findings are coinciding with
the observations of this study when RT T/3 and RT T/2 impellers are located at
e/T=0.2. Two vortices form in the system. However, the lower vortex appears after a
certain impeller speed and is weaker compared to the upper vortex. In the study

conducted by Galletti et al. (2008) which was performed with RT T/3 at ¢/T=0.21, it
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was also observed that the upper vortex affects the system mostly. In Figure 3.14
vortex formations for RT impellers at e¢/T=0.2 at suitable impeller speeds where
vortices are visible for both impellers are shown. The tanks are filled with water. The
lower and the upper vortices formed in the tanks can be seen in this figure. The upper
vortex is more dominant in the system and the size of the upper vortex formed with
RT T/2 is larger compared to RT T/3. Therefore, the height of liquid in the tank is
higher when RT T/2 is used.

a) RT T/3 b) RT T/2

Figure 3.14. Vortex formations with RT impellers at ¢/T=0.2

When PBTD T/3 and PBTD T/2 impellers are at e/T=0.2, the lower vortex does not
appear in the system. There is just an upper vortex affecting the flow pattern in the
tank. In Figure 3.15, vortex formations with PBTD impellers at ¢/T=0.2 at suitable
impeller speeds where vortices are visible for both impellers are shown. The size of
the upper vortex formed with PBTD T/2 is slightly larger; therefore, the height of the
liquid in the tank is slightly higher when PBTD T/2 is used.
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a) PBTD T/3 b) PBTD T/2

Figure 3.15. Vortex formations with PBTD impellers at ¢/T=0.2

When RT T/3 and RT T/2 are at ¢/T=0.1, an air cavity forms instead of the lower
vortex below the impellers. In Figure 3.16, vortex formations with RT impellers at
e/T=0.1 at suitable impeller speeds where air cavities under the impeller are visible

for both impellers are shown.

a) RT T/3 b) RT T/2

Figure 3.16. Vortex formations with RT impellers at e/T=0.1
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When PBTD T/3 and PBTD T/2 are at ¢/T=0.1, while the lower vortex is formed with
PBTD T/3, an air cavity is formed instead of the lower vortex with PBTD T/2. In
vortex formations with PBTD impellers at e/T=0.1 at suitable impeller speeds where

vortices are visible for both impellers are shown in Figure 3.17.

a) PBTD T/3 b) PBTD T/2

Figure 3.17. Vortex formations with PBTD impellers at ¢/T=0.1

This overview provides information about the hydrodynamics related observations
when the shaft is off-centered. The following results at varying values of Vip,
Reynolds number, Weber number and power per mass are explained in the light of

these observations.
3.2.1. Effect of Impeller Tip Speed

In Figure 3.18 the effect of impeller tip speed on drop size when the shaft is located at
e/T=0.1 is shown. For better understanding of differences in performances of different
impellers, comparison should be done at the same impeller tip speed. Experiments
could be performed at only one common impeller tip speed for all impellers: 132

m/min. At the same impeller tip speed, PBTD T/2 and RT T/3 give the same size
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drops, PBTD T/3 produces slightly larger drops considering the error bars and RT T/2

produces the largest drops.
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Figure 3.18. The effect of impeller tip speed on drop size at e/T=0.1

In the studies conducted by Soto et al. (2011) with eccentrically located RT T/3 and
PBTD T/3 and conducted by Musik and Talaga (2016) with eccentrically located RT
T/3, it is observed that when the shaft is located approximately at e/T=0.1, regardless
of the type of the impeller, the impeller discharge circulates in the tank as two loops
at the region where the shaft is close to the tank wall: one is below and the other is
above the impeller. This is caused by interaction of the impeller discharge with the
tank wall. Two loops are also generated with RT T/3 at the region where the shaft is
away from the tank wall. However, one single loop is observed with PBTD T/3 at the
region where the shaft is away from the tank wall. Even if larger vortex is formed with

RT T/3, it produces smaller drops than PBTD T/3 because more energy is dissipated
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into the system with RT T/3 at the same impeller tip speed when they are located at
e/T=0.1. Figure 3.19 shows larger vortex formation with RT T/3.

a) RTT/3 b) PBTD T/3

Figure 3.19. Formed vortices at the same impeller tip speed (132 m/min) for the small impellers at
e/T=0.1

As mentioned previously, RT T/2 and PBTD T/2 have similar flow pattern due to
having larger impeller size. When they are located eccentrically, two loops are
generated at the region where the shaft is close to the tank. They also have similar
flow pattern at the region where the shaft is away from the tank wall. The flow
discharge at the region where the shaft is away from the tank wall has a downward
inclination. Even if they have similar flow patterns, RT T/2 produces larger drops.
This can be attributed to the size of the vortex. As seen in Figure 3.20, when RT T/2
is used, the size of the vortex is larger than PBTD T/2 and larger air cavity is formed
below the impeller. These formations decrease contact of the impeller blades with the
liquid in the tank and reduce the effect of shear. Therefore, larger drops are formed

with RT T/2.
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a) RTT/2 b) PBTD T/2

Figure 3.20. Formed vortices at the same impeller tip speed (132 m/min) for the large impellers at
e/T=0.1

In Figure 3.21 drop size distribution of all impellers at the same impeller tip speed at
e/T=0.1 is given. PBTD T/2 and RT /3 produce not only the same size drops but also
have the same drop size distribution. PBTD T/3 has the largest drop size distribution.
This situation indicates the importance of energy dissipation to the system and the size
of impeller region. PBTD T/3 has less energy dissipation than RT T/3 and smaller
impeller zone than PBTD T/2. Therefore, the performance of PBTD T/3 is worse than
the other two impellers.
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Figure 3.21. Drop size distribution of all impellers at the same impeller tip speed: 132 m/min at
e/T=0.1

