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ABSTRACT 

 

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

 

Demirdoğan, Özge 
Master of Science, Chemical Engineering 

Supervisor: Assist. Prof. Dr. İnci Ayrancı Tansık 
 

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: e/T=0, e/T=0.1 and e/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.  
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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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ÖZ 

 

HİDRODİNAMİK KOŞULLARIN ENGELSİZ TANKLARDA ÜRETİLEN 
PİCKERİNG EMÜLSİYONLARI ÜZERİNE ETKİSİ 

 

Demirdoğan, Özge 
Yüksek Lisans, Kimya Mühendisliği 

Tez Danışmanı: Dr. Öğr. Üyesi İnci Ayrancı Tansık 
 

Eylül 2019, 135 sayfa 

 

Emülsiyon normalde birbiri içerisinde karışmayan iki sıvıdan birinin öteki içerisinde 

dağılmasıyla elde edilen akışkan sistemidir. Bu oluşum termodinamik açıdan kararsız 

olduğundan kararlı hale getirilebilmesi yüzey aktif madde kullanımı ile mümkündür. 

Katı taneciklerin yüzey aktif madde olarak kullanıldığı emülsiyonlara Pickering 

emülsiyonları adı verilmektedir.  

Bu çalışmada engelsiz tanklarda üretilen Pickering emülsiyonlarına farklı 

hidrodinamik koşulların etkisinin belirlenmesi amaçlanmıştır. Su içerisinde yağ 

Pickering emülsiyonları üretilmiştir. Saf su ana faz, silikon yağı dağılan faz olarak 

seçilmiştir. Hidrofilik cam tozu yüzey aktif madde olarak kullanılmıştır. Farklı akış 

profillerinin etkilerinin gözlemlenebilmesi için ikişer farklı boyutta Rushton türbini 

(RT), aşağı yönlü akış sağlayan eğimli bıçaklı karıştırıcı ucu (PBTD) ve yukarı yönlü 

akış sağlayan eğimli bıçaklı karıştırıcı ucu (PBTU) kullanılmıştır. Şaft üç ayrı noktada 

konumlandırılmıştır: e/T=0, e/T=0.1 ve e/T=0.2. Karıştırıcı ucu çevresel hızı, 

karıştırıcı ucu Reynolds sayısı, Weber sayısı ve güç tüketimi/kütle oranı gibi 

hidrodinamik parametreler değiştirilerek farklı hidrodinamik koşullar 

oluşturulmuştur. Farklı hidrodinamik koşulların Pickering emülsiyonu üretimine 

etkisi Malvern Mastersizer cihazı ile damla boyutu ve boyut dağılım analizleri 

yapılarak belirlenmiştir. 
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Şaftın merkezden uzaklaşmasının girdap boyutunda azalışa, karıştırıcı uçlarının tank 

içerisindeki sıvı ile temasında artışa ve karıştırıcı uçlarının performanslarının sisteme 

iletiminde artışa neden olduğu bulunmuştur. Genel olarak, şaftın merkezden 

uzaklaşması damla boyutunda azalışa neden olmaktadır. Sisteme verilen enerji miktarı 

emülsiyonların damla boyutunun belirlenmesinde önemli bir etkiye sahiptir. 

Genellikle en küçük damlalar ve en dar damla boyutu dağılımı RT T/3 karıştırıcı ucu 

ile e/T=0.2 konumunda elde edilmiştir.  

 

Anahtar Kelimeler: Pickering Emülsiyonları, Engelsiz Karıştırmalı Tank, Girdap, 

Merkez Dışı Şaft, Damla Boyutu 
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CHAPTER 1  

 

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 (∆𝑃𝐿) and expressed by Young-Laplace equation (Adamson and 

Gast, 1997):  

 
∆𝑃𝐿 =

4𝛾

𝑑
 (1.1) 

Here, 𝛾 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). 
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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: 

∆𝐺𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝛾∆𝐴 − 𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (1.2) 

where 𝛾 is the interfacial tension between the phases, ∆𝐴 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 ∆𝐴 term is always 

positive during emulsion formation. Entropy term is also positive because the number 

of emulsion drops increases during emulsion formation. In general, 𝛾∆𝐴 term is 

greater than −𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 and this makes the ∆𝐺𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 positive. However, it 

is known that ∆𝐺𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 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 (∆𝐴) decreases and this 

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

 

 

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, 



 

 
 
6 

 

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 (θ) 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). 

