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Abstract 

The objective of this master’s thesis is to measure emulsion properties, and check if these 

data combined with flow models enable prediction of emulsion flow in pipes. The two non-

Newtonian flow models Power law and Herschel-Bulkley are used to predict flow rates, 

which will be compared to flow rates measured in a pipe.  

Engine oil was used to prepare water-in-oil emulsions with varying water content. Shear 

stress, viscosity, droplet size distribution, temperature effect, aging and stability were 

investigated. One water-in-oil emulsion prepared from soybean oil was also used for 

comparison. Viscosity was increasing with increasing water content, and seemed to be 

slightly decreasing with aging. There was no clear trend for increased droplet size with aging. 

Emulsion flow rates were measured in a specially designed flow facility. By combining 

emulsion parameters from laboratory measurements and the Power law and Herschel-Bulkley 

flow models, the flow rates were predicted. The averaged deviation between predicted and 

measured flow was 13%, and the maximum deviation was 35%. This is much above what 

would be expected for Newtonian fluid, but may be comparable for two-phase flow. 
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Samandrag 

Målsetjinga med denne masteroppgåva er å måla emulsjonseigenskapar, og sjekke om desse 

kombinert med strøymingsmodellar tillèt berekning av emulsjonsstrøyming i røyr. Dei ikkje-

Newtonske strøymingsmodellane Potenslov og Herschel-Bulkley er brukt for prediksjon av 

strøymingsrater, som vert samanlikna med strøymingsrater målt i eit røyr.  

Motorolje vart brukt til å laga vatn-i-olje emulsjonar med ulikt vassinnhald. Skjær rate, 

viskositet, dråpestørrelsefordeling, temperatureffekt, aldring og stabilitet vart undersøkt. Ein 

vatn-i-olje emulsjon laga av soyaolje vart òg brukt for samanlikning. Viskositeten var 

aukande med aukande vassinnhald, og såg ut til å vera svakt minkande med aldring. Det vart 

ikkje funne nokon klar trend for auka dråpestørrelse med aldring. 

Strøymingsraten til emulsjonane vart målt i ein spesialdesigna strøymingsfasilitet. Ved å 

kombinera emulsjonsparametrar frå laboratoriemålingar og strøymingsmodellane Potenslov 

og Herschel-Bulkley, vart strøymingsrater estimert. Det gjennomsnittlege avviket mellom 

predikert og målt strøyming var 13%, medan det største avviket var på 35%. Dette er langt 

over kva som ville vore forventa for ei Newtonsk fluid, men kan kanskje vera samanliknbart 

med to-fase strøyming.  
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1 Introduction 

Oil and water are commonly produced simultaneously, and often mix into an emulsion. 

Emulsification alter the flow pattern and often causes increased pressure drops due to 

increased viscosity (Wen et al., 2014, p. 9513). The amount of water often exceed the 

produced oil, if the reservoir is mature and secondary recovery methods are used (Petrowiki, 

2016). The many mature reservoirs in the petroleum industry today make emulsion behavior 

and flow highly relevant. 

In this thesis, the focus has been on water-in-oil emulsions created by mixing engine oil and 

saltwater. Water contents were varied between 30-60%. Engine oil was chosen since it is 

reasonable to believe that the emulsion properties will be similar for this type of oil and crude 

oil. The oil used provided stable emulsions and was easily available. Soybean oil emulsions 

had already been used in the TPG4560 specialization project.  

The objective of this master’s thesis is therefore to study emulsions in general, with a special 

focus on emulsion flow in pipes where emulsion parameters and flow models are combined 

to predict flow rate. There are many studies about emulsion properties, but few where the 

emulsion properties are used as a foundation for predicting emulsion flow. The flow models 

used for predictions are the Power law and Herschel-Bulkley model.  

To find rheological emulsion properties a modular compact rheometer is used, and emulsion 

densities are found by using a mud balance. A flow facility is designed based on one of the 

emulsions, using the Power law model in MATLAB taking rheological properties as input. 

The dimensions of the flow capacity setup has to be set such that the flow does not become 

turbulent, and when the design is in place several emulsions will be run through it. The 

measured flow rates in the flow capacity setup are compared to flow rates predicted by 

putting emulsion properties in the appropriate flow model. In addition to this, droplet size 

distribution and emulsion aging is studied by microscopic image analysis.  
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2 Emulsions 

An emulsion is a mixture of two immiscible phases, where one phase is dispersed in the other 

as small droplets. To be able to get dispersion and a stable emulsion, emulsifiers has to be 

agitated together with the immiscible phases. The dispersed liquid is called dispersed or 

internal phase, while the other liquid is called the continuous or external phase. Emulsions 

usually consist of two liquids, but can also contain gas and smaller particles.  

In everyday life emulsions can be found in different products, like foods, lotions, paints and 

cosmetics. In the petroleum industry, emulsions can be both desired and undesired. Drilling 

fluids or emulsions to improve oil recovery are created on purpose, whilst other emulsions 

may be created by mixing during flow and cause problems in production and transportation. 

 

2.1 Interfacial Area and Tension 

When mixing two immiscible liquids of different density, the result is two layers with a clear 

phase boundary. The natural tendency is to reduce the surface energy, meaning reducing the 

area of contact between the liquids. Thus, agitation is needed to create an emulsion where 

smaller droplets replace a straight interface; and stabilizers are needed to prevent 

coalescence.  

Adding emulsifiers lowers the interfacial tension and energy needed to create an emulsion. 

Interfacial tension is the elastic tendency of a fluid surface, which makes it want to have the 

least surface area possible. The droplet pressure is a component of this surface force, acting 

perpendicular and inward tending to decrease the area of the interface. Droplet pressure can 

be described as follows: 

 
 

 

 

 

(2.1) 

 

 

 

where  Δp  is the pressure difference, σ  is the interfacial tension and Rd  is the droplet radius. 

The interfacial tension is temperature dependent and tends to decrease with increasing 

temperature. As can be seen in Figure 2.1, interfacial tension is called surface tension when 

there is a liquid-gas interface instead of a liquid-liquid interface.  

  
Δp = 2σ

Rd
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Figure 2.1: Schematic of surface tension and interfacial tension  
 

2.2 Emulsion Classes 

Emulsions are divided into classes: water-in-oil emulsions (W/O), oil-in-water emulsions 

(O/W) and oil-in-oil emulsions (O/O). Intermediate cases and more complex emulsions like 

W/O/W emulsions can be found, but the focus here will be on W/O emulsions. To validate 

the emulsion class, a droplet of the emulsion can be put into oil or water. If the droplet does 

not dissolve in water it is a W/O emulsion, but if it dissolves it is an O/W emulsion. When 

put in oil, the W/O emulsion should dissolve and the O/W emulsion should not dissolve.  

 

Figure 2.2: O/W emulsion and W/O emulsion illustrated (Molecularrecipes, 2014) 

 

Based on how stable the emulsions are they can be classified as either loose or tight. A loose 

emulsion is easy to break, while a tight emulsion practically is stable (Schramm, 2000, pp. 

592, 607).  
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2.3 Emulsifiers 

By dispersing one liquid in another, the natural equilibrium will be off and the system is 

unstable due to the wish for recombination. The system is heterogeneous and the stability will 

be minimal, but emulsifiers can help stabilize the emulsion by adding colloidal repulsive 

forces (Bibette, 2002, p. 1). An emulsifier reduces the energy needed for emulsification, and 

can stabilize the emulsion by increasing its kinetic stability meaning that it is stable over a 

period of time. For emulsions made with mineral engine oil, emulsifiers were already present 

in the oil. For the emulsions made with soybean oil, margarine emulsifiers were added. The 

fact that emulsifiers were added manually in one case and were added under manufacture in 

the other should not have any impact on the results.  

An emulsifier has one hydrophilic end that attracts water, and one hydrophobic end that 

repels water (also called lipophilic). Due to the hydrophilic-lipophilic properties of the 

emulsifier, the immiscible phases can coexist since the emulsifier positions itself on the fluid 

interface and balances the phases. Since one end of the surfactant is oil-soluble it will 

position this part in the oil phase, and the water-soluble part in the water phase as seen in 

Figure 2.3.  

 

Figure 2.3: Schematic of O/W emulsions and W/O emulsions 
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When the emulsifier positions itself on the interface it forms an interfacial film. For a W/O 

emulsion this film will prevent merging of water droplets, since the lipophilic part in the 

continuous phase will reject colliding water droplets. This can prevent flocculation, 

coalescence and Ostwald ripening which are emulsion instabilities that will be discussed in 

Chapter 2.6. If the surfactant is adsorbed or migrates, this can lead to changes in both the 

droplet’s response to deformation, and the viscous behavior of the emulsion (Enjamoori et 

al., 2011, p. 183). 

Emulsifiers will not be able to create one stable phase out of the two immiscible phases 

unless sufficient mixing energy is present. Several mixers can be used, and for this 

experiments a high-shear mixer provides mixing energy where rotating blades provides 

velocity. The working principle is that the fluid experiences shear when there is a rate of 

change in velocity across the fluid path, like the change in velocity from center of the rotor to 

the tip of the rotor. To measure the mixing intensity the impeller Reynolds number can be 

found, but this requires a constant viscosity. For non-Newtonian fluids the viscosity will 

vary, and therefore energy dissipation is chosen as a measure for mixing intensity instead. 

Energy dissipation can be defined as “the rate of energy loss due to fluid flow from location 

(1) to location (2)” (SPE, 2016). 

 

2.4 Agitation and Droplet Dispersion 

The applied shear and duration of this exposure can influence the droplet size distribution in 

the emulsion. It is assumed that an emulsion mixed for a longer time will have finer droplets 

than an emulsion mixed for a shorter time (Pal, 1996, p. 3184), if the same amount of shear is 

applied. A general rule is that higher shear gives smaller droplets and also a more stable 

emulsion (Ross, 2017). Based on this, it is reasonable to believe that higher shear can reduce 

the mixing time needed to create a stable emulsion. On the other hand, some emulsions might 

be sensitive to shear, making them unstable if a certain shear is reached (Ross, 2017). Trial 

and error in the laboratory may be needed to be able to find the appropriate mixing time and 

shear for each specific emulsion.  

When it comes to the droplet size distribution in turbulent pipe flow and rotor mixing, it can 

be described by the following half-empirical correlation by Hinze (1955): 
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D95 = 0.725 1

ε a
σ
ρc

⎡

⎣
⎢

⎤
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(2.2) 
 

 

 

 

 

 

 

 
 
 

 

where  D95  is the droplet size such that 95% of the oil volume is in droplets smaller than this, 

also called the maximum droplet size. A rule of thumb is that the average droplet size can be 

approximately 30% of   D95 . ε  is the energy dissipation per volume unit, given in [J/kg s],  a

is the dispersion parameter and is set to be 0.4. σ is the interfacial tension between water and 

oil, given in [N/m]. ρc is the density of the continuous phase given in [kg/m3], and  ρc will be 

oil for a W/O emulsion (Asheim, 1985, p. 269). Since this correlation is for turbulent pipe 

flow it will not be applicable for the laminar emulsion pipe flow in this experiment, but it will 

be used to measure droplet size during mixing. It should also be mentioned that this 

correlation is based on single droplets in a continuous phase, meaning only a few single 

droplets in the continuous phase and not many packed droplets.  

The droplet size distribution can have a dramatic impact on W/O emulsion rheology (Pal, 

1996, p. 3181). A fine emulsion, meaning an emulsion with smaller droplets, will have 

different properties than a more coarse emulsion with larger droplets. For a W/O emulsion 

with the same water content, a finer emulsion is expected to show higher viscosity and higher 

shear thinning effects compared to a coarser emulsion. It is also expected that an emulsion 

will have higher viscosity with increasing water content (Pal, 1996, p. 3181). Microscopic 

restructuring may also influence the viscosity, for example increased droplet size and 

flocculation might increase viscosity (Enjamoori et al., 2011, p. 183).  