In Figure 3.22 the effect of impeller tip speed on drop size when the shaft is located at
e/T=0.2 is shown. At the same impeller tip speed, among different impellers, PBTD
T/2 produces the smallest drops. RT T/3, RT T/2 and PBTD T/3 give the same size

drops at the same impeller tip speed: 132 m/min.
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Figure 3.22. The effect of impeller tip speed on drop size at e/T=0.2

Musik and Talaga (2016) showed that RT T/3 impeller at e/T=0.25 has different flow
pattern than it has in smaller eccentricity ratio. While the impeller discharge circulates
in the tank as two loops at the region where the shaft is close to the tank wall, one
single loop forms at the region where the shaft is away from the tank wall. Montante
et al. (2006) observed a similar flow pattern with RT T/3 at ¢/T=0.25. According to
their study, overall elliptic vertical flow pattern is generated instead of double loop at
the region where the shaft is away from the tank wall. Based on these studies, it can
be said that RT T/3 and PBTD T/3 have similar flow pattern when they are located at
e/T=0.2. RT T/2 and PBTD T/2 also have similar flow patterns due to their impeller
size: double loop at the region where the shaft is close to the tank wall and single

elliptic loop at the region where the shaft is away from the tank wall. In the end, it can
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be said that all impellers regardless of their types and sizes have almost the same flow

pattern in the tank when they are located at e/T=0.2.

When the large impellers are located at e/T=0.2, upper vortex begins to disappear and
the liquid in the tank moves in an elliptic path. Although RT T/2 and PBTD T/2 have
the same flow pattern, as seen in Figure 3.23, with RT T/2, the liquid height in the
tank is higher. It takes more time for the drops with RT T/2 to come to the impeller
region as there is more area to circulate in the tank to reach the impeller region. Larger

drops are produced because they are less exposed to shear.

b) RT T/2 c) PBTD T2

Figure 3.23. Formed vortices at the same impeller tip speed (132 m/min) for the large impellers at
e/T=0.2

At the same impeller tip speed, RT T/3 and PBTD T/3 produce the same size drops.
They have similar flow pattern but different energy dissipation and different size of
the vortex. Even though the energy dissipated to the system is larger with RT T/3, size
of the vortex in the system is larger and this affects the applied shear by the impeller.
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As seen in Figure 3.24, a lower vortex forms below RT T/3 at that impeller speed.
This also leads to a decrease in applied shear to the system. Therefore, they show

similar drop breakup performance.

S PR e T v e

m) RT T/3 n) PBTD T/3

Figure 3.24. Formed vortices at the same impeller tip speed (132 m/min) for the small impellers at
e/T=0.2

Figure 3.25 shows drop size distribution of all impellers at the same impeller tip speed
at ¢/T=0.2. Even though RT T/2, RT T/3 and PBTD T/3 produce the same size drops,
RT T/2 has the narrowest drop size distribution. This is an indication of the importance
of the impeller zone. In the formation of narrower drop size distribution, having larger
impeller zone is more effective. While the drops sizes obtained with PBTD T/2 are
smaller than RT T/2, narrower drop size distribution is obtained with RT T/2. Based
on this result, it can be said that energy dissipation also plays an important role in

determination of the performances of different impellers.
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Figure 3.25. Drop size distribution of all impellers at the same impeller tip speed: 132 m/min at
e/T=0.2

Figure 3.26 show the effect of eccentricity on drop size for all impellers at the same
impeller tip speed. Generally, when the eccentricity is e/T=0.2, smaller drops are
produced. This is because when the eccentric ratio increases, the size of vortex
decreases, and the vortex moves toward to the tank wall. Therefore, impellers are in
contact with the liquid more and drops can be exposure more shear so, drop breakup
occurs more efficiently. Lipin (2017) conducted a study with eccentrically located RT
T/3 and observed that when the eccentricity increases, turbulence kinetic energy also
increases. Thus, more energy is dissipated to the system and this contributes to

formation of smaller drops.
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Figure 3.26. Effect of eccentricity on drop size at the same impeller tip speed (V= 132 m/min)

3.2.2. Effect of Impeller Reynolds Number

In Figure 3.27, the effect of Reynolds number on drop size when the impellers are
located at e/T=0.1 is shown. Drop sizes produced with PBTD T/2 decreases until a
certain Reynolds number of 26 000 and then remain almost constant. For the other
impellers, drop sizes do not change substantially as Reynolds number increases. The
contact of the impellers with the liquid decreases when the impeller speed increases
because air cavity or lower vortex begin to form. Therefore, the effect of the shear
applied by the impellers decreases. Even if energy dissipated into the system increases
with increase in Reynolds number, drops size remains almost constant due to
formations of air cavity and lower vortex. While RT T/3 gives the smallest drop size,

RT T/2 produces the largest drop size.
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Among the small impellers, RT T/3 gives smaller drops. Flow patterns of RT T/3 and
PBTD T/3 are similar at the region where the shaft is close to the tank wall. Fluid
impinges to the tank wall and separates as two loops due to interaction of fluid with
the tank wall: one is above and the other is below the impeller. At the region where
the shaft is away from the tank wall, while flow pattern of RT T/3 contains two loops,
flow pattern of PBTD T/3 contains one loop. Power number of RT T/3 is greater than
PBTD T/3. Therefore, more energy is dissipated to the system when RT T/3 is used.
Dissipating more energy to the system makes drop breakup easier, so smaller drops
are obtained with RT T/3. When RT T/3 is used, a smaller air cavity forms below the
impeller when the shaft is at e¢/T=0.1 compared to centered position. Despite this air
cavity, RT T/3 produces smaller drops than PBTD T/3. This an indication that at the
same Reynolds number, among the small impellers, the energy dissipated to the
system is more dominant in determining drop size and the effect of air cavity which
does not cover under the impeller completely is negligible when the impellers are

positioned at e/T=0.1.
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Figure 3.27. The effect of Reynolds number on drop size for all impellers located at ¢/T=0.1

Among the large impellers, PBTD T/2 gives smaller drops. Smaller upper vortex is
formed with PBTD T/2. Also, there is no air cavity or lower vortex below the impeller.
Therefore, contact of PBTD T/2 with the liquid in the tank is larger and the effect of
shear applied by the impeller is larger compared to RT T/2. This situation contributes

to formation of smaller drops.