 

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

 

 cos 𝜃 =
𝛾𝑠𝑜 − 𝛾𝑠𝑤

𝛾𝑜𝑤
 (1.3) 

 

Here, 𝛾𝑠𝑜 is the interfacial tension between the solid particle and the oil phase, 𝛾𝑠𝑤 is 

the interfacial tension between the solid particle and the water phase and 𝛾𝑜𝑤 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 

is 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.  
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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. 

 

 

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 
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(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 (ΔE) depends on particle radius (r), oil/water interfacial tension 

(𝛾𝑜𝑤) and particle contact angle (θ). The relation between them is expressed by the 

following formula: 

 ∆𝐸 = 𝜋𝑟2𝛾𝑜𝑤(1 ± cos θ)2 (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. 
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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 Oil 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. 
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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 unbaffled 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) Baffled 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) e/T=0.1 c) 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.  

 

  

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 (Vtip) 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: 

 𝑉𝑡𝑖𝑝 = 𝜋𝑁𝐷 (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:  

 
𝑅𝑒 =

𝑁𝐷2𝜌

𝜇
 

(1.6) 

The flow regime in the tank is adjusted by changing impeller Reynolds number. When 

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: 

 
𝑊𝑒 =

𝜌𝑐𝑁2𝐷3

𝜎
 

(1.7) 

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: 

 
𝜀 =

𝑃

𝜌𝑉𝑖𝑚𝑝
=

𝜌𝑁3𝐷5𝑁𝑝

𝜌𝑉𝑖𝑚𝑝
=

𝑁3𝐷5𝑁𝑝

𝑉𝑖𝑚𝑝
 

(1.8) 
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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 μm 

and 3500 μm 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. 
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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 μm, 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. 

 

 

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 (Aydın, 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 μm, 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 μm, 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. 

 

 

Figure 1.10. Light scattering by Mie and Fraunhofer models 

  
a) Mie theory b) Fraunhofer approximation 
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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: 

• The Sauter mean diameter (d32): It is also known as surface-volume mean 

diameter and represents the ratio of the third to second moments of the drop 

size distribution. 

 
𝑑32 =

∑ 𝑛𝑖𝑑𝑖
3𝑖=𝑚

𝑖=1

∑ 𝑛𝑖𝑑𝑖
2𝑖=𝑚

𝑖=1

 
(1.9) 

 

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

moments of the drop size distribution. 

 
𝑑43 =

∑ 𝑛𝑖𝑑𝑖
4𝑖=𝑚

𝑖=1

∑ 𝑛𝑖𝑑𝑖
3𝑖=𝑚

𝑖=1

 
(1.10) 

 

• Arithmetic mean diameter (d10, d50, d90): d10 means 10% by volume of all 

drops smaller than d10, d50 means 50% by volume of all drops smaller than d50 

and d90 means 90% by volume of all drops smaller than d90 (Leng and 

Calabrese 2004) 

 
𝑑𝑛 =

∑ 𝑛𝑖𝑑𝑖
𝑖=𝑚
𝑖=1

∑ 𝑛𝑖
𝑖=𝑚
𝑖=1

 
(1.11) 

 

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

drops is represented by di. 

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: e/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  

 

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, d50 18.3 𝜇m and 99% 

of the particles are smaller than 60 𝜇m according to this analysis.  
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Figure 2.1. Particle size distribution of glass beads 

 

Table 2.1. Volumetric particle size distribution 

 

 

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 (𝜇m) 18.3 

Density (g/cm3) 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/cm3) 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.     
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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, e/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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a) e/T=0 b) e/T=0.1 c) e/T=0.2 

 

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 

control 

b) Daihan Scientific® HS-

30D 

c) Heidolph® Hei-

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, e/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: e/T=0, e/T=0.1 and e/T=0.2 from 

left to right respectively 

 

 

 

 

 

 

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

Figure 2.9. Arrangement of shafts using plexiglass apparatus 

 

2.3.2. Determination of Oil/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 (NJD1) and the speed at which 

the oil phase can completely mix with the water phase is called oil mixing speed 

(NJD2). 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 NJD2.  
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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 NJD1. After determination 

the oil entrainment speed, agitation speed was increased with smaller increments. Ten 

minutes after each increment, the system was observed to determine NJD2. The 

agitation speed was continued to be increased and to determine the air entrainment 

speed. 