 

2.5 Aging 

As the emulsion gets older in terms of hours after mixing, it is said that the emulsion is 

exposed to aging. Aging could lead to emulsion breakdown processes creating instabilities, 

but it is not defined as a breakdown process itself. After aging the emulsion might have an 

increased number of larger droplets and an increased mean droplet size, and agglomeration of 

droplets may occur. Such microscopic restructuring in the emulsion can possible increase 

viscosity (Enjamoori et al., 2011, p. 183), and viscosity might be more reduced at low to 
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moderate shear stress (Pal, 1996, p. 3189). Some emulsions might become more stable with 

aging, due to emulsifiers spreading more evenly between the droplets with time. 

The effect of aging can be investigated by studying the emulsion in time intervals with 

microscopic imaging, giving an estimate of the droplet size distribution and a picture of the 

microscopic structure. To look for changes in rheology, a modular compact rheometer 

(MCR) can be used to study the fresh and aged emulsion.  

 

2.6 Emulsion Stability and Breakdown Processes 

The stability and lifetime of emulsions depends on the preparation procedure employed. 

While some emulsions are impossible to prepare by any procedure, others can be stable from 

seconds to months and even years. A stable emulsion is defined as an emulsion that is able to 

“resist changes in its physicochemical properties with time” (Alias, 2013), meaning resist 

both physical and chemical changes.  

For a W/O emulsion the stability generally decrease with increased water content, and studies 

done by Ostwald show that the maximum water fraction should not exceed 74%. 

Temperature can also influence the emulsion stability, where an increased temperature during 

mixing and emulsification can create a more stable emulsion, whilst an increased temperature 

after mixing might decrease the stability (Wen et al., 2014, p. 9513).  

Between the dispersed droplets and the continuous phase there is a semipermeable film, 

where osmosis can happen. By conversation with K Gåseidnes (personal communication, 

11.05.2017) it was stated that this relationship could be important for emulsion stability. For 

example this can be used in drilling fluids where the formation needs to be stabilized. By 

keeping salt concentration in the emulsion higher than the formation water, the formation 

water will go through the semipermeable film to lower salt concentration in the internal 

phase, making the formation more stable. 

Even if the emulsion looks stable after preparation, several breakdown processes might occur 

during storage as the emulsion is aged. These breakdown processes work through several 

microscopic mechanisms, and can change the physicochemical properties of the emulsion to 

make it unstable. An overview of these breakdown processes can be seen in Figure 2.4, and 

these will in order be presented in this section.  
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Figure 2.4: Various breakdown processes in emulsions (Tadros, 2013, p. 3) 
 

2.6.1 Creaming and Sedimentation 

The reason for creaming and sedimentation is the density difference in the mixed phases and 

the effect of gravity. When the density of the dispersed phase is lower than the continuous 

phase, creaming will occur. If the density of the dispersed phase is higher than the continuous 

phase, sedimentation will occur (Tadros, 2013, p. 36). In a W/O emulsion, the dispersed 

phase is denser than the continuous phase, and water droplets can gather at the bottom. When 

these droplets are packed, the oil around the droplets is squeezed out of the grid and floats up 

to surface while the water droplets remain at the bottom. If stabilizing components are not 

present, the creamed or sedimented droplets can coalesce to form a continuous phase (Heeres 

et al., 2014, p. 223), and creaming or sedimentation can lead to demulsification (Becher, 

2001, p. 201).  

 

2.6.2  Inversion  

Inversion changes the emulsion type, for example from W/O to O/W emulsion. It can be 

dependent on the emulsifying agent, the HLB-number, volume fraction, temperature and 

applied shear. HLB stands for hydrophilic-lipophilic balance, and is a number that states how 
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hydrophilic or lipophilic a surfactant is (Bibette, 2002, p. 97). A temperature increase can 

lead to a decrease in HLB (Becher, 2001, p. 361), so for example if an O/W emulsion is 

heated up the decrease in HLB will move the emulsion out of the stable region. The emulsion 

will at some temperature get a HLB characteristic of a W/O emulsion, and this is known as 

the phase inversion temperature (PIT).  

Volume fraction and mechanical shear can also have an impact on the inversion as illustrated 

in Figure 2.5 and Figure 2.6. While making emulsions, one have to keep in mind that volume 

fraction inversion is irreversible whilst shear-induced inversion is reversible. Volume fraction 

inversion happens when the internal phase exceeds a critical percentage, or the continuous 

phase is below a critical percentage. The thermodynamics makes it preferable to invert the 

emulsion, making the continuous phase with smaller volume internal and the internal phase 

with larger volume continuous (Abbott, 2016). This can be seen in Figure 2.5 where oil 

started as internal phase but ended up as continuous phase. Shear-induced inversion happens 

due to dissipated energy, kinetic energy and impulse applied to the emulsion by the impeller 

(Sjöblom, 2001, p. 403) 

 

 

Figure 2.5: Influence of volume fraction on emulsion inversion (Schramm, 2014, p. 262) 

 



 11 

 

Figure 2.6: Shear-induced inversion of an emulsion (Schramm, 2014, p. 280) 
 
 

2.6.3 Ostwald Ripening 

Ostwald ripening is a thermodynamically driven spontaneous process, causing larger droplets 

to grow at the expense of smaller droplets. Smaller droplets are less energetically stable 

compared to larger droplets, leading to smaller droplets going towards larger droplets by 

molecular diffusion through the continuous phase (Nguyen Hoang et al., 2004, p. 1421). A 

larger droplet is more stable due to a lower Laplace pressure, which is the pressure difference 

 Δp  between the inside and the outside of a curved surface. It is defined in the Young-Laplace 

equation as 

 
 

  
Δp =σ 1 r1( ) + 1 r2( )( )  

 

 

(2.3) 

 

 

 

where is the interfacial tension and   r1  and   r2  are the principal radius of curvature. In a 

sphere,  is equal to and Equation (2.3) can be simplified to Equation (2.1). 

σ

  r1   r2
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The system tends to decrease its surface energy, and smaller droplets thus become 

energetically unfavorable. Consequently the number of smaller droplets decrease and larger 

droplets increase as seen in Figure 2.7.  

 

Figure 2.7: Schematic illustration of Ostwald ripening (Werz et al., 2014, p. 186) 
 

In difference to coalescence, Ostwald ripening does not require the droplets to be in close 

contact (Aulton and Taylor, 2013, p. 461). In conversation with H. Asheim (Personal 

communication, 02.06.2017) it was stated that the continuous phase would have a certain 

solubility of water droplets, even if this were small. Thus the droplets diffusing through the 

continuous phase would be small, and they may be able to get past the emulsion layer and 

into the larger droplet. It is however hard to tell how fast this process will go.   

 

2.6.4 Flocculation 

Flocculation is aggregation of droplets without increasing droplet size, since the droplets are 

separated by trapped continuous phase (Aulton and Taylor, 2013, p. 460). It happens when 

the repulsion is not high enough compared to the Van der Waals attraction to keep the 

droplets apart, and is not dependent on the droplet pressure as in Ostwald ripening. Van der 

Waals attraction is an intermolecular force, meaning that it holds molecules together by 

different charges in the two ends of the molecule. This difference in charge arises from 

electrons orbiting the molecule. The repulsion forces on the other hand, are mainly 

electrostatic and steric interactions resulting from mixing and overlap of the electrical double 

layer around the droplet (Nilsen-Nygaard et al., 2014, p. 52221).  

The flocculation can be strong or weak, depending on how strong the attractive forces are 

compared to the repulsive forces. Even if flocculation does not increase the droplet size, the 

effective particle size is increased as can be seen in Figure 2.10 on page 14. This can also 
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lead to increased creaming or sedimentation, since larger flocks will rise or settle faster. 

 

2.6.5 Coalescence 

When two droplets in an emulsion come in close contact for example due to flocculation, the 

thin liquid film around the droplet may become thinner and eventually rupture. This is called 

coalescence and allows two or more droplets to merge together into one larger droplet. 

Looking at Figure 2.8, the particles are approaching one another in I, the film is drained in II 

and ruptured in III before the particles merge together in IV becoming one single, larger 

droplet.  

 

Figure 2.8: Different stages in coalescence (Yu et al., 2000, p. 2380) 
 

Some droplets initially formed may not be completely covered with emulsifier, and these 

droplets will coalesce such that the surface becomes completely covered with emulsifier 

(Tcholakova et al., 2008, p. 1610). This is shown in Figure 2.9. 

 

Figure 2.9: Droplets coalescing to make droplet completely covered with emulsifier 
(Tcholakova et al., 2008, p. 1613) 
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In Figure 2.10 Ostwald Ripening, flocculation and coalescence can be seen schematically as 

part of emulsion destabilization. In the first step the droplets are growing, which can happen 

both due to Ostwald ripening, flocculation and coalescence. As previously mentioned the 

droplets can coalesce and form a continuous layer of the creamed or sedimented droplets, and 

the emulsion breaks as shown in the third and fourth step in Figure 2.10. 

 

Figure 2.10: Step 1-2: Droplet growth by coalescence, flocculation and Ostwald ripening. 
Step 2-3: creaming. Step 3-4: Formation of a continuous phase. (Figure is modified from 

Heeres et al. (2014, p. 223)) 
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3 Fluid Flow  

Before starting to describe flow models, some basic fluid terminology has to be defined. One 

such thing is rheology, which can be defined as the study of deformation and flow of matter 

(Malkin and Isayev, 2013, pp. 1-3). A fluid will continuously deform when stress is applied, 

opposite to a solid, which will deform and then stop. Forces applying stress to a fluid can for 

example be pressure difference in a pipe or rotation of an impeller, and rheology is thus 

important for both petroleum transportation and emulsion mixing.  

Viscosity is also a parameter that has to be defined, and can be explained as the measure of a 

fluid’s internal resistance to flow (Çengel et al., 2010, p. 51). Imagine that the fluid consists 

of several stacked layers, like in Figure 3.1. Each layer will experience friction, or internal 

resistance, from the layers around. In everyday terms one could say that viscosity is how 

“thick” a fluid is, and the viscosity tends to decrease with increasing temperature. 

 

Figure 3.1: Viscosity illustrated as stacked fluid layers experiencing friction (Figure is 
modified from OpenStax (2016)) 

 

When an object is moving with respect to a surrounding fluid, a drag force will be acting 

opposite to this motion. This is denoted as the shear stress τ . For a Newtonian fluid, shear 

stress τ  can be expressed as 

 
 

τ = µ ⋅γ  

 

 

(3.1) 

 

 

 

where γ is the shear rate and µ  is the dynamic viscosity. Newtonian fluids are ” fluids for 

which the shear stress is linearly proportional to the shear rate” (Çengel et al., 2010, p. 447). 
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3.1 Flow in Pipes 

Shear stress in a fluid is proportional to the rate of change in velocity across the fluid path, 

meaning the velocity gradient as seen in Figure 3.2. Thus it will change with changes in the 

velocity profile and not the absolute velocity. The shear stress will be larger close to the walls 

compared to in the middle of the flow since the velocity is changing more here than in the 

center (Southard, 2006, p. 91). 

 

Figure 3.2: Vertical distribution of velocity, shear stress and velocity gradient in a steady, 
uniform, laminar flow (Southard, 2006, p. 91) 

 

When a flow has smooth streamlines and ordered motion it is said to be laminar, opposite to a 

turbulent flow with velocity fluctuations and highly disordered motion. These two flow 

regimes are illustrated in Figure 3.3. 