Figure 3.28 shows drop size distribution of all impellers at the same Reynolds number
0of 30 000 at ¢/T=0.1. The impeller that produces the smallest drops sizes, RT T/3, also
gives the narrowest drop size distribution. This is an indication that the performance
of RT T/3 is better than the others in both respects: drop size and drop size distribution.
Although PBTD T/3 gives smaller drop size than RT T/2, it has larger drop size

distribution. This is an indication that the size of impeller zone also influences drop
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size distribution in addition to energy dissipated to the system when the impellers are

positioned at e/T=0.1.
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Figure 3.28. Drop size distribution of all impellers at the same Reynolds number: 30 000 at e/T=0.1

Figure 3.29 the effect of Reynolds number on drop size when the impellers are located
at /T=0.2 is shown. While RT T/3 gives the smallest drops at low Reynolds numbers,

RT T/2 gives the smallest drops as Reynolds number increases.

As Reynolds number increases, drop sizes decrease until intermediate Reynolds
number and then remain almost constant when the large impellers are used. RT T/2
produces smaller drops than PBTD T/2. The flow patterns of these impellers are the
same when they are located at e/T=0.2. At the region where the shaft is close to the

tank wall, the impeller discharge circulates in the tank as radial two loops and at the

89



region where the shaft is away from the tank wall, the impeller discharge circulates in
the tank elliptically. Even if their flow patterns are similar, their flow numbers,
circulation times and power numbers are different. Formation of different drop sizes
can be attributed to these differences. While power number and circulation time of RT
T/2 impeller are higher than PBTD T/2 impeller, flow number of PBTD T/2 is higher
than RT T/2. When the large impellers are positioned at ¢/T=0.2, the formed vortex in
the tank begins to disappear and the parts of the impellers which are in contact with
the liquid increases as Reynolds number increases. Therefore, shear capacity of the
impellers is transferred to the system better. Formation of smaller drops with RT T/2
is an indication that for the large impellers, the effect of the amount of energy
dissipated into the system in determining drop size is more dominant than pumping

capacity when the vortex begins to disappear.

Among the small impellers, RT T/3 gives smaller drops at low Reynolds number
owing to having higher power number. However, as Reynolds number increases,
drops sizes obtained with RT T/3 and PBTD T/3 get close to each other and at high
Reynolds number, these two impellers produce the same drop sizes. This result is
caused by particle detachment from the interface at high Reynolds number. Since RT
T/3 has greater power number, energy dissipated to the system is higher and particle
detachment occurs due to increase in drop collisions. Therefore, drop coalescence

occurs and larger drops are produced.
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Figure 3.29. The effect of Reynolds number on drop size for all impellers located at e/T=0.2

At higher Reynolds number PBTD T/2, PBTD T/3 and RT T/3 produce the same size
drops. At same Reynolds number, the impeller speeds are higher than the large
impellers, so more energy is dissipated to the system. Based on this, it is expected that
the small impellers would produce smaller drops. However, increase in dissipated
energy causes increase in drop collisions and particle detachment from the interface.
Also, the small impellers have larger coalescence zone. Therefore, smaller drops are
not produced as expected. PBTD T/2, on the other hand, has larger impeller zone and
this contributes to formation of smaller drops. In this case, higher energy dissipation
to the system due to higher impeller speed is compensated by having a larger impeller
zone. Among all impellers, RT T/2 gives the smallest drops at high Reynolds number.
This is an indication that the size of impeller zone is more dominant in determining
drop size at high Reynolds number when the upper vortex begins to disappear. A lower

vortex is formed below RT T/2 at high Reynolds number. The formation of the
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smallest drops with RT T/2 despite this lower vortex is an indication that the effect of
the lower vortex on the system is weak. This result is also observed in the study

conducted by Galletti et al. (2008).

Figure 3.30 shows drop size distribution of all impellers at the same Reynolds number
of 30 000 at ¢/T=0.2. Even though PBTD T/2, PBTD T/3 and RT T/3 produce the
same size drops when Reynolds number is 30 000, drops size distribution of PBTD
T/2 is larger than the others. This is an indication that for obtaining narrower drop size
distribution, the energy dissipated into the system is more important than having larger

impeller zone.
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Figure 3.30. Drop size distribution of all impellers at the same Reynolds number: 30 000 at e/T=0.2
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Figure 3.31 shows the effect of eccentricity on drop size for all impellers at the same
Reynolds number of 30 000. Generally, when the eccentricity is e/T=0.2, smaller
drops are produced. As mentioned previously, this is caused by decrease in the size of
the upper vortex and increase in contact of the impellers with the liquid in the tank.
Therefore, drops are exposed to shear in a more effective way and drop breakup occurs

more efficiently.
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Figure 3.31. Effect of eccentricity on drop size (Re=30 000)