Table 2.4 shows NJD1, NJD2 and NE 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 
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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 e/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 NJD1 (rpm) NJD2 (rpm) NE (rpm) 

PBTD T/3 

0 220 850 920 

0.1 190 430 780 

0.2 230 570 870 

PBTD T/2 

0 90 200 550 

0.1 110 160 430 

0.2 110 180 360 

RT T/3 

0 - 440 830 

0.1 180 340 670 

0.2 260 360 810 

RT T/2 

0 - 300 500 

0.1 90 260 380 

0.2 100 220 340 

 

Apart from NJD1, NJD2 and NE, 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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𝑅𝑒 =

𝜌𝑁𝐷2

𝜇
 

(2.1) 

 

In this equation, ρ represents the density of the liquid in the tank (kg/m3), N is the 

agitation speed (rps), D is the impeller diameter (m), 𝜇 is the viscosity of the liquid 

(kg/m s). For the calculation of the emulsion viscosity, an equation modelled by 

Roscoe (1952) was utilized: 

 𝜂𝑟 =
𝜇𝑠

𝜇𝑐
⁄ = (1 − 1.35 ∗ 𝑐)−2.5 (2.2) 

 

In this equation, 𝜂𝑟 is the relative viscosity, 𝜇𝑠 is the viscosity of emulsion, 𝜇𝑐 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.  

 

 

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. 

 

 

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 μm by the company. If the 

size of the particle is smaller than 50 μm 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 μm.  

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 μm, 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 d32 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.  

 

 

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 (Ntotal). In the study 

conducted by Cabaret et al. (2007), it was accepted that homogeneity within the tank 

is sufficient when the ratio of Nmixed to Ntotal 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  

 

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 (Vtip), 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 (Vtip) 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: 

 
 

(3.1) 
 

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 

Vtip 

(m/min) 

N (rpm) 

T/2 

impellers 

N (rpm) 

T/3 

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 Vtip, 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.  

 

 

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 Vtip, 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) RT T/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) RT T/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: 

 
𝑅𝑒 =

𝑁𝐷2𝜌

𝜇
 

(3.2) 

 

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

are density (kg/m3) 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 

Reynolds 

number 

N (rpm)  

T/2 

impellers 

N (rpm)    

T/3   

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; Özcan-

Taşkin 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.  

 

 

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 
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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):  

 
𝑡𝑐𝑖𝑟𝑐 =

𝑉𝑡𝑎𝑛𝑘

𝑁𝑞 × 𝐷3 × 𝑁
 (3.3) 

In this relation, tcirc represents the mean circulation time, Nq is the impeller flow 

number, N and D are impeller speed and impeller diameter respectively. At the same 

impeller speed, PBTD impeller has larger Nq 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.  

 

 

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: 

 
𝑊𝑒 =

𝜌𝑐𝑁2𝐷3

𝜎
 

(3.4) 

Here, ρc refers to the density of the continuous phase (kg/m3), N is the impeller speed 

(rps), D is the impeller diameter (m), and σ 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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𝜌𝑐 =

𝑚𝑤 + 𝑚𝑝

𝑚𝑤
𝜌𝑤

⁄ +
𝑚𝑝

𝜌𝑝
⁄

 (3.5) 

Here, 𝑚𝑤 and 𝑚𝑝 represent the mass of water and the mass of particles respectively. 

𝜌𝑤 is the water density and 𝜌𝑝 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 

Weber 

Number 

N (rpm)   

T/2 

impellers 

N (rpm)  

T/3 

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.  
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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: 

 
𝜀 =

𝑃𝑜𝑤𝑒𝑟 

𝑀𝑎𝑠𝑠
=

𝑃

𝜌𝑉𝑖𝑚𝑝
=

𝜌𝑁3𝐷5𝑁𝑝

𝜌𝑉𝑖𝑚𝑝
=

𝑁3𝐷5𝑁𝑝

𝑉𝑖𝑚𝑝
 

(3.6) 
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N (rps) refers to the impeller speed, D (m) is the impeller diameter, Np is the impeller 

power number and Vimp is the impeller swept volume. Vimp is calculated by the relation 

given below. 