 

Figure 3.3: Schematic of laminar (upper) and turbulent (lower) flow regime with velocity 
profile (GUNT, 2016) 

 

The flow regime mainly depends on the ratio of inertial forces to viscous forces in the fluid 

and this ratio is called the Reynolds number, abbreviated Re (Çengel et al., 2010, pp. 339-



 17 

340). For an internal flow in a circular pipe the dimensionless Reynolds number can be 

expressed in the following way: 

 
 

  
Re = Initial forces

Viscous forces
=
ρvavg Dp

µ
 

 

 

 

 

 

 

  
 

(3.2) 

 

 

 

 

 

 

 

 
 
 

 

where ρ density of the fluid,  
vavg  is the average velocity of the flow,  

Dp is the diameter of 

the pipe and µ is the viscosity of the fluid. This dimensionless number can be used to 

determine the flow regime, based on the boundary conditions shown in Table 3.1.  

 

Table 3.1: When the flow regimes are changing based on the Reynolds number 

Reynolds number Flow regime 

 Re ≤ 2300  Laminar flow 

 2300 ≤ Re ≤ 4000  Transitional flow 

 Re ≥ 4000  Turbulent flow 

  

As can be seen in Figure 3.1 the velocity at the pipe wall is zero, due to the no-slip condition. 

The fluid at the wall come to a complete stop, and also slow down the adjacent fluid due to 

friction between them. This will develop a boundary layer, meaning a region where the 

viscous effects and velocity changes are significant. It can be seen in Figure 3.4, shown as the 

solid pink line. The area from the pipe inlet to where the velocity boundary layer merges is 

called the hydrodynamic entry length Lh , or entrance region (Çengel et al., 2010, p. 341). 

After this point the velocity profile is fully developed, and the region is called the 

hydrodynamically fully developed region. 
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Figure 3.4: Shows boundary layer, entrance and fully developed region, and how wall shear 
stress is varying in the flow direction (Çengel et al., 2010, p. 342)  

 

By looking at Figure 3.4 it can be seen that the pressured drop will be higher in the entrance 

region due to a higher wall shear stress, τ w , and this will increase the average friction factor 

for the entire pipe. Thus it is important to have this entry length in mind when looking at pipe 

flow or designing pipe flow setups, in longer pipes it can be negligible but it might be 

important in short pipes (Çengel et al., 2010, p. 342). The entry lengths can be approximately 

calculated as 

  

  
Lh,laminar = 0.05Re⋅Dp  

 

 

 

 

 

 

(3.3) 

 

 

 

 

 

 
 
 

 

for laminar flow where  Lh is the hydrodynamic entry length,  
Dp is the diameter of the pipe 

and Re is the Reynolds number. For turbulent flow the following relation is applicable:  

 

 

 

  
Lh,turbulent = 1.259Re1 4⋅Dp  

 
 

 

 

 

 

 

 

 

(3.4) 

 

 
 
 

 

 

 

 

 

 

 
 
 

 

For the flow in the flow capacity setup designed for this experiment, the desired flow regime 

is laminar to avoid lateral mixing of the fluid. In this setup the fluid flow Q can be calculated 

with the Poiseuille law as long as the flow is laminar: 

 

 

  
Q = V

t
=
ΔpπRp

4

8µLp  
 
 
 
 
 

 
 

(3.5) 

 
 
 

  

 
 
 
 

 

where t is the measured time required for the given volume  V of emulsion with density ρ  and 
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viscosityµ  to flow through a capillary pipe of length 
Lp  with radius  

Rp  (Aurand, 2015).  Δp  

is the driving force of the instrument, and is equal to 

 
 

 Δp = ρgΔh
  

 

 

 

 

 
(3.6) 

 

 

 
 
 

  

where g is the gravitational constant and  Δh  is the total fluid height.  

 

3.2 Classification of Fluid Behavior 

Fluids can generally be divided into four categories: Newtonian fluids, time-independent and 

time-dependent non-Newtonian fluids, and viscoelastic fluids. Newtonian fluids show linear 

relationship between shear stress and shear rate, seen in Figure 3.5. If the shear stress is not 

proportional to the shear rate, the fluid is classified as a non-Newtonian fluid. In this theory 

section the focus will be on time-independent non-Newtonian fluids, since it is expected that 

the emulsions will behave in this manner.  

Time-independent non-Newtonian fluids show a shear stress behavior dependent on the shear 

rates only. When the shear rate is low, the viscosity behaves like in a Newtonian fluid. 

However, when the shear rate is increased, the viscosity will vary with the shear rate. 

Depending on how the viscosity varies, the time-independent non-Newtonian fluids can be 

divided into three subgroups: 

• Shear thinning or pseudoplastic fluids 
• Shear thickening or dilatant fluids 
• Viscoplastic fluids 

A fluid is shear thinning or pseudoplastic if the viscosity decreases with increasing shear rate 

(Sochi, 2010, p. 2439). Shear thinning fluids are also called Power law fluids, and an 

example of such a fluid is paint. Many emulsions are shear thinning fluids, and for such a 

fluid the behavior will be Newtonian for very high shear rates as seen in Figure 3.5. A fluid is 

shear thickening or dilatant if the viscosity is increasing with increasing shear rate (Sochi, 

2010, p. 2439). An example of shear thickening fluid is wet beach sand. Viscoplastic fluids 

are able to sustain shear stresses, and a certain amount of shear stress has to be exceeded to 

initiate the flow (Sochi, 2010, p. 2450). In other words it needs a minimum amount of stress 
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before deformation, and this stress is knows as yield stress. An example of a viscoplastic 

fluid is toothpaste.  

 

Figure 3.5: Rheology models for non-Newtonian fluids (Figure modified from (Habdas, 
2015)) 

 

3.3 Non-Newtonian Rheology Models 

Since many fluids show complex relationships between shear stress and shear rate, the simple 

Newtonian relation cannot represent all. This makes it necessary to introduce more complex 

rheology models, and the most widely used models are: 

• Power law model 
• Herschel-Bulkley model 
• Bingham plastic model 
• Maxwell fluid model 

 

When talking about a rheology model, it is thought of a model describing the shear stress and 

shear stress relation. The corresponding flow model will have the same name (for example 

Power law), but the flow model is thought of as a model predicting flow rate. Therefore, the 

rheology model will be determined from the measured plots, stating which flow model 

should be used to predict flow rate. The two first models will be presented in more detail in 

this chapter, since these are the models used to calculate emulsion flow in a pipe. After the 

two models are presented, there will be a section explaining how to determine which model 
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to use based on the emulsion parameters obtained.  

 

3.3.1 Power Law Model 

The Power law model is one of the simplest time-independent rheology models (Sochi, 2010, 

p. 2439). It states the following relation:  

  

 
 

 

 

 

 

 

 
 

 

(3.7) 

 

 

 
 
 

 

where  is shear stress,  C  is the consistency parameter, is shear rate,  n is the flow 

behavior index. Both  C  and  n  are functions of temperature. When the flow behavior index, 

 n , is equal to one it indicates Newtonian fluid, and when it is less than one it indicates shear 

thinning fluid type. Usually this model is used for shear thinning fluids, but by n  larger than 

1 the Power law can be used to model shear thickening fluids as well.  

When it comes to expression for Power law pipe flow, this has been derived in Appendix B. 

It leads to the following expression for the flow rate  Q : 
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(3.8) 

 

 
 

 
 
 

 

where  Δp  is the hydraulic potential: 

 
  

 

 

 

 

(3.9) 

 

 
 

 
 
 

 

and 
Rp is the pipe radius,  n is the flow behavior index, µ0  is the consistency parameter,  

Lp is 

the length of the pipe, ρ is the fluid density, g is the gravitational constant and Δh  is the total 

fluid height. Equation (3.8) is considered the appropriate flow model when a fluid is 

behaving in a shear thinning manner.  

 

 τ = Cγ n

τ γ

 Δp = ρgΔh
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3.3.2 Herschel-Bulkley Model 

Herschel-Bulkley can be used to describe both Newtonian fluids and the main classes of 

time-independent non-Newtonian fluids (Sochi, 2010, p. 2440). Since it takes yield into 

account, it can also be used to describe viscoplastic fluids. The following relation applies: 

 

 
 
 
 
 
 

  
 
 
 
 

 

(3.10) 

 
 
 
 

 

where τ  is shear stress,  τ 0  is yield point,  C  is the consistency parameter, is shear rate and 

 n  is the flow behavior index. As can be seen, Herschel-Bulkley model will reduce to the 

Power Law model when . When   n = 0  Herschel-Bulkley will reduce to Bingham 

plastic model, and when both  and   n = 1  Herschel-Bulkley will be reduced to 

Newton’s law for viscous fluids. 

The expression for Hershel-Bulkley pipe flow has been derived in Appendix B, and is found 

to be:  
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2Lp

Δp
 

 

 

 

 

(3.12) 
 

 

 

  

and 

 

  
v0 = − Δp

2CLp

⎛

⎝
⎜

⎞

⎠
⎟

1 n

⋅ n
n+1

⋅ rw − r0( ) n+1( ) n
 

 

 

 

 

(3.13) 
 

 

 

 

 

 

where   r0 is the radius where the plug flow ends,  n  is the flow behavior index,  rw is the radius 

at the pipe wall meaning the inner pipe radius 
Rp , τ0 is the yield point,  

Lp is the length of 

  τ = τ 0 +Cγ n

γ

 τ 0 = 0

 τ 0 = 0
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pipe,  is the hydraulic potential as shown in (3.9) and C  is the consistency parameter. 

Equation (3.11) is considered the appropriate flow model when a fluid is behaving in a 

viscoplastic manner.  

3.3.3 Model Determination 

To determine the most accurate rheology model to use, the shear stress versus shear rate and 

viscosity versus shear stress plots have to be analyzed. For the shear stress versus shear rate 

plot, the shape of the measured curve has to be compared to the red and blue curve in Figure 

3.6, noticing that the Power law starts in zero unlike the Herschel-Bulkley model. This is 

better illustrated in Figure 3.7, where the yield point is marked.  

 

Figure 3.6: Graphical representation of different rheology models (Montgomery, 2013, p. 17) 

 

Figure 3.7: Graphical representation of Herschel-Bulkley model with yield point τ0 (Figure is 
modified from AZoM (2013)) 

 

 Δp
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The viscosity versus shear rate plot can help determine the rheology model by looking at the 

trend of the viscosity. For the Power law model to be the more correct it is assumed that the 

viscosity should be decreasing with increasing shear stress, meaning that the fluid is shear 

thinning and are behaving like the dotted line in Figure 3.8.  For the Herschel-Bulkley model 

to be the more correct model to use, a yield viscosity should to be observed before the 

viscosity starts to decrease, like it is shown for the solid line in Figure 3.8.  

 

Figure 3.8: Showing yield viscosity (Figure is modified from AZoM (2013)) 
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4 Experiments 

The purpose of these experiments is to investigate W/O emulsion behavior in general; 

meaning in terms of rheology and aging, with special focus on emulsion flow in pipes. The 

objective of the pipe flow experiments is to check if emulsion flow can be predicted based on 

emulsion properties and two flow models. To study the rheological properties an Anton Paar 

modular compact rheometer (MCR) is used, providing shear rates, shear stress and viscosity. 

Aging effects are investigated by looking at droplet size distribution by using microscopic 

image analysis, together with visual inspection. After aging the emulsions are run through the 

MCR again. How temperature is affecting rheology and aging is also studied.  

Emulsion parameters estimated from the MCR measurements, combined with the Power law 

flow model, are used to design the flow facility. After building and testing this flow capacity 

setup, the different emulsions are run through it. These measured flow rates are compared to 

the flow rates predicted from the two flow models and emulsion parameters.  

In this chapter the procedures will be presented together with apparatus and software used. 

Some results will also be presented in the form of plots and tables, but the majority of results 

will be presented in Chapter 5.  