3.2.3. Effect of Weber Number

In Figure 3.32, the effect of Weber number on drop size when the impellers are located
at e/T=0.1 is shown. The small impellers produce smaller drops. Flow patterns of the

small impellers are partially similar at e/T=0.1. Flow patterns formed at the region
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where the shaft is close to the tank wall are the same for both impellers. However,
flow patterns at the region where the shaft is away from the tank wall differ from each
other. While RT T/3 discharge has two loops, PBTD T/3 discharge has one loop.
Among the small impellers RT T/3 gives smaller drops. RT T/3 has higher power
number than PBTD T/3, so more energy dissipation is provided with RT T/3.
Dissipating more energy to the system makes drop breakup easier, so smaller drops
are obtained with RT T/3. An air cavity forms below RT T/3 as Weber number
increases. This impeller produces smaller drops in spite of this air cavity. Formed air
cavity at ¢/T=0.1 is smaller compared to that at ¢/T=0.2. Therefore, its effect on drop
size is relatively weaker and does not affect drop size too much, so smaller drops are

obtained even at the highest Weber number with RT T/3.
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Figure 3.32. The effect of Weber number on drop size for all impellers located at e/T=0.1
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Among the large impellers, although RT T/2 and PBTD T/2 form the same flow
pattern in the tank at ¢/T=0.1, PBTD T/2 produces smaller drops. An air cavity below
RT T/2 forms as Weber number increases and causes decrease in contact of the
impeller with the liquid in the tanks. This decreased contact reduces shear applied by
the impellers and prevents formation of smaller drops compared to full contact case.
Since the effect of upper vortex on the system is more dominant, the size of the upper
vortex is one of the determining factors of drop size. The higher the upper vortex, the
lower the contact of the impeller with the liquid. RT T/2 has larger upper vortex. Even
though RT has higher power number and can provide more energy dissipation to the

system, it produces larger drops due to this larger upper vortex and air cavity.

Figure 3.33 shows drop size distribution of all impellers at the same Weber number of
450 at ¢/T=0.1. The impeller that produces the largest drop sizes, RT T/2, also gives
the largest drop size distribution. This is an indication that decrease in contact of the
impeller with the liquid causes not only formation of larger drops but also larger drop

size distribution even if it has higher impeller zone and power number.
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Figure 3.33. Drop size distribution at Weber number 450 at ¢/T=0.1

In Figure 3.34, the effect of Weber number on drop size when the impellers are located
at ¢/T=0.2 is shown. At the lowest Weber number, RT T/3 gives the smallest drop
sizes and the other impellers produce similar size drops with overlapping error bars.
PBTD T/3 and RT T/3 create the same flow pattern in the tank. However, RT T/3
gives smaller drop sizes since its power number is higher and it gives more energy to
the system. Increase in energy dissipation to the system makes drop breakup easier.
Therefore, smaller drops are obtained with RT T/3. At the same Weber number, the
impeller speeds of the small impellers are higher, and they provide more energy
dissipation to the system. Even if the large impellers have larger impeller zone and it
is expected to produce smaller drops, RT T/3 gives the smallest drops due to having

higher impeller speed. However, after intermediate Weber number, larger drops begin
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to form with RT T/3. As Weber number increases, higher turbulence intensity is
created in the system. This leads to increase in drop collisions and particle detachment

occurs from the interface with the time. Therefore, larger drops are produced.
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Figure 3.34. The effect of Weber number on drop size for all impellers located at ¢/T=0.2

When the impellers are positioned at e/T=0.2, the upper vortex begins to disappear, so
impellers transfer their shear capacity almost completely. Also, they create similar
flow pattern in the tank. At the largest Weber number PBTD T/3 produces the largest
drops. It is followed by the RT T/3. The larger impellers produce almost the same size
drops, and these are smaller than the drops produced with the small impellers. While

the small impellers have higher impeller speeds and give more energy to the system,
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they do not produce smaller drops than the large impellers, since particle detachment

and drop coalescence occur.

Figure 3.35 shows drop size distribution of all impellers at the same Weber number of
450 at /T=0.2. The small impellers have narrower drop size distribution. This is an
indication that the effect of the amount of energy dissipated to the system on drop size

distribution is more dominant on drop size distribution.
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Figure 3.35. Drop size distribution at Weber number 450 at ¢/T=0.2

Figure 3.36 shows the effect of eccentricity on drop size for all impellers at the same
Weber number of 450. The large impellers give the smallest drops at e/T=0.2, since

the upper vortex begins to disappear and the contact of the impellers with the liquid
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increases, so drops are exposed to shear effectively. On the other hand, the small
impellers can not produces the smallest drops at e/T=0.2 because of particle

detachment and drop coalescence, they produce the smallest drops at e/T=0.1 instead.
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Figure 3.36. Effect of eccentricity on drop size (Weber=450)

3.2.4. Effect of Power/Mass

The energy dissipated into the system can be estimated by power per mass. This is the
total power provided to the tank by rotation of the impeller, divided by the total mass
of the contents of the tank. The power contains an impeller power number. A recent
study conducted by Musik and Talaga (2016) with RT T/3 located at different
positions in an unbaffled stirred tank shows that impeller power numbers depend on

not only the type of the impeller but also the presence of baffles and position of the
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shaft. They observed that impeller power number of RT impeller in unbaffled stirred
tank is smaller in comparison to baffled tank and is larger in comparison with
unbaffled tank when the impeller is located at the center. However, the effect of
eccentricity on power number of PBTD impeller is not known. Therefore, power
number values of the impellers when they are in baffled tanks were used in the

experiments to make comparisons more accurate.

The effect of power/mass ratio on drop size when the impellers are positioned at
e/T=0.1 is shown in Figure 3.37. At the same power/mass ratio, the impeller speed of
PBTD T/3 impeller is higher than RT T/3 impeller due to having smaller power
number. Therefore, turbulence intensity in the system is larger when PBTD T/3 is used
and it would be expected that smaller drops are obtained with PBTD T/3. However,
RT T/3 produces smaller drop sizes than PBTD T/3 because increase in turbulence
intensity causes increase in drop collisions and particle detachment at that high
impeller speeds. When the impellers are located at e/T=0.1, the size of the vortex is
smaller compared to centered position. Therefore, contact of the impellers with the
liquid is larger at this eccentricity. Also, PBTD T/3 has smaller circulation time and
drops are exposed to shear more frequently. Therefore, drops are more interacting with
the impellers which contributes to particle detachment and formation of larger drops
with PBTD T/3. At the largest power/mass, however, the drop sizes are the same with

both impellers.
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Figure 3.37. The effect of power/mass on drop size at ¢/T=0.1

At the same power/mass ratio RT T/2 and PBTD T/2 create the same size drops. The
large impellers have the same flow patterns. Although, circulation time of PBTD
impeller and the size of the formed vortex in the system are smaller with PBTD T/2,
both impellers form the same size drops. This can be attributed to higher impeller
speed of PBTD T/2 impeller. Since PBTD T/2 impeller has larger impeller speed, it
creates more turbulence intensity in the system, and this contributes to drop collisions
and particle detachment. Particle detachment results in drop coalescence and
formation of larger drops. This is an indication that increase in contact of the impellers
with the liquid in the tank has an adverse effect on drop breakup process if the impeller

speeds of the impellers are too high.