 
𝑉𝑖𝑚𝑝 =

𝜋𝐷2

4
∗ 𝐻𝑖𝑚𝑝 

(3.7) 

 
𝐻𝑖𝑚𝑝 =

𝐷

5
 (3.8) 

 

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 

Power/mass 

(W/kg) 

N (rpm) 

RT T/2 

impellers 

N (rpm) 

PBTD T/2 

impellers 

N (rpm) 

RT T/3 

impellers 

N (rpm) 

PBTD T/3 

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., 
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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 = 𝜌𝑁3𝐷5𝑁𝑝 (3.9) 

 𝑁~𝑁𝑝
−1/3 (3.10) 

 
𝑡𝑐𝑖𝑟𝑐 =

𝑉𝑡𝑎𝑛𝑘

𝑁𝑞 × 𝐷3 × 𝑁
 (3.11) 

 
𝑡𝑐𝑖𝑟𝑐~

𝑁𝑝
1/3

𝑁𝑞
⁄  

(3.12) 
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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.  

 

 

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 e/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 e/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 e/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 e/T=0.2 

 

When RT T/3 and RT T/2 are at e/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 e/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 e/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 Vtip, 

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. 

 

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) RT T/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) RT T/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.  

 

0

2

4

6

8

10

12

14

16

18

20

1 10 100 1000 10000

Vo
lu

m
e 

D
en

sit
y 

(%
)

Size Classes (μm)

RT T/2

PBTD T/3

PBTD T/2

RT T/3

0

0.5

1

1.5

Sp
an

RT T/2
PBTD T/3
PBTD T/2
RT T/3



 

 
 

82 
 

 

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 e/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 T/2 

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.  

 

  

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 e/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 (Vtip= 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 e/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 

of 30 000 at e/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.  

 

 

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 e/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 
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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 e/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 
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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. 
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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 e/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.   

 

 

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.  

 

 

Figure 3.31. Effect of eccentricity on drop size (Re=30 000) 
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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 e/T=0.1 is smaller compared to that at e/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.  

 

 

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 e/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 e/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 e/T=0.1 
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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. 

 

 

Figure 3.34. The effect of Weber number on drop size for all impellers located at e/T=0.2 
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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 e/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. 

 

 

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

 

 

Figure 3.36. Effect of eccentricity on drop size (Weber=450) 
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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 e/T=0.1 

 

At the same power/mass ratio RT T/2 and PBTD T/2 create the same size drops. The 
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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.    
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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. 

 

 

Figure 3.38. Drop size distribution of all impellers at the same power/mass ratio: 400 at e/T=0.1 
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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. 

 

 

Figure 3.39. The effect of power/mass on drop size at e/T=0.2 
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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 e/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) 
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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. 

 

  

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

  

c) PBTU T/3 d) PBTU T/2 

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

  
c) PBTU T/3 d) PBTU T/2 

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.  

 

 

Figure 3.46. The effect of impeller tip speed on drop size at e/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.  

 

 

Figure 3.47. Drop size distribution of all impellers at the same Vtip (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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a) PBTD T/3 b) PBTD T/2 

  
c) PBTU T/3 d) PBTU T/2 

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 



 

 
 

114 
 

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.  

 

 

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.  

 

 

Figure 3.50. Drop size distribution of all impellers at the same Vtip (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 Vtip 

 

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.  

 

 

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 e/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 e/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  

 

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 e/T=0.2. The conclusions of this thesis are given as the 

following:  

• 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.  

• 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 



 

 
 

120 
 

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, 



 

 
 

121 
 

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 baffled 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:  

• Scale-up studies are needed for application of the results of this thesis to 

industrial tanks.  

• 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. 

• 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.    

• The effect of different off-bottom clearances on drop size can also be 

investigated for this study.  

• 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. 