 

4.1 Emulsion Preparation 

To create the W/O emulsions, engine oil was chosen after discussion with K. Gåseidnes. This 

oil contains a W/O-emulsifier, is easy accessible and does not draw away attention from the 

results by chemical discussion. It is reasonable to believe that emulsions made out of this oil 

would show similar rheological properties as a crude oil emulsion, however this oil will not 

be able to represent dispersion and natural creation of emulsions in the sea. Even so, this oil 

is convenient for studying emulsion properties, since the oil does not have to be evaporated in 

order to be emulsifiable. One soybean oil emulsion was also created, chosen based on its 

promising tendency for behaving viscoplastically during experiments for the specialization 

project. It was not clear if the engine oil emulsions would behave in a viscoplastic manner, so 

in case they would only behave like a shear thinning fluid it was necessary to have another 

emulsion as well.  
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Instead of using tap water or distilled water, saltwater with 3 wt% NaCl was used. To be able 

to look at the emulsion in a microscope it had to be dissolved in clear oil, and Exxsol D60 

was chosen for this purpose.  

To distinguish between emulsions made with engine oil and soybean oil, the emulsions will 

be marked with a capital E (engine oil) or S (soybean oil) before the numbers indicating 

water and oil fraction. For example E30-70 is an emulsion created with engine oil containing 

30% water and 70% oil, and S60-40 is created with soybean oil containing 60% water and 

40% oil. All emulsions will be W/O emulsions, so this will not be specified. More detailed 

descriptions emulsion mixing, design of the flow facility and execution of the experiments 

will now be explained in the upcoming sections. 

 

4.1.1 Fluids Used 

The two oils used to create emulsions and the oil used to dissolve the emulsion will be shortly 

presented here. In addition, saltwater and soybean oil emulsifiers will be presented. 

The engine oil is of the type 15W-40 and is designed for petrol and diesel engines, containing 

long chain calcium alkaryl sulfonate and succinimide polyamine polyolefin. The naming 

indicates a multi-grade oil, meaning that it has a wide temperature range and has been tested 

for colder temperatures than 100°C. The color of the oil can be seen in Figure 4.1. 

 

 

Figure 4.1: 15W-40 engine oil to the left, saltwater to the right 
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The soybean oil was mixed with two margarine emulsifiers: Palsgaard® PGPR 4175 and 

Palsgaard® DMG 0298. Palsgaard® PGPR 4175 is a polyglycerol polyricinoleate (PGPR), 

which is a synthetic molecule often used in W/O and W/O/W emulsions. Palsgaard® DMG 

0298 is a distilled monoglyceride of vegetable fatty acids used to emulsify low fat and very 

low fat margarine. PGPR 4175 increases the viscosity of the emulsion and both emulsifiers 

reduces interfacial tension between water and oil, making it possible to create a stable and 

homogeneous W/O emulsion. The emulsifiers can be seen in Figure 4.2, and the soybean oil 

mixed with emulsifiers in Figure 4.3. 

 

 

Figure 4.2: PGPR 4175 to the left and DMG 0298 to the right 
 

 

Figure 4.3: Soybean oil to the left, saltwater to the right 
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To mix the emulsifiers into the soybean oil, they were heated with a portion of oil on 

IKAMAG RCT as seen in Figure 4.4. IKAMAG RCT is a magnetic stirrer with a variety of 

mixing speeds and also additional temperature control for heating up the medium (IKA, 

2016).  

 

Figure 4.4: IKAMAG RCT  
 

Saltwater was created by mixing distilled water with 3 wt% NaCl. The saltwater was 

prepared in a 2000 ml volumetric flask. 60 g NaCl was weighed up in the volumetric flask, 

before distilled water was added until the scale showed 2000 g. Then IKAMAG RCT was 

used to mix the solution for 15-20 minutes.  

The major components in Exxsol™ D60 include normal paraffins, isoparaffins and 

cycloparaffins. It is produced to be a low odor and low aromatic hydrocarbon solvent, by 

treating it with hydrogen in the presence of a catalyst (ExxonMobil, 2016, p. 1). This oil was 

chosen since it is light and transparent. 

The oil properties for both engine oil and soybean oil had to be specified at laboratory 

temperature, 20 °C. Density was found by using a pycnometer, and the results are presented 

in Table 4.1. 
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Table 4.1: Densities for the fluids used to create emulsions 

Fluid Density 

15W-40 engine oil 0.880 g/cm3 

 

 

 

 

Soybean oil  0.9180 g/cm3 

Palsgaard® DGPR 4175 0.9829 g/cm3 

 Palsgaard® DGM 0298 (melted) 0.9575 g/cm3 

Saltwater 3 wt% NaCl 1.0200 g/cm3 

 

Interfacial tension between the engine oil and the saltwater was measured by using a drop 

shape analyzer. The Drop Shape Analyzer DSA100S (seen in Figure 4.5) is an instrument for 

measuring surface tension and interfacial tension by using the pendant drop method (Kruss-

GmbH, 2017). The Young-Laplace equation, already presented in Equation (2.3), is used to 

calculate the interfacial tension between the inner and outer phase: 

 

 
 

  

 

 

 

 

 
 
 
 
 

(2.3) 
 
 
 

 

 

 

Figure 4.5: Drop Shape Analyzer DSA100S (Kruss-GmbH, 2017) 

  
Δp =σ 1 r1( ) + 1 r2( )( )



 30 

The pendant drop method was performed with the engine oil as drop phase and saltwater as 

the surrounding phase, reporting mean interfacial tension presented in Chapter 4.2.1. 

Measurements were conducted at three temperatures: 4, 20 and 60 °C.   
 

4.1.2 Mixing 

All emulsions were mixed by using a Waring 8010ES Two Speed Blender as seen in Figure 

4.6. All emulsions were mixed at the lowest mixing speed corresponding to 18 000 RPM.  

 

Figure 4.6: Waring 8010ES blender (Clarkson-Laboratory, 2017) 
 

The engine oil emulsions created are summarized in Table 4.2, together with the 

corresponding amounts of oil and water used. 400 ml was mixed at a time since it gave a 

properly mixed and stable emulsion. The maximum water content was determined by trial 

and error, and when the water content reached 70%, the emulsion showed instability 

immediately after mixing. Therefore maximum water content was set to 60%. Since the 

emulsifier was already in the oil, the emulsions consisted of engine oil and saltwater only. 
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Table 4.2: Water and oil amounts for the different engine oil emulsions 

Name of Emulsion Water Content Water Amount [g] Oil Amount [g] 

E60-40 60% 244.800 140.080 

 

 
E50-50 50% 204.000 175.100 

E40-60 40% 163.200 210.120 

E30-70 30% 122.400 245.140 

 

 

 

 

The quantities of water and engine oil were prepared, adjusted to the desired water content 

for each emulsion. Since the engine oil was quite viscous it was more accurate to weigh the 

oil than use a graded cylinder. To convert volume to mass the following relation were used: 

 

 
  

 

 

 

 

(4.1) 

 
 

 
 
 

 

To create the emulsion, the whole amount of oil and water was poured into the blender before 

it was mixed for 90 seconds. Figure 4.7 shows the emulsion right after mixing. 

 

 

Figure 4.7: Engine oil emulsion right after mixing 

 

 

 

 m = ρ ⋅V
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The soybean oil emulsion created is presented in Table 4.3, with the desired amounts of oil, 

emulsifiers and saltwater. The amounts are adjusted to a total volume of 500 ml, since this 

was a volume giving stable soybean oil emulsions in the project thesis. 

 

Table 4.3: Water, oil and emulsifier amounts for the S60-40 emulsion 

Ingredient Volume percent Amount [ml] Amount [g] 

Soybean oil 39.60 198.0 181.764 
Saltwater 3 wt% 60.00 300.0 306.000 

DGPR 4175 0.200 1.000 0.983 

DMG 0298 0.200 1.000 0.958 

Total 100.0 500.0 489.705 
 

Since one emulsifier was solid and the other was very viscous, the emulsifiers had to be 

heated and melted together with the soybean oil. A small beaker with both emulsifiers and a 

portion of oil was placed on IKAMAG RCT to be heated to 40 °C, as seen in Figure 4.8. It 

was not necessary to use the magnet stirring in this case. 

  

 

Figure 4.8: Emulsifiers in oil during heating 
 

The melted emulsifiers and the whole amount of oil and water were poured into the blender. 

Several mixing durations were tested, and 15 seconds were chosen. If mixed for a longer time 
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the emulsion quickly became too viscous to flow, and if mixed for a shorter time the 

emulsion did not become stable. The fresh emulsion can be seen in Figure 4.9. 

 

 

Figure 4.9: The soybean oil emulsion right after mixing 
 

Immediately after mixing some air bubbles were present on the emulsion surface, especially 

for the engine oil emulsion. Before doing rheological measurements a needle was used to 

slightly stir the emulsion surface and remove most of the air bubbles.  

 

4.1.3 Water-in-Oil Emulsion Test 

After the emulsions were mixed, the emulsion class had to be checked. To do so, water was 

poured into the mixer after pouring out the emulsion. There would still be some emulsion left 

in the mixer due to its viscous behavior. Emulsion droplets would form and if these droplets 

did not dissolve, the emulsion should be W/O. The same could be done with oil instead of 

water, where the emulsion droplets should dissolve in the oil to prove that the emulsion was 

W/O.  

As the pictures in Figure 4.10 and Figure 4.11 shows, both the engine oil and soybean oil 

emulsions were indeed W/O, since the emulsion droplets did not dissolve in water. The 

engine oil emulsion was sticking more to the wall than the soybean oil emulsion, so there are 

more droplets floating around for the latter. Even if the droplets did flocculate for both 

emulsions, stirring by hand could break them up again.  
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Figure 4.10: Engine oil emulsion in water 
 

 

Figure 4.11: Soybean oil emulsion in water 
 

In Figure 4.12 engine oil is poured into the engine oil emulsion. One can see that the 

emulsion is behaving completely different than in Figure 4.10. Instead of forming droplets 

the emulsion looks dragged out, indicating that it is soluble in the oil. When stirring gently by 

hand, the emulsion easily dissolved, confirming that it is is indeed a W/O emulsion.  



 35 

 

Figure 4.12: Engine oil emulsion in engine oil 
 

4.2 Properties Investigated 

4.2.1 Interfacial Tension 

When doing measurements at 4 °C, the first 12 measurements (also called steps) did not have 

the correct temperature, and were not included in the calculation for mean interfacial tension. 

For the measurements at 20 °C the five first steps were removed since these were deviating a 

lot from the others, and were thought of as outliers. For the 60 °C case all measured steps 

were included to find mean interfacial tension. The mean interfacial tensions calculated are 

summed up in Table 4.4, and the measurements taken at the different steps can be seen in 

Figure 4.13. 

 

Table 4.4: Interfacial tension for engine oil in saltwater for different temperatures 

Temperature Interfacial tension [mN/m] 

4 °C 17.255 ± 0.567 

20 °C 10.103 ± 0.497 

60 °C 8.454 ± 0.618 
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Figure 4.13: Interfacial tension measured during different steps at three temperatures 
 

The interfacial tension is decreasing with increasing temperature, which is in line with the 

presented theory. Based on Equation (2.1), the interfacial tension will decrease with 

decreasing droplet radius. Figure 4.14 is confirming this, where the droplet size is decreasing 

with increasing temperature, consequently decreasing with decreasing interfacial tension. 
 

 

Figure 4.14: Left to right: Droplets at 4, 20 and 60 °C during measurements taken by the 

Drop Shape Analyzer.  
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4.2.2 Emulsion Density 

At first the densities of the emulsions were measured by using a pycnometer, but since the 

emulsions were quite viscous it was more convenient to use a mud balance. This was done by 

filling up the volume cup on the mud balance, putting on the lid to remove air bubbles, before 

wiping off excessive emulsion. The slider-weight was adjusted so the balance was level, and 

the density could be read off by the position of this slider weight. The emulsion densities are 

presented in Table 4.5, but will be further discussed in Chapter 5.1.  