Figure 3.38 shows drop size distribution of all impellers at the same power/mass ratio

of 400, when the impellers are located at e/T=0.1. Except RT T/3 the other impellers
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give the same size drops. However, PBTD impellers has larger drop size distribution.
Since impeller speeds of PBTD impellers are higher than RT impellers, turbulence
fluctuations in the system are more and this brings about formation of smaller drops

along with drop coalescence.
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Figure 3.38. Drop size distribution of all impellers at the same power/mass ratio: 400 at ¢/T=0.1

The effect of power/mass ratio on drop size when the impellers are positioned at
e/T=0.2 is shown in Figure 3.39. When power/mass ratio is 400, the smallest drops
are obtained with RT T/3 and other impellers give similar size drops. At this
eccentricity ratio, flow patterns created by the impellers are the same. Vortex in the
tank begins to disappear and contact of the impellers with the liquid increases. Among

the impellers, PBTD T/3 has the highest impeller speed at the same power/mass ratio.
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However, when the impeller speeds are too high, drop coalescence overcome drop

breakup process. Therefore, the smallest drops are not obtained with PBTD T/3.
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Figure 3.39. The effect of power/mass on drop size at ¢/T=0.2

Figure 3.40 shows drop size distribution of all impellers at the same power/mass ratio,
400, when the impellers are located at e/T=0.2. Even if RT T/2, PBTD T/2 and PBTD
T/3 produce the same size drops, PBTD T/3 has the largest drop size. PBTD T/3 also
has the largest drop size distribution. Even though RT T/3 gives the smallest drops, its
drop size distribution is not good. The T/2 impellers perform better performances in

terms of drop size distribution.
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Figure 3.40. Drop size distribution of all impellers at the same power/mass ratio: 400 at e/T=0.2

Figure 3.41 shows the effect of eccentricity on drop size for all impellers at the same
power/mass ratio of 400. Almost all impellers give the smallest drops when they are
located at e/T=0.2. When the eccentricity ratio increases, vortex becomes smaller and
begins to disappers. Therefore, contact of the impellers with the liquid in the tank
increases and this leads to increase in performances of the impellers. With PBTD T/2,
the smallest drops are obtained at ¢/T=0.2, but it should be noted that the differences

between different positions of the shaft are very small.
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Figure 3.41. Effect of eccentricity on drop size (power/mass=400)

3.3. Comparison of Performances of PBTU and PBTD Impellers at the Same Viip

PBTD impeller provides liquid to move first to bottom of the tank and then to surface
of the tank. On the other hand, PBTU impeller allows liquid to move first to surface
of the tank and then to bottom of the tank. Since oil dispersion and particle suspension
should be done at the same time for the production of Pickering emulsions,
determination of which type of PBT impeller gives the best performance in terms of
drops size and drop size distribution of Pickering emulsion was aimed in this part of
the study. The selected impeller tip speeds and corresponding impeller speeds are the
same in chapter 3.1.1. To clarify differences in performances of PBTD and PBTU
impellers, comparison should be done at the same impeller tip speed: 132 m/min.

When the impellers are located at e/T=0, formed vortices in water filled tanks at the
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same impeller tip speed are shown in Figure 3.42. The size of formed vortex and air

cavity below the impellers are very similar for the same size impellers.
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Figure 3.42. Formed vortices at the same impeller tip speed (132 m/min at e/T=0)
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The large impellers have similar flow patterns. As mentioned previously, radial
component of flow pattern of PBT impeller is dominant in the tank when the size of
the impeller is T/2. While radial component of flow pattern created by PBTD impeller
has downward inclination, radial component of flow pattern created by PBTU impeller
has upward inclination. However, both impellers create double loop in the tank. As
opposed to the large impellers, the small impellers create just one single loop in the
tank when they are at the center of the tank. While PBTD T/3 push the fluid to the
bottom of the tank, PBTU T/3 push the fluid to the surface of the tank.

The effect of impeller tip speed on drop size is seen in Figure 3.43 when the impellers
are located at e/T=0. At the same impeller tip speed, the large impellers give almost
the same size drops. The central vortex creates a vacuum effect, allowing the oil phase
to be dispersed in the system more effectively. Since the depth of the vortex and flow
patterns created by the large impellers are almost the same, they show similar
performance and produce the same size drops. Among the small impellers, PBTD
gives smaller drops than PBTU. This is an indication that flow pattern with downward
inclination in the system is more effective to obtain smaller drops. The large impellers
produce smaller drops then the small impellers. Since the large impellers have larger
impeller zone and smaller circulation time, drops are exposed to shear more

frequently. Therefore, smaller drops are formed.
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Figure 3.43. The effect of impeller tip speed on drop size at e/T=0

Figure 3.44 shows drop size distribution of all impellers at the same impeller tip speed
when they are located at e/T=0. Impellers produce smaller drop size also have
narrower drops size distribution. PBTU impellers show the worst performance not

only in terms of drop size but also in terms of drop size distribution.
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Figure 3.44. Drop size distribution of all impellers at the same Vi (at e/T=0)