• 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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APPENDICES 

 

A. Mixing Time Code 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%% 
% Author: Usman Kayode Abdulrasaq 
% For Mixing time Experiment of Msc Thesis, 
% Chemical Engineering Department, Middle East Technical University 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%% 
clc 
clear all 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 
% user notes%%%%%%%%%%% 
% Ensure that the first and last images are saved in the matlab 

directory 
% Ensure all images are in the directory specified 

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

desktop \nImages are to be saved in .bmp format\n') 
prompt1 = 'Enter File name of first image e.g xxxxxx.bmp\n'; 
prompt2 = 'Enter File name of last image e.g xxxxxxs.bmp\n'; 
x1 = input(prompt1,'s'); 
x2 = input(prompt2,'s'); 

  
% Specify the folder where the files live. 
myFolder = 'C:\Users\ayranci\Desktop\Mixing time'; 
% Check to make sure that folder actually exists.  Warn user if it 

doesn't. 
if ~isdir(myFolder) 
  errorMessage = sprintf('Error: The following folder does not 

exist:\n%s', myFolder); 
  uiwait(warndlg(errorMessage)); 
  return; 
end 
% Get a list of all files in the folder with the desired file name 

pattern. 
filePattern = fullfile(myFolder, '*.bmp'); % Change to whatever 

pattern you need. 
theFiles = dir(filePattern); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%% 
%%%% Threshold calculations %%%%%%%% 
frame1 = imread(x1);          % Read first image 
red1 = frame1(:,:,1);         % Red channel 
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green1 = frame1(:,:,2);       % Green channel 
blue1 = frame1(:,:,3);        % Blue channel 

  
frameLast = imread(x2);       %Read last image 
redLast = frameLast(:,:,1);   % Red channel 
greenLast = frameLast(:,:,2); % Green channel 
blueLast = frameLast(:,:,3);  % Blue channel 

  
%%%Threshold Calculation%%%%%%%% 
X = 0.5;        % For Bromocresol Purple 
thresh_g = green1 + X*(greenLast-green1); %GREEN 
thresh_b = blue1 + X*(blueLast-blue1);    %BLUE 
thresh_r = red1 + X*(redLast-red1);       %RED  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%% 

  
mixedg = zeros(size(frame1)); %Pre- allocated for mixed green array 
mixedr = zeros(size(frame1)); %Pre-allocated for mixed red array 
mixedb = zeros(size(frame1)); %Pre-allocated for mixed blue array 

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

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

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

array 
t  = zeros(length(theFiles),1); %Pre-allocated for time array 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%% 
% Loading and reading of images 

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

   
  frame = imread(fullFileName);  % Read the files 
  red = frame(:,:,1);            % Red channel 
  green = frame(:,:,2);          % Green channel 
  blue = frame(:,:,3);           % Blue channel 

   
  figure(1) 
  imshow(frame)          %%%Show the images 
% imshow(green)         %%%Show the green component images 
  drawnow; % Force display to update immediately. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%% 

  
%%%%%%%%% Comparison with threshold pixels %%%%%%% 

   
  [m,n] = size(green); 
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  N = m*n;                 % total number of frames 
for i =1:m 
    for j = 1:n  
        if green(i,j) > thresh_g(i,j)     %% 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,j)     %% red component 
%            mixedr(i,j) = 1; 
%         else mixedr(i,j)=0; 
%         end 
%         if blue(i,j) > thresh_b(i,j)    %% blue component 
%            mixedb(i,j) = 1; 
%         else mixedb(i,j)=0; 
%         end   
    end 
end 

  
N_mixedg =nnz(mixedg); 
Mg(k) = N_mixedg/N; 
% N_mixedr =nnz(mixedr); 
% Mr(k) = N_mixedr/N; 
% N_mixedb =nnz(mixedb); 
% Mb(k) = N_mixedb/N; 

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

sec 
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%% 
%%%%%%%% Post processing %%%%%%%%%% 

  
figure(2) 
plot(t,Mg,'g')          %%Plot green component mixing curve 
hold on 
% plot(Mb,'b')          %%Plot blue component mixing curve 
% plot(Mr,'r')          %%Plot red component mixing curve 

  
title('Mixedness vs Time') 
xlabel('Time(s)') % x-axis label 
ylabel('Mixedness') % y-axis label 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%% 

 

 

 