 

Table 4.5: The densities for the different emulsions 

Name of Emulsion Density [kg/m3] 

E30-70 815 

E40-60 870 

E50-50 910 

E60-40 

 

940 

S60-40 950 

 

4.2.3 Rheology 

All the rheological measurements were taken by a modular compact rheometer, Anton Paar 

MCR 302 (can be seen in Figure 4.16). This MCR has a variety of measurement 

opportunities both in rotational and oscillatory mode, and provides accurate temperature 

control (Anton-Paar-GmbH, 2016, p. 8). Cylinder measuring system CC27 was used for these 

experiments, and a schematic of the cylinder during measurements is shown in Figure 4.15. 

 

Figure 4.15: Schematic of the measuring cylinder in the sample cup (CyberColloids, 2017) 
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Figure 4.16: Picture of the Anton Paar MCR 302 (UW, 2017) 
 

Before starting the apparatus, a connected water flow and airflow had to be switched on. 

While the apparatus was initializing, the sample was poured into the sample cup such that the 

fluid level matched the fill line. The desired measuring temperature was set when the 

measuring cylinder was lowered into the emulsion. Shear stress and shear rate were examined 

over a shear rate ranging from 0 to 1200 s-1, but in cases where the emulsion broke the 

measurements were stopped before reaching1200 s-1. Viscosity was examined over the same 

shear rate range. 

The fluids used to create the emulsions, meaning soybean oil, engine oil and 3 wt% saltwater, 

was first measured in the MCR to see their rheological relationship. Measurements were 

taken at 20 °C, and can be seen in Figure 4.17 and Figure 4.18. It can be seen that engine oil 

has higher shear stress with shear rate and also higher viscosity than soybean oil and 

saltwater. 
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Figure 4.17: Shear stress vs. shear rate for soybean oil, engine oil and 3 wt% saltwater 
 

 

Figure 4.18: Viscosity vs. shear rate for soybean oil, engine oil and 3 wt% saltwater 
 

After this, the different emulsions could be evaluated in the MCR to find rheological 

properties at 20 °C, before they were run in the flow capacity setup. The data found by the 

MCR are presented in plots such as in Figure 4.19. Based on these plots found by the MCR, 

the appropriate rheology model could be found, and the corresponding flow model were used 

to predict the flow rate based on the estimated emulsion parameters.  
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Figure 4.19: Example of plot found from MCR  
 

4.2.4 Temperature Effect on Rheology 

The engine oil emulsions with the lowest and highest water content, E30-70 and E60-40, 

were run in the MCR on lower and higher temperatures, namely 4 °C and 60 °C. The 

procedure was the same as stated in the previous section, and one of the plots found can be 

seen in Figure 4.20 

 

Figure 4.20: Viscosity vs. shear rate plot showing the effect of varying temperature 

 



 41 

4.2.5 Aging Effect on Rheology 

All the emulsions were run in the MCR after aging, as fresh, 4 hours, 24 hours, 5 days and 12 

days old to see if the aging had any impact on the emulsion rheology. One plot and a zoomed 

section of this can be seen in Figure 4.21 and Figure 4.22, but most results will be discussed 

in Chapter 5.5.2. 

 

Figure 4.21: Shear stress vs. shear rate with aging for E40-60 
                                                  

 

Figure 4.22: Zoomed section of Figure 4.21 
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4.3 Flow Experiments 

4.3.1 Equipment Design 

To design the flow capacity setup, the E60-40 emulsion was tested in the MCR, to find 

emulsion parameters for prediction of flow rate. This flow facility was inspired by a capillary 

viscometer, which measures time taken for a defined quantity of fluid to flow through a 

capillary with known diameter and length (SI-Analytics, 2017). By visually inspecting the 

shear stress versus shear rate plot and viscosity versus shear stress plot for the E60-40 

emulsion, the rheology model was found to be Power law. Thus, the Power law flow model 

would be used to predict flow rate. Even if the flow capacity setup was designed based on 

calculations with Power law model, it was reasonable to believe that the same flow capacity 

setup could be used for the Herschel-Bulkley model as well. 

After determining the rheology and flow model, the corresponding script had to be run in 

MATLAB, which is a software used to solve engineering problems built on a matrix-based 

language. All the MATLAB scripts can be found in Appendix C, and will also be further 

described in the next section. First the “Parameters_PL” script had to be run, estimating the 

Power law parameters C (consistency parameter) and  n   (flow behavior index) from the 

MCR data. After estimating these parameters, the next script, “Flowrate_PL”, predicted the 

flow rate based on these same MCR data and the parameters found, using the relation showed 

in Equation (3.8). Since the dimensions of the flow facility (such as pipe diameter and length) 

were to be determined, these had to be put into the script as guesses. If the script gave 

turbulent flow or a severe entry length, a new guess had to be set as input. After several 

guesses the dimensions showed in Table 4.6 was chosen, and the flow capacity setup was 

created with great help from H. Myhren. The setup can be seen in Figure 4.23 and Figure 

4.24. 



 43 

 

Figure 4.23: Picture of the designed flow facility 
 

Table 4.6: Dimensions for the flow capacity setup and relevant parameters 

Description Symbol Dimension 

Total length of pipe Lp 1.8000 m 

 

 

Average fluid height in tank  

 

havg fluid 0.0736 m 

Length of pipe under tank Lunder tank 1.7900 m 

 

 
Total average fluid height Δhavg 1.8636 m  

Inner diameter of pipe Dp 0.0250 m 

Inner radius of pipe Rp 0.0125 m 

   



 44 

 

Figure 4.24: Drawing of the flow capacity setup, showing the most relevant dimensions 
 

As can be seen in Figure 4.24 there are three fluid levels in the tank: maximum, minimum 

and average fluid height. Maximum is when the full emulsion volume is poured into the setup 

and minimum is when the valve is closed after a run. As indicated on the minimum fluid 

level line, the experiment was stopped before the liquid level reached the pipe inlet. The 

average fluid height was used since the bottom of the tank was not completely even, and thus 

the measurements of the maximum and minimum fluid level was not constant.  

The flow facility was installed over a scale, such that the weight could be continuously 

recorded as the emulsion was flowing through the pipe. This provides higher accuracy than if 

the emulsion level was recorded with the bare eye.  
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4.3.2 Model Parameter Estimation 

As done in the design process, the shear stress versus shear rate and viscosity versus shear 

stress plot were investigated for each emulsion, to determine the appropriate rheology and 

flow model. When the rheology model was determined, the scripts calculating flow rate with 

the corresponding flow model had to be run in MATLAB for each emulsion.  

For Power law the following parameters had to be estimated: consistency parameter  C  and 

flow behavior index . The script “Parameters_PL” was run in order to find these, reading 

the file with emulsion parameters obtained by the MCR, plotting the data and fitting a power 

series model to the plot. For the Power law model the fitted line was created by using the 

built-in MATLAB function “fit” and model type ‘power’, (MathWorks, 2016). After this, 

the script “Flowrate_PL” predicted the flow rate based on the same emulsion parameters, 

density and the Power law parameters found. The flow rate was predicted by using the 

relation showed in Equation (3.8). 

For Herschel-Bulkley the following parameters had to be estimated: consistency parameter 

 C , flow behavior index  and yield point . The script “Parameters_HB” was run in order 

to find these, reading the file with emulsion parameters obtained by the MCR, plotting the 

data and fitting a power series model to the plot. For the Herschel-Bulkley model the fitted 

line was created by using the “fit” function and model type ‘power2’(MathWorks, 2016). 

After this the script “Flowrate_HB” predicted the flow rate based on the same emulsion 

parameters, density and the Herschel-Bulkley parameters found. The flow rate was predicted 

by using the relation showed in Equation (3.11). 

Both the “Flowrate_PL” and the “Flowrate_HB” scripts calculate the Reynolds number and 

prints out the associated flow regime, to make sure the flow is not intermediate or turbulent. 

No built-in functions were used for this, only for-loops and execute statements. The entry 

length was also calculated in the scripts, to check that the flow became fully developed 

within a smaller part of the pipe length. 

After the appropriate flow models were used to predict the flow rates, the inappropriate 

model was used to see if this had an impact on the results. The procedure was the same as 

explained over here, except that the inappropriate model was chosen on purpose. This means 

 n

 n  τ 0
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that the Herschel-Bulkley model was used for shear thinning fluids, and Power law model 

was used for viscoplastic fluids. 

4.3.3 Flow Measurements vs. Model Prediction 

After the flow capacity setup was designed, all emulsions shown in Table 4.2 and Table 4.3 

were mixed using the procedure already explained in Chapter 4.1.2. The volume chosen for 

flowing through the flow facility was 3 liters so eight 400 ml beakers with engine oil 

emulsion were mixed, and seven 500 ml beakers with soybean oil emulsion. The beakers 

were added together in 1 liter bottles, and parts of the excessive volume was used to measure 

density of the emulsion. 

The whole emulsion volume was poured into the tank on the flow facility, with the valve 

closed such that the pipe became completely filled. Measurements started by opening the 

valve and simultaneously starting the timer, and the valve was closed before the emulsion 

level reached the pipe inlet. This was done since the flow would slow down significantly if 

the fluid level reached the pipe inlet. All emulsions were run through the flow capacity setup 

twice in a row before the data was analyzed and flow rates were found by Equation (3.5). 

Then these measured flow rates could be compared to the flow rate predicted from emulsion 

parameters and flow models. 

Measured flow rates for shear-thinning emulsions were compared to flow rates predicted by 

Power law model, while measured flow rates for viscoplastic emulsions were compared to 

flow rates predicted by Herschel-Bulkley model. To look at the effect of using the 

inappropriate model, predictions were also done with the opposite model. Percentage 

deviations were used to easier compare the measured and predicted results: 
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where observed value was the flow rate measured in the flow capacity setup, and expected 

value was the flow rate predicted by flow models based on emulsion parameters. These 

results will be presented in Chapter 5.2 through Chapter 5.4.  

 

 
Percent deviation =

observed value − expected value( )
expected value
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4.4 Droplet Size Estimation and Aging 

The aging and droplet size estimation was only investigated for the engine oil emulsions, 

since the soybean oil emulsion was made for flow rate comparison. 

 

4.4.1 Maximum and Average Droplet Size 

Before the droplet size was studied by microscopic image analysis, Equation (2.2) was used 

to predict the possible maximum and average droplet size during mixing. First the energy 

dissipation had to be found: 

 

 
 

 

 

(4.3) 

 

 

 

where  is power in [W],  is mass in [kg],  is density in [kg/m3] and  is volume in 

[m3]. When the energy dissipation was calculated, the maximum droplet size, , could be 

predicted by using Equation (2.2). Then the average droplet size, , could be predicted by  
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4.4.2 Droplet Size Distribution 

The droplet size distribution was looked at in different aging stages, by studying the 

emulsions in an Optika microscope connected to a microscope digital camera of the type 

OLYMPUS UC90 (as seen in Figure 4.25). This camera is able to deliver images up to 4K 

ultra-high-definition, with maximum image information and noise reduction technology 

(Olympus-Lifescience, 2016).  
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Figure 4.25: Optika microscope connected to Olympus UC90 microscope digital camera 
 

To get a better image in the microscope, the emulsion droplet was mixed with Exxsol D60 

before placing the droplet between two microscopic slides. 0.5 ml Exxsol D60 was stirred in 

a small container together with a small emulsion droplet from the outside of a plastic pipette. 

If this had not been done, the emulsion would look like the image to the left in Figure 4.26. 

The image to the right would clearly be easier to process than the image to the left, where the 

number of droplets is larger and the droplets are lying very close. 

 

  

Figure 4.26: Left: W/O emulsion not mixed with Exxsol D60. Right: W/O emulsion after 

being mixed with Exxsol D60 
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The emulsions were studied right after mixing, 4 hours, 24 hours, 5 days and 12 days after 

mixing. If some oil had been separated out on top with aging, the surface of the emulsion was 

slightly stirred by hand before taking measurements. 