When the impellers are located at e/T=0.1, the sizes of the vortices are almost the same
for the large impellers as seen in Figure 3.45. However, these vortices are smaller
compared to centered case. Flow patterns created by the large impellers are similar
also. While the sizes of the vortices created by the small impellers are similar when
they are at e/T=0, they are different when the shaft is positioned at e/T=0.1. The vortex
created by PBTU T/3 does not reach the impeller and smaller than the vortex created
by PBTD T/3. Flow patterns created by the small impellers are also different.
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Figure 3.45. Formed vortices at the same impeller tip speed (132 m/min at e/T=0.1)

The effect of impeller tip speed on drop size when the impellers are located at e/T=0.1
is shown in Figure 3.46. Even though the flow patterns and the sizes of the vortices
are similar for the large impellers, PBTD T/2 gives smaller drops. Since the size of

the vortex becomes smaller compared to centered case, dispersion of the oil phase into
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the system is affected. Based on the results, it can be said that flow pattern with
downward inclination provides better dispersion of the oil phase and glass beads in
the system. Thus, smaller drops are formed. This inference is also valid for the small
impellers. Since the vortex created by PBTU T/3 does not reach the impeller and the
fluid coming from the impeller zone goes toward the surface of the tank, entering of
the oil phase that located at the upper part of the tank into the system becomes more
difficult and required higher impeller speed compared to PBTD T/3. Weak dispersion
of the oil phase results in formation of larger drops. PBTD impellers produce smaller

drops regardless of the size of the impellers.
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Figure 3.46. The effect of impeller tip speed on drop size at ¢/T=0.1

Figure 3.47 shows drop size distribution of all impellers at the same impeller tip speed

when they are located at e/T=0.1. PBTD T/2 produce the smallest drop size also has
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the narrowest drops size distribution. PBTU T/3 impellers show the worst

performance not only in terms of drop size but also in terms of drop size distribution.
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Figure 3.47. Drop size distribution of all impellers at the same Vy;, (at e/T=0.1)

When the impellers are located at e/T=0.2, flows created by the impellers are shown
in Figure 3.48. The size of the vortex created by PBTD T/3 becomes smaller compared
to the other shaft positions as mentioned previously. This vortex also has a vertical
inclination. When PBTU T/3 impeller is used at e/T=0.2, there is no vortex formation
in the tank and higher impeller speed is required for effective dispersion especially for
the oil phase. The vortex created by PBTD T/2 begins to disappear and flow gains an
elliptic path in the tank. When PBTU T/2 impeller is used, a lower vortex is formed

instead of an upper vortex and elliptic flow pattern is created.
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Figure 3.48. Formed vortices at the same impeller tip speed (132 m/min at e/T=0.2)

When the impellers are positioned at e¢/T=0.2, as seen in Figure 3.49, the large
impellers give smaller drops than the small impellers. The large impellers have larger
impeller zone; therefore, they form smaller drops because drop breakup occurs mostly

in the impeller zone. Also, their circulation time is smaller, and drops are exposed to
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shear more frequently with the large impellers. PBTD T/3 impeller produces smaller
drops than PBTU T/3 impeller. There is still a vortex in the tank when PBTD T/3 is
used and even if it is smaller compared to other vortices created at other shaft
positions, it helps entering of oil phase to the system. For the same size impellers,
PBTD creates smaller drops than PBTU. This is an indication that better dispersion
and drop breakup are provided with PBTD impellers. Amira et al. (2013) performed a
study with 6 bladed PBTD T/3 and PBTU T/3 and they found that PBTD has higher
turbulent kinetic energy than PBTU. The higher the turbulent kinetic energy the easier

the drop breakup. This is another reason to obtain smaller drops with PBTD impellers.
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Figure 3.49. The effect of impeller tip speed on drop size at e/T=0.2

Drop size distribution of all impellers at e/T=0.2 is given in Figure 3.50. The large

impellers have narrower drop size distribution than the small impellers. For the same
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size impellers, PBTD impellers give narrower drop size distribution. The best
performance in terms of drop size and drop size distribution is obtained with PBTD

T/2.
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Figure 3.50. Drop size distribution of all impellers at the same Vy;p (at e/T=0.2)

PBTD T/2 shows the best performance and produces the smallest drops when it is
located at e/T=0.2 as shown in Figure 3.51. As the eccentricity ratio increases, drop
size obtained with PBTU T/3 increases because increase in eccentricity ratio causes
decrease in the size of vortex and this situation makes entering of oil phase into the
system difficult. Also, it has smaller impeller zone, and this contributes to its poor

performance.
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Figure 3.51. Effect of eccentricity on the impellers at the same Vi,

3.4. Mixing Time Analysis

Mixing time is the time taken to reach a certain degree of homogeneity (Cabaret et al.,
2007). Mixing time analysis can be utilized to investigate performance differences of
the impellers in a stirred tank. In this thesis, mixing time analysis was performed with
three types of impeller which are PBTU, PBTD and RT when they are located at three
different positions in an unbaffled stirred tank. The comparison of the performances
of the impellers were done at the same impeller speed which is 865 rpm. Figure 3.52
shows the results. According to results, mixing time of the large impellers are shorter
than the small impellers. This is caused by having larger impeller zone of the large
impellers. Also, for the same type of an impeller, circulation time of the large impeller
is smaller than the small impeller. Therefore, the large impellers provide better

circulation, and this causes decrease in the time taken to achieve a certain degree of
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homogeneity. The small impellers have smaller impeller zone and larger circulation
time, so they provide poor circulation in the tank. Therefore, the time required to reach

a certain degree of homogeneity is longer when the small impellers are used.
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Figure 3.52. Mixing time analysis for all impellers at the same impeller speed (865 rpm)

With the large impellers, mixing time decreases as the eccentricity ratio increases. A
similar result was obtained in the study conducted by Karcz and Szoplik (2004). They
performed their experiments with propeller agitator in different pumping mode at
centric and eccentric positions. They observed that increase in eccentricity causes
decrease in mixing time and working at down pumping mode also decreases the
mixing time. As seen in Figure 3.52, PBTD T/2 has smaller mixing time than PBTU
T/2 impeller. However, the same observations could not be obtained with the small

impellers. Even if pumping capacity of PBT impellers is higher than RT impeller, the
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time require to reach a certain degree of homogeneity is shorter when RT impeller is
used regardless of its size. RT T/2 at ¢/T=0.2 provides homogeneity in the system in

a shorter time.

When the mixing time and drop size, results were considered no relationship was
found. Impellers show different performances in mixing time experiments and
emulsification experiments. While the smallest drops and the narrowest drop size
distribution were obtained with RT T/3 impeller at e/T=0.2, the shortest time required
to reach 95% homogeneity was achieved with RT T/2 at ¢/T=0.2. Also, mixing time
experiments take seconds. On the other hand, emulsification experiments take 3 hours
and homogeneity in the tank has already been achieved in 3 hours. The most important
common result of mixing time and drop size analysis is that the best performances

were obtained when the shaft is located at e/T=0.2.
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CHAPTER 4

SUMMARY, OUTCOMES AND FUTURE WORK

4.1. Summary and Outcomes

In this thesis, the effect of different hydrodynamic conditions on the production of
Pickering emulsions in unbaffled stirred tanks was investigated. Oil in water Pickering
emulsions were produced. Physicochemical properties of the emulsions such as the
type of oil, oil to water volumetric ratio, the amount of glass beads and the viscosity
of the oil were kept constant to observe only the effect of hydrodynamics on drop size
and drop size distribution. Hydrodynamic parameters such as impeller tip speed,
Reynolds number, Weber number and power per mass were varied to create different
hydrodynamic conditions. Performances of two different types of impellers at two
different sizes to find optimum mixing geometry were compared: PBTD and RT.
Apart from RT and PBTD impellers, performance of PBTU at two different sizes was
also compared at different impeller tip speeds. Shaft was located at three different
positions: e/T=0, e/T=0.1 and ¢/T=0.2. The conclusions of this thesis are given as the

following:

e Drop size and drop size distributions are affected by the following factors:
change in flow patterns created by the impellers due to change in the location
of the shaft, the size of the vortex, the amount of energy dissipated into the
system, the size of the impeller zone and circulation time of the impellers.

e When the shaft is located at the center, a central vortex forms at the free
surface. The depth of the vortex increases with increase in the impeller speed.
When the vortex reaches the impeller, air entrainment occurs into the system.

After a certain impeller speed, an air cavity also forms below the impellers. At
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the same impeller speed, the size of the vortex is larger with RT impellers
compared to PBTD impellers.

When the impellers are located eccentrically, asymmetric upper vortex forms
at the region where the shaft is away from the tank wall instead of symmetric,
central vortex. As the eccentricity ratio increases, inclination of the upper
vortex relative to vertical axis increases. A lower vortex forms below the
impellers after certain impeller speeds. The flow is mostly dominated by the
upper vortex. The effect of the lower vortex on the system is very weak. When
the impellers are located at e/T=0.2. All impellers create the same flow pattern.
At the region where the shaft is close to the tank wall, double loops are created.
At the region where the shaft is away from the tank, the vortex begins to
disappear, and the liquid circulates as elliptic vertical.

The large impellers create similar flow patterns in the tank regardless of the
shaft position. When most parts of the large impellers remain in the vortex,
they produce almost the same size drops. Since the contact of the impellers
with the liquid in the tank is small due to vortex, shear created by the impellers
cannot be transferred to the system effectively. High shear property of RT
impellers compensated with having smaller circulation time with PBTD
impellers. When the vortex begins to disappear on the other hand, the amount
of energy dissipated into the system is dominant in determining of drop size
rather than having smaller circulation time. To conclude, for the large
impellers, the depth of the vortex in the tank has more impact on drop size than
the amount of energy dissipated into the system or circulation time.

When the shaft is at the center, at low impeller speeds, the small impellers
produce smaller drops since more energy is dissipated into the system with the
small impellers and more turbulence intensity created in the system due to
having higher impeller speeds. The higher the energy dissipated into the
system the smaller the drops are formed. However, at high impeller speeds,

the large impellers produce the smaller drops because at high impeller speeds,
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particle detachment occurs when the small impellers are used. Therefore,
coalescence occurs, and large drops are formed. On the other hand, the large
impellers produce smaller drops at high impeller speeds because drop breakup
still dominates at that impeller speeds. Also, they have larger impeller zone
and drops are exposed to shear more effectively. According to these results,
while at low impeller speeds, the amount of energy dissipated into the system
has more effect on drop size, at high impeller speeds, having larger impeller
zone mostly affects the formation of smaller drops.

When the shaft is located eccentrically, the amount of energy dissipated into
the system has an important effect on drop size. Since power number of RT
impeller is larger, it gives more energy into the system and produces the
smallest drops. Since increase in eccentricity leads to increase in contact of the
impellers with the liquid, the smallest drops are obtained with RT T/3 when it
is positioned at e/T=0.2

The usage of PBTD T/3 impeller for the production of Pickering emulsions is
not suitable. Since oil dispersion and particle suspension could not be done
effectively at the same time. Also, particle adsorption could not be sufficient
with this impeller. Therefore, when PBTD T/3 impeller is used, coalescence
occurs, larger drops are formed, and larger drop size distribution is obtained.
The same observation is also obtained in the study that the production of
Pickering emulsion was performed in baftled stirred tanks (Abdulrasaq and
Ayranci, 2019).