Images taken with the OLYMPUS camera were processed in the ImageJ software, which is a 

Java-based image-processing program. The software feature possibilities to calculate area and 

other pixel-value statistics, such as droplet diameter (Ferreira and Rasband, 2012). To be able 

to predict the droplet diameter, the droplet area, Feret diameter and minimum Feret diameter 

were found. Feret diameter is defined as: “The longest distance between any two points along 

the selection boundary, also known as maximum caliper” (Ferreira and Rasband, 2012). An 

overview of the operation order for the image processing in ImageJ can be seen in Table 4.7 

 

Table 4.7: Overview of the operation order used when processing images in ImageJ 

Operation order Operation 
1. Set the scale 
2. Crop the picture 
3. Subtract background 
4. Change image to black and white 
5. Adjust brightness 
6. Adjust threshold 
7. Make image binary 
8. Remove noise 
9. Fill in holes (droplets) 
10. Convert to mask 
11. Watershed the droplets 
12. Check consistency with original image 
13. Define measurands 
14. Export results and save image 

 

First, the scale had to be set to give the image the right dimensions. The scale provided on the 

original image was used, since this had a known length. Then a section of the image was 

cropped, before the background was subtracted to get a cleaner image of the droplets. The 

image was then changed to black and white, before the brightness and threshold could be 

adjusted. For threshold it was important to choose a threshold where the droplets were as 
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visible as possible without too much noise. To add several features the image was made 

binary. 

Noise had to be removed manually, by comparison with the original image. If some of the 

droplets did not appear complete, the line around them had to be drawn manually. Now the 

command “fill in holes” were used, filling all complete droplets. After this, the picture was 

converted to mask, to allow the command “watershed”. This drew a thin line between 

droplets that were lying together. It was important to always check the consistency with the 

original image, to see the droplet pattern and check that noise was removed. Finally, the 

measurands could be defined and all droplets on the edges were excluded. The image was 

saved and the results exported to Excel, before the data was further evaluated in MATLAB. 

To be able to predict the droplet size distribution based on the data obtained from ImageJ, the 

MATLAB script “volumedistribution” was used, which can be found in Appendix C. This 

script is calculating volume distribution for the droplets based on a lognormal distribution 

function. Lognormal distribution is a continuous probability distribution in which the 

logarithm of a variable has a normal distribution (Weisstein, 2016). An example of the shape 

of a lognormal probability density function (PDF) and a cumulative distribution function 

(CDF) is shown in Figure 4.27.  

 

 

Figure 4.27: Lognormal PDF and CDF (Albadran, 2013) 
 

The lognormal distribution is very convenient to use for finding the droplet size distribution, 

since it is dependent only on two variables: the location parameter µ  and the scale parameter
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σ . This simplifies the process, since the whole distribution can be described by these two 

parameters instead of thousands of measured points. What MATLAB does is to take the 

measured data, and find a lognormal distribution based on arithmetic variance Var[X], 

arithmetic mean E[X], the location parameter µ  and the scale parameter σ . The following 

equations are used: 
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MATLAB also finds an optimized curve, which minimizes the distance between measured 

values and the lognormal prediction. This is done by the function ”optfun” which uses least 

squares method to optimize the distribution, and is also provided in Appendix C. The output 

from MATLAB will be a curve showing the CDF and the PDF, including the optimized 

distribution and the mean droplet volume as seen in Figure 4.28 and Figure 4.29.  

 

Figure 4.28: Cumulative distribution function (CDF) of the droplet volumes 
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Figure 4.29: Probability density function (PDF) of the droplet volumes 
 

However, not all the data provided by the scripts will be studied in the results. The focus will 

be on the measured droplet volumes (called measured data in Figure 4.28), the mean droplet 

size (red vertical line in Figure 4.28) and also the logarithmic distribution if it fits the 

measured points is well (black solid line in Figure 4.28). The measured droplet volumes will 

be displayed in separate plots, and the logarithmic distributions will be displayed together 

with the measured droplet volumes to check the fit, such as in Figure 4.30.  

 

Figure 4.30: E40-60 emulsion with logarithmic volume distribution estimated from the 

measured droplet volumes found by microscopic image analysis, logarithmic x-axis 
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4.4.3 Visual Inspection in Varying Temperature 

To study if higher or lower temperature would influence the aging process, two engine oil 

emulsions were put in a fridge with 4 °C and an oven with 60 °C. The emulsions chosen for 

this were E60-40 and E30-70, since these were the emulsions with highest and lowest water 

content. Right after the emulsions were mixed they were put in three 25 ml graduated 

cylinders, and one was put in the fridge, one in the oven and one was kept in the laboratory. 

Each emulsion was checked and taken pictures of with a regular camera in the following time 

intervals: 1, 2, 3, 4, 7, 10 and 22 days. When checking the emulsions it was looked for any 

visual signs of aging or breakdown.  
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5 Results and Discussion 

The results obtained from the experiments will be presented and discussed in this section. 

Due to a large amount of results in the form of plots, most of these are moved to the 

appendices, respectively Appendix D through Appendix H. To make the results more 

readable, the presented results will be followed up by an analyzing discussion right after. 

5.1 Emulsion Density 

The soybean oil emulsion showed the highest density. This makes sense, since the soybean 

oil has higher density than engine oil, respectively 918 kg/m3 compared to 880 kg/m3. The 

soybean oil emulsifiers also have higher densities, 982.9 kg/m3 and 957.5 kg/m3. Even if the 

added amounts are small compared to the total volume, the emulsifiers might contribute to 

density increase to some extent. If the E60-40 emulsion is compared to the S60-40 emulsion, 

it has quite high density considering the difference in oil density.   

 

Figure 5.1: Graphic representation of the increase in density 
 

All engine oil emulsions have increasing density with increasing water content as can be seen 

in Figure 5.1. The saltwater had a density of 1020 kg/m3, which is higher than the engine oil, 

and the increase with water content is obvious.  
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5.2 Rheological Measurements by Modular Compact Rheometer 

The MCR were used to take measurements of shear rate, shear stress and viscosity, where 

shear rate was examined up to 1200 s-1 and the temperature was kept at 20 °C. The engine oil 

emulsions with the highest and lowest water contents were studied in terms of temperature 

impact on rheology, where measurements were taken at 4 °C and 60 °C as well. Emulsion 

parameters found from the rheological measurements were used to predict the emulsion flow 

by Power law and Herschel-Bulkley flow models.  

 

5.2.1 Shear Stress and Shear Rate  

All the fresh emulsions are presented together in Figure 5.3. When looking at the plotted lines 

for the engine oil emulsions, they are starting approximately in zero. The shape of the plotted 

curves looks downwards concave, even if the curves are not completely smooth. Based on 

these two observations, the engine oil emulsions will be considered shear thinning and Power 

law model will be considered appropriate rheology and flow model.  

For all engine oil emulsions the shear stress is decreasing with decreasing water content up to 

a shear rate of about 300 s-1. At this point the E60-40-curve goes abruptly down, and a 

possible explanation for this is that the emulsion breaks. If this happens the water will no 

longer be dispersed in the oil, and the water could lubricate the surface of the measuring 

cylinder in the MCR. This would cause the dramatic decrease in shear stress. The emulsions 

with 30-50% water content did not break in the shear rate interval studied, and they all show 

higher shear stress when water content is increased.  

The plotted line for the soybean oil emulsion, S60-40, starts in a value higher than zero and 

does not show as much downwards-concave shape as the engine oil emulsions. The fact that 

the curve is not starting at zero indicates a yield stress is needed to initiate the flow, and is 

more in compliance with a viscoplastic fluid. Therefore, Herschel-Bulkley model will be 

considered the appropriate rheology and flow model for the soybean oil emulsion. The S60-

40 emulsion did not break in the shear rate interval, and it showed the lowest shear rate of all 

the fresh emulsions.  
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Figure 5.2: Shear stress vs. shear rate plot for all emulsions while fresh 

 

5.2.2 Viscosity 

To be able to plot all the emulsions in the viscosity versus shear rate plot, a secondary axis 

had to be set for the S60-40 emulsion. This emulsion starts out at a much higher viscosity 

than the other emulsions, and then quickly drops and ends up showing the lowest viscosity in 

Figure 5.4. Even if there is not shown a clear yield viscosity the behavior is still considered to 

be viscoplastic. This is based on the deviation from the other viscosity curves, and the fact 

that the shear stress versus shear rate curve indicated a viscoplastic fluid. Therefore the 

Herschel-Bulkley model is still assumed to be the appropriate rheology and flow model.  
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Figure 5.3: Viscosity vs. shear rate plot for all emulsions while fresh, with the S60-40 
emulsion having a secondary axis on the right hand side 

 

 

Figure 5.4: Zooming in on Figure 5.3 to see S60-40 on the same axis as the other emulsions 
 

Before the E60-40 emulsion breaks the engine oil emulsions have increasing viscosity with 

increasing water content. This is in compliance with what was expected based on studies 

done by Pal (1996, p. 3181). After the E60-40 emulsion breaks, the other engine oil 
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emulsions stays in the same pattern and seems to be flattening out with increasing shear rate. 

The S60-40 emulsion starts with a viscosity over 20 Pa s, before the curve quickly goes 

down and approaches a value of 0.2 Pa s. Since there are no other soybean oil emulsions 

with different water content, this viscosity cannot be compared in terms of that.  

The emulsion droplet size will be discussed in more detail in Chapter 5.5, but some results 

relevant for the viscosity is presented in Figure 5.5. This figure shows that the droplet size is 

smallest for the emulsion with the lowest water content. Based on studies by Pal (1996, p. 

3181) it is assumed that the viscosity would be higher for W/O emulsions with smaller 

droplet size. Combining the results in Figure 5.5 and this theory, the emulsion with the lowest 

water content should be having higher viscosity. However, in Figure 5.4 it was seen that the 

viscosity was increasing with increasing water content, opposite to what is expected based on 

Figure 5.5 and theory by Pal. It has to be noted that Pal’s study was based on the droplet size 

in one W/O emulsion, and not between W/O emulsions with different water contents. 

Therefore it may not be as relevant here since the droplet size is compared between different 

water contents. Based on uncertainties with the microscopic image analysis as well, the MCR 

measurements will be considered more representable in this case.  

 

 

Figure 5.5: Average droplet size found by microscopic image analysis, sorted by aging stage. 
The 12 day case has it's own axis on the right hand side 

 

For the soybean oil emulsion, the short mixing might give quite large droplet size. As 

mentioned, a W/O emulsion with smaller droplets is expected to show higher viscosity. Thus, 

⋅

⋅
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short mixing time might explain the low viscosity, but since the droplet size has not been 

studied it is hard to tell if this is the reason.  

 

5.2.3 Temperature Effect 

It can be seen in Figure 5.6 that both the E60-40 and the E30-70 emulsion gets a steeper 

gradient, meaning a higher shear stress with shear rate, for decreasing temperature. All the 

emulsions still shows a shear thinning behavior with an overall downwards concave shape. 

When the same temperatures but different emulsions are compared it can be seen that the 

E30-70 curves always lies under the E60-40 curves, as expected compared to the results in 

Chapter 5.2.1. 

 

Figure 5.6: Shear stress vs. shear rate plot showing the effect of varying temperature 

None of the E30-70 temperature cases indicates a breaking of the emulsion, since none of the 

curves are abruptly decreasing. The E60-40 emulsion breaks before the measurement ends for 

both 4 °C and 20 °C and, but not for 60 °C. This is interesting and unexpected, since heating 

and not cooling of the emulsion is used when trying to break it. Even so, the coldest emulsion 

is the first to break, and what is causing this is hard to tell. However, in the publication by 

Wen et al. (2014, p. 9513) it is said that increased temperature during mixing might increase 

emulsion stability. The measurements are taken with increased temperature right after 

mixing, and it is possible that the applied shear from the MCR can be counted as additional 



 61 

mixing. In that case, this can explain why the 60 °C case does not break. However, it does not 

look like the temperature increase has any impact on the E30-70 emulsion. This emulsion 

might not be affected since it has lower water content and should be more stable in the first 

place. Despite the theories discussed here, no conclusions can be drawn without further 

investigation.  