When the performance of PBTD and PBTU impellers are compared at the
same impeller tip speed, it is found that performance of PBTD impellers is
better than PBTU impellers. The vortex created in the system with higher depth
allows oil phase entering the system more effectively. That means dispersion
performance of PBTD impellers are more suitable for the production of
Pickering emulsions. Also, the large impellers have larger impeller zone

compared the small impellers. Since drop breakup occurs mostly in the
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impeller zone, the large impellers form smaller drops. The best performance
among PBT impellers is obtained with PBTD T/2 impeller when it is located
at e/T=0.2.

4.2. Future Work

In this thesis the effect of hydrodynamics on the production of Pickering emulsions
was investigated. The content of studies related to the effect of hydrodynamics on the
production of Pickering emulsions is still scant. The topics that can be investigated

can be summarized as the following:

e Scale-up studies are needed for application of the results of this thesis to
industrial tanks.

o Different types of oil that have different viscosity values can also be tested to
see the effect of viscosity on drop size of Pickering emulsions.

e In this study, the selected power/mass values were calculated by taking the
power number values of the impellers for baffled case due to lack of
information related to unbaffled case. There are a few studies about the
impeller power numbers in unbaffled tanks where the shaft is located at the
center and at the eccentric position. However, the results contradict. Therefore,
studies should be done to remove contradictions.

e The effect of different off-bottom clearances on drop size can also be
investigated for this study.

o The effect of different oil/water content can be tested. To clarify drop breakup
process and to decrease drop coalescence lower oil/water content can be used.

e Elliptic particles which provide better surface coverage can be tested instead
of spherical ones to investigate how the difference in coverage of the particles
will affect drop size and drop size distribution at different hydrodynamic

conditions.
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.bmp format\n')

'Enter File name of first image e.g xxxxxx.bmp\n'
'Enter File name of last image e.g xxxxxxs.bmp\n'

input (promptl, 's');

The following folder does not

'* . bmp')

’

’

sprintf ('Error
myFolder)

\Users\ayranci\Desktop\Mixing time'"

Check to make sure that folder actually exists.

doesn't.

fullfile (myFolder,

dir (filePattern);

'C

’

\n%s',
uiwait (warndlg (errorMessage) )

return

end

input (prompt2, 's');

Get a list of all files in the folder with the desired file name

Ensure that the first and last images are saved in the matlab
pattern.

directory
Ensure all images are in the directory specified

Specify the folder where the files live.

errorMessage

user notes
fprintf ('Make sure the images are saved in Mixing time folder on

desktop \nImages are to be saved in

promptl
if ~isdir (myFolder)

pattern you need.

filePattern
theFiles

myFolder =

prompt2 =
x1

X2

exist
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Read first image
Red channel
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framel (

Threshold calculations
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redl

S99 o
0000



Green channel
Blue channel

greenl = framel(:,:,2);
bluel = framel(:,:,3);

o o°

framelLast = imread(x2); %Read last image
redLast = framelLast(:,:,1); % Red channel
greenlast = framelast(:,:,2); % Green channel

bluelLast = framelast(:,:,3); Blue channel

$%%Threshold Calculation%%%%%%%%

X = 0.5; % For Bromocresol Purple
thresh g = greenl + X*(greenlLast-greenl); %GREEN
thresh b = bluel + X*(blueLast-bluel); $BLUE
thresh r = redl + X*(redLast-redl); SRED

mixedg = zeros(size(framel)); %Pre- allocated for mixed green array
mixedr = zeros(size(framel)); SPre-allocated for mixed red array
mixedb = zeros(size (framel)); %Pre-allocated for mixed blue array

Mg = zeros(length(theFiles),1l); %$Pre-allocated for mixed green
pixels array

Mr = zeros(length(theFiles),1l); S$Pre-allocated for mixed red pixels
array

Mb = zeros (length(theFiles),1l); %Pre-allocated for mixed blue pixels
array
t = zeros(length(theFiles),1l); %Pre-allocated for time array

% Loading and reading of images

for k = 1 : length(theFiles)
baseFileName = theFiles (k) .name;
fullFileName = fullfile(myFolder, baseFileName) ;
fprintf(l, 'Now reading %$s\n', fullFileName) ;

Read the files
Red channel

frame = imread (fullFileName) ;
red = frame(:,:,1);

o® o0 o oe

green = frame(:,:,2); Green channel

blue = frame(:,:,3); Blue channel

figure (1)

imshow (frame) %$%%Show the images
% 1mshow (green) %%%Show the green component images

drawnow; % Force display to update immediately.
0000000000009909000000000000000000000000000000090990999900000000000000

$%%%%%%%% Comparison with threshold pixels %%%%%%%
[m,n] = size(green);
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N = m*n; % total number of frames
for 1 =1:m
for 3 = 1:n
if green(i,j) > thresh g(i,3J) %% green component
mixedg(i,j) = 1;
else mixedg (i, j)=0;
end

%$%% Uncomment this section if you want to calculate for blue and red
components%$%$%

% if red(i,J) > thresh r(i,Jj) %% red component

% mixedr (i,j) = 1;

% else mixedr (i,j)=0;

% end

% if blue(i,j) > thresh b(i,]) %% blue component

% mixedb (i,73) = 1;

% else mixedb(i,7)=0;

% end

end
end

N mixedg =nnz (mixedg) ;
(k) = N _mixedg/N;

N mixedr =nnz (mixedr);
Mr (k) = N mixedr/N;

N mixedb =nnz (mixedb) ;
Mb (k) = N mixedb/N;

o0 oo d° oo
Q

t(k)= 0.04*k; $%%convert to seconds because frames are each 0.04
sec

()
o]
Q.

o o° oo
o o° oo
o o° oo
o o° oo
o o° oo

figure (2)
plot (t,Mg, 'g'") %$%Plot green component mixing curve
hold on

% plot (Mb, 'b")

% lot blue component mixing curve
% plot (Mr, 'r")

lot red component mixing curve

o oe
o oe
o

title ('Mixedness vs Time')
x-axis label

o
) o

A 3 \l o
ylabel ('Mixedness') % y-axis label
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