For the viscosity it can be seen in Figure 4.20 on page 40 that it is decreasing with increasing 

temperature for both emulsions, as expected from the viscosity-temperature relation. The 

most dramatic changes are happening for the E60-40 emulsion at 4 °C and 20 °C. When it 

comes to water content compared between the emulsions at the same temperature, it can be 

seen that the E60-40 emulsion lies above the E30-70 emulsion here as well, like in Chapter 

5.2.2. This is in accordance with the theory of viscosity increasing with increasing water 

content, and increased or decreased temperature does not affect this pattern.  

 

5.2.4 Predicted Flow by Power Law Model 

The plots showing the curve fit done in MATLAB to find the Power law constants can be 

seen in Appendix D, both when the appropriate and inappropriate model is used. The 

Reynolds number is calculated for the minimum and maximum viscosity measured in the 

MCR, and is therefore presented as a range. The same applies for the entry length, since it is 

dependent on the Reynolds number. 

Table 5.1: Results for using the appropriate model: Power law model for shear thinning 
emulsion flow 

Emulsion Q [l/s] v [m/s] Re Lh [m] 

E30-70 0.1153 0.2349 3.5189 – 7.6206 0.0044 – 0.0095 

E40-60 0.0818 0.1667 2.2522 – 4.0880 0.0028 – 0.0051 

E50-50 0.0438 0.0892 0.9103 – 1.9150 0.0011 – 0.0024 

E60-40 0.0345 0.0703 

 
0.4480 – 1.2066 5.56 ⋅10-4 – 0.0015 

 

 
 

10-4 – 0.0015 

 

In Table 5.1 it can be seen that the flow rate is decreasing with increasing water content for 

all the engine oil emulsions, which sounds reasonable since the emulsions are getting more 

viscous with increasing water content. As seen in Poiseuille law in Equation (3.5) the flow 
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rate is inversely proportional to the viscosity, and this coincides with the data presented in 

Table 5.1. There is not shown any clear pattern regarding how much the flow rate is 

decreasing with a 10% increase in water content, since this varies from 21% to 46%.  

The Reynolds number reaches the highest value for the E30-70 emulsion, and is also 

decreasing with increasing water content. The Reynolds number is dependent on the density, 

velocity, pipe diameter and the viscosity. The pipe diameter is constant, but the other 

parameters are varying with increasing water content. The density and viscosity is increasing 

with increasing water content, while the velocity is decreasing with increasing water content. 

Based on this is seems like the velocity is the dominant parameter.  

Since the entry length is dependent on Reynolds number and the constant pipe diameter, the 

entry length will be dependent on the same parameters as the Reynolds number. However, it 

is worth mentioning that the entry lengths do not dominate the pipe flow. The total length of 

the pipe is 1.8 m, and thus the longest entry length, 0.0095m, corresponds to 0.5% of the total 

pipe length, which can be considered negligible.  

In Table 5.2 the inappropriate flow model is used, and it does not make much sense to discuss 

these results alone. This will be discussed further in Chapter 5.4 where the results will be 

compared to the flow in the flow capacity setup.  

Table 5.2: Results for using the inappropriate model: Power law model for viscoplastic 
emulsion flow 

Emulsion Q [l/s] v [m/s] Re Lh [m] 

S60-40 0.1447 0.2948 

0.3197 

0.3197 – 23.7301 4.0 ⋅10-4 – 0.0297 

 
 

5.2.5 Predicted Flow by Herschel-Bulkley Model 

The plots showing the curve fit done in in MATLAB to find the Herschel-Bulkley constants 

can be found in Appendix D, both when the appropriate and inappropriate model is used. 

Also here the Reynolds number is calculated for the minimum and maximum viscosity 

measured in the MCR, and is therefore presented as a range. The same applies for the entry 

length, since it is dependent on the Reynolds number. 
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Table 5.3: Results for using the appropriate model: Herschel-Bulkley model for viscoplastic 
emulsion flow 

Emulsion Q [l/s] v [m/s] Re Lh [m] 

S60-40 0.1226 0.2498 0.2709 – 20.1143 3.38 ⋅10-4 – 0.0251 

 
 

If the results in Table 5.3 are compared to he results in Table 5.1, it can be seen that the S60-

40 emulsion shows a slightly higher flow rate than the highest flow rate for the engine oil 

emulsions. The S60-40 Reynolds number is also the highest reported for all the emulsions. 

Since the Reynolds number is the highest in this case, the entry length also reaches its highest 

value here. Still, the entry length cannot be said to dominate the pipe, since the longest entry 

length, 0.0251m, will be approximately 1.4% of the total pipe length.  

In Table 5.4 the inappropriate flow model is used, and it does not make much sense to discuss 

these results alone. This will be discussed further in Chapter 5.4 where the results will be 

compared to the flow measured in the flow capacity setup.  

Table 5.4: Results for using the inappropriate model: Herschel-Bulkley model for shear 
thinning emulsion flow 

Emulsion Q [l/s] v [m/s] Re Lh [m] 

E30-70 0.1157 0.2356 3.5304 – 7.6454 0.0044 – 0.0096 

E40-60 0.0823 0.1667 2.2655 – 4.1121 0.0028 – 0.0051 

E50-50 0.0567 0.1156 1.1788 – 2.4800 0.0015 – 0.0031 

E60-40 0.0384 0.0782 

 

0.4981 – 1.3426 6.23 ⋅10-4 – 0.0017 

 
 

5.3 Measured Flow in Flow Facility 

The four engine oil emulsions and the one soybean oil emulsion were all run through the flow 

capacity setup twice in a row.  

5.3.1 Measured Flow for Shear Thinning Fluids 

All the engine oil emulsions show a decrease in flow rate with increasing water content, both 

for run 1 and 2 as seen in Table 5.5 and Table 5.6. The decrease in flow rate is between  
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41-46% for run 1 and 40-47% for run 2, so the flow rate decrease with increased water 

content is more stable here than it was for the predicted flow rates.  

Table 5.5: Results for running the shear thinning emulsions through the flow facility, run 1 

Emulsion Volume [l] Time [s] Flow rate Q [l/s] 

E30-70 2.3018 18.10 0.1271 

E40-60 2.0989 29.85 0.0703 

E50-50 2.0396 49.46 0.0412 

E60-40 1.7723 79.52 0.0223 

 
 
Table 5.6: Results for running the shear thinning emulsions through the flow facility, run 2 

Emulsion Volume [l] Time [s] Flow rate Q [l/s] 

E30-70 2.3387 17.28 0.1353 

E40-60 2.0782 29.02 0.0716 

E50-50 2.1451 50.09 0.0428 

E60-40 2.0128 84.99 0.0237 

 

Looking at Figure 5.7 it can be seen that the engine oil emulsions with lower viscosity, 

meaning less water content, are running faster through the flow facility. 

 

Figure 5.7: Weight vs. time for all the emulsions flowed in the flow capacity setup  
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5.3.2 Measured Flow for Viscoplastic Fluids 

Looking at the time versus weight plot in Figure 5.6, the soybean oil emulsion curve falls in 

between the E30-70 and the E40-60 emulsion curves. Since only one soybean oil emulsion 

has been run, it does not have any similar emulsion to be compared to. It can however be 

seen that the flow rate is lying in between the maximum and minimum flow rate for the 

engine oil emulsions.  

Table 5.7: Results for running the viscoplastic emulsion through the flow facility, run 1 

Emulsion Volume [l] Time [s] Flow rate Q [l/s] 

S60-40 2.0989 24.47 0.0858 

 
 

Table 5.8: Results for running the viscoplastic emulsion through the flow facility, run 2 

Emulsion Volume [l] Time [s] Flow rate Q [l/s] 

S60-40 2.2884 26.00 0.0880 

    

5.4 Comparison Flow Measurements and Model Prediction 

To compare the flow rates predicted by flow models and emulsion parameters to the flow 

rates measured in the flow capacity setup, the percent deviation was found for both runs as 

seen in Table 5.9 and Table 5.10. When the appropriate model is used, the percent deviation 

is varying from 2-31% in run 1 and from 6-35% in run 2, with an average deviation of 13%. 

The deviations are quite large considering that the appropriate model is used, but it should be 

mentioned that both the models used for prediction and the method used to measure the flow 

rate probably has some uncertainties that will be discussed in further detail in Chapter 5.7. 

In Table 5.9 and Table 5.10 it can be seen that all the deviations are smaller when using the 

appropriate model. The exception is the E30-70 emulsion, where the percentage deviations 

are equal independent on both flow model used and run. The highest percent deviations are 

found when the inappropriate model is used, respectively 39% for the S60-40 emulsion in run 

1 and 42% for the E60-40 emulsion in run 2. The average deviation between the predicted 

and measured flow rate is 21% when the inappropriate model is used, 8% higher than the 

average deviation when the appropriate flow model is used. There is no shown coherence 
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between the water content and viscosity with the percent deviation. 

 

Table 5.9: Percentage deviation flow rates, appropriate and inappropriate models run 1 

Emulsion 
Percent Deviation 

appropriate model 

Percent Deviation 

inappropriate 

model 

 

E30-70 17% 17% 

E40-60 -12% -13% 

E50-50 -2% -24% 

E60-40 -31% -38% 

S60-40 -28% -39% 

 
 
Table 5.10: Percentage deviation flow rates, appropriate and inappropriate models run 2 

Emulsion Percent Deviation 

appropriate model 

Percent Deviation 

inappropriate 

model 

 

E30-70 10% 10% 

E40-60 -14% -15% 

E50-50 -6% -27% 

E60-40 -35% -42% 

S60-40 -30% -41% 

 

Table 5.11: Sum up of values 

 
Percent Deviation 

appropriate model 

Percent Deviation 

inappropriate model 

 Average 13% 21% 

Maximum 35% 42% 

 

5.5 Droplet Size Estimation and Aging 

Before starting microscopic image analysis, the maximum and average droplet sizes are 

predicted based on a correlation by Hinze (1955). Next, rheological measurements taken by 
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the MCR in aging intervals will be presented, as well as images studied in the same time 

intervals by microscopic image analysis. Droplet size distributions are found by microscopic 

image analysis, and visual signs of instabilities are looked for. Emulsion samples exposed to 

aging and varying temperature will also be visually inspected. 

 

5.5.1 Prediction for Maximum and Average Droplet Size 

In Table 5.12 the predictions for maximum and average droplet size are presented.  

Table 5.12: Maximum and average droplet size predicted from Hinze’s correlation 

Name of Emulsion Max Droplet Size [µm] Average Droplet Size [µm] 

 

 

 

E30-70 0.484 0.145 

E40-60 0.497 0.149 

E50-50 0.506 0.152 

E60-40 

 

0.512 0.154 

 

It has to be emphasized that Hinze’s correlation is based on single droplets in a continuous 

phase, and in an emulsion the droplets will be packed and maybe also in clusters. 

Consequently, this correlation will have substantial uncertainties when used for emulsions, 

but it is still interesting to see if the results can be compared to droplet sizes found by other 

methods. In addition to this, the energy dissipation is calculated based on the power given in 

[W] on the mixer. Since this power is not checked in any other way, it might be varying a bit 

during mixing and this can also lead to uncertainties. 

5.5.2 Rheological Measurements with Aging 

In this section the shear stress versus shear rate plots and viscosity versus shear rate plots will 

be presented for different aging stages: fresh, 4 hours, 24 hours, 5 days and 12 days. In 

addition to this, a zoomed section of the plot will be showed, since some of the curves are 

lying very close and it can be hard to distinguish between them. The plots not presented here 

can be found in Appendix E.  

All the shear stress versus shear rate curves still shows shear thinning behavior after aging. 

The E60-40 emulsion starts to break around 400 s-1 for the fresh emulsion, while the 12 day 

case is the last to break as seen in Figure 5.8. This can indicate that the E60-40 emulsion did 
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become more stable with aging, possibly due to emulsifiers spreading more evenly out. 

However, the other emulsions did not break and it is unclear if the increase in stability 

happens in those. The behavior before the E60-40 emulsion breaks is still shear thinning for 

all the aging stages.  

 

Figure 5.8: Shear stress vs. shear rate with aging for E60-40 emulsion 
 

When it comes to water content, the E30-70 emulsion seems to be least influenced by aging 

in the shear stress versus shear rate plot, but on the contrary the E40-60 and E50-50 

emulsions seems to be more influenceed than the E60-40 emulsion.  

For the emulsions with the three lower water contents the viscosities are decreasing with 

aging. The 4 hour case is sometimes showing a slightly higher viscosity than the fresh case, 

but since this difference in terms of viscosity and time step is small this will not be assumed 

to alter the decreasing viscosity pattern. However, the emulsion with the highest water 

content does not agree with the assumption about viscosity decreasing with aging, where the 

4 hour case has the highest viscosity and the fresh case has the lowest viscosity. Even so, it 

seems like the emulsion viscosity is decreasing with aging since this happens in three out of 

four emulsion cases.  
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Figure 5.9: Viscosity vs. shear rate with aging for E40-60 

 

 

Figure 5.10: Zoomed section of Figure 5.9 
 

Even if the viscosity tends to decrease with aging, the change is not that large. Another 

interesting thing is that microscopic restructuring in the emulsion, for example by 

flocculation, is said to possibly increase the viscosity. Even if this kind of microscopic 

restructuring might be present here, it does not seem to increase viscosity with aging. A 

possible reason for this is that emulsion exposed to shear, for example by the MCR, may 



 70 

separate flocculated droplets. If the droplets are separated they go back to behaving like small 

droplets again, decreasing viscosity. 

 

5.5.3 Microscopic Image Analysis with Aging 

Many images were processed in order to study the droplet size distribution, but to present all 

here would take up way too much space. Therefore an example of the image before and after 

processing will be showed, together with a selection of images showing tendencies for 

emulsion breakdown processes.  

 

Figure 5.11: Raw image from the Optika microscope, E50-50 emulsion after 24 hours aging 
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Figure 5.12: Final processed image in Figure 5.11 . This is an E50-50 emulsion, after 24 
hours aging 

 

The microscopic image analysis was mainly conducted in order to provide an estimate for the 

droplet size distribution, but can also indicate if any breakdown processes have occurred. 

Three pictures of the E60-40 emulsion are presented here. In Figure 5.15 flocculation can 

clearly be seen. Ostwald Ripening may be happening between the fresh and the 24 hour case 

in Figure 5.13 and Figure 5.14, since the droplet size is increasing and it is not clearly shown 

that many droplets are flocked together. However, since the time scale for the Ostwald 

ripening is not known, 24 hours might not be enough time for this to happen. Between the 24 

hour case and the 12 day case it can look like coalescence is happening, since some droplets 

are lying very close in Figure 5.14 and then the droplet size is increased in Figure 5.15. Still, 

not all droplets have gone through coalescence, since there still are many droplets lying close 

in flocks without being merged together in Figure 5.15.  
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Figure 5.13: E60-40 emulsion as fresh 
 

 

Figure 5.14: E60-40 emulsion after 24 hours 
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Figure 5.15: E60-40 emulsion after 12 days 
 

5.5.4 Droplet Size Distribution with Aging 

In this section both the droplet volume and the droplet diameter are representing droplet size. 

The droplet volumes are found by microscopic image analysis in ImageJ and will be 

presented in plots. The MATLAB script also provided a logarithmic distribution for the 

measured droplet volumes, and these plots will be shown together with the measured droplet 

volumes. The plots not presented here can be found Appendix F. For the droplet diameter, 

this will be presented in plots where it is compared to the average and maximum droplet size 

found by Hinze’s correlation. Not all plots will be shown here, but the rest can be found in 

Appendix G.  

For the E30-70 emulsion the measured droplet volumes in increasing order are fresh, 4 hours, 

5 days, 24 hours and 12 days as seen in Figure 5.16. Even if the cases in between fresh and 

12 hours are not increasing, the fresh emulsion has the smallest droplet volumes and 12 days 

the largest. This is almost in line with the theory about aged emulsions getting a larger 

amount of larger droplets. For the E40-60 emulsion it has smallest droplets for the fresh case, 

but the largest droplets seems to be found in the 24 hour case. The emulsions with the two 

highest water contents does not have a clear pattern at all when it comes to measured droplet 
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volumes, where both emulsions shows the smallest droplets for the 5 day or 12 day case. 

 

 

Figure 5.16: Droplet volumes found for the E30-70 emulsion, with logarithmic x-axis 

 

Based on the plots for measured droplet volumes in ImageJ, it is hard to draw a conclusion 

about the droplet size with aging. For the emulsions with 30-40% water content, the pattern 

was closer to but did not completely comply with increasing droplet size with aging. In the 

emulsions with 50-60% water content, the pattern was not close to having an increasing 

trend. Most of the logarithmic distributions does not fit the measured points very well, as 

shown for example in Figure 4.30. For the other emulsions, the best fit is found for the 

emulsion with the lowest water content, E30-70, and it seems like the fit gets worse with 

increasing water content.  

The average droplet size for the different emulsions and aging stages will now be presented. 

This droplet size is also compared to the maximum and average droplet size predicted by the 

correlation shown in Equation (2.2). As can be seen in Figure 5.17 and the other plots in 

Appendix G, this calculation for the droplet size is way lower than what is found by 

microscopic image analysis. It has to be kept in mind that this correlation would most likely 

be inaccurate to use in this setting, as mentioned in Chapter 5.5.1.  
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There is no clear trend in the average droplet size for either of the emulsions, if compared to 

the expected trend that the average droplet size could increase with aging. However, up to 24 

hours this trend is followed. The 5 day case shows a decrease in average droplet size for all 

emulsions, and then the 12 day case shows increased values compared to the 24 hour case for 

three out of four emulsions. It is hard to tell why the 5 day case is decreasing for all the 

emulsions, but it has to be noted that the microscopic image analysis most likely has its flaws 

as will be discussed further in Chapter 5.7.  

 

Figure 5.17: Average droplet size with aging 30-70 
 

5.5.5 Varying Temperature During Aging 

The E30-70 and the E60-40 emulsion studied by visual inspection reacted differently when 

exposed to varying temperatures during aging. For both emulsions, no change could be seen 

with aging when put in a fridge with 4 °C. Some bubbles were present at the bottom of the 

graduated cylinder, possible water droplets, but these were constant through the aging. While 

kept in laboratory temperature at 20 °C, the E60-40 emulsion did not show any changes with 

time until 10 days were reached. In the E30-70 emulsion some oil separated out, and 

tendencies for this was showed after 3 days. The pictures of these two cases are shown in 

Appendix H. Both emulsions responded more when the temperature was turned up to 60 °C, 

and oil gathered on top for both emulsions already after 24 hours. This can be seen in Figure 

5.18 and Figure 5.19, and it shows that the E30-70 emulsion separated out about 8 ml oil 

while the E60-40 emulsion separated out about 1 ml oil. 
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Figure 5.18: Visual separation of a E30-70 emulsion in temperature 60 °C, time from left to 
right is 1, 4, 10 and 22 days 

 

 

Figure 5.19: Visual separation of a E60-40 emulsion in temperature 60 °C, time from left to 
right is 1, 4, 10 and 22 days 

 

Based on the pictures presented here, it can look like the emulsions are creaming with aging, 

since a continuous phase of oil is formed on top of the emulsion. This continuous phase on 

top could be due to water droplets growing by coalescence or gathering in flocks at the 

bottom, squeezing out oil that would flow up to the emulsion surface. However, there are no 

visible water droplets at the bottom of the emulsion, but still there is a continuous phase of oil 

at the top. Thus, there might be another reason for the oil phase separated out.  

It is not reasonable to believe that the emulsion has inverted to an O/W emulsion. Even if it is 

exposed to a higher temperature than laboratory temperature, there are no indications of 

inversion. It is not likely that the emulsion has broken, since the emulsion under the oil looks 

intact, and the amount of oil separated out does not correspond to the total oil content in the 

emulsion. 

Since there is no visible water phase, the water droplets are most likely still covered with 

emulsifiers preventing merging of droplets. However, it is possible that there is some excess 
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oil, meaning that some oil is not in contact with the dispersed droplets. This oil may be 

drained out and are gathering on top. Since the emulsion with lowest water content is 

separating out less oil than the emulsion with higher oil content, excess oil might be a 

possible explanation. 

 

5.6 Problems 

Before starting to use the Waring blender, an overhead stirrer from IKA was used. This mixer 

was shaped as a propeller, and provided RPM control. By using this, a mixing time of about 

20 minutes was necessary to create the engine oil emulsions at 300 RPM. This would have 

been very time consuming, since only 400 ml emulsion was mixed at a time and 3 liters was 

needed to flow in the flow facility. Therefore it was experimented with the Waring blender, 

and it turned out that the way higher RPM reduced the mixng time significantly.  

For the soybean oil emulsion different mixing times had to be experimented with, to get a 

stable emulsion that was also able to flow in the flow facility. As seen in Figure 5.20 the 

emulsion became very viscous when mixed for too long, and looked more like yoghurt than a 

fluid that would flow easily through the flow capacity setup. 

 

 

Figure 5.20: Soybean oil emulsion mixed too long, becoming very viscous 
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5.7 Sources of Error 

There are several possible sources of error in the laboratory work conducted. For the 

emulsion properties the emulsion density is measured with a mud scale instead of a 

pycnometer, even if a pycnometer is assumed to be more accurate. When it comes to the flow 

predicted by flow models and emulsion parameters, it has to be taken into account that some 

parameters put into MATLAB was put in manually and there is a possibility that 

inappropriate parameters could have been set as input. The possibility of errors in the script 

also has to be taken into account, along with the risk for having errors in the derivations of 

the two expressions for flow rate. More importantly, the scripts does not take all emulsion 

properties into account, such as the droplet size, emulsion change with aging (for example 

microstructural changes) and uncertainties in the apparatus used to measure emulsion 

properties. If these parameters were taken into account, there is a possibility that the 

measured and predicted results would deviate less.    

In the flow capacity setup there are several possible sources of error. First and most important 

is the use of an average fluid height, since the bottom of the upper tank was uneven and an 

average height was calculated. Another thing is that the measurements were stopped when a 

change in the flow was observed, and it is hard to tell if the runs were stopped at the exact 

same point. The data recorded was done by video taping the scale and a timer, before the 

video was gone through in slow motion afterwards, writing down the weight versus time in 

proper intervals. If an electronic scale was used instead, and the fluid height could be 

determined more accurately than by average, this might also help reduce the deviations 

between measured and estimated flow rates. Also, the flow facility was not cleaned in 

between the runs of engine oil emulsions, and residue of the previous emulsion may affect 

the next run slightly.  

For the droplet size predicted by Hinze’s correlation, there is a large uncertainty, since the 

correlation is based on single droplets in a continuous phase. When it comes to the 

microscopic image analysis there are several uncertainties, since only one small droplet is 

studied and this may not represent the whole emulsion. From this small droplet several 

images were taken, but only one of these images were processed. Also, a smaller part of the 

image was processed and analyzed. In addition to this, the analysis done in ImageJ depends a 

lot on the user and how the user interprets the results. Especially since noise removal is done 
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by hand, it is possible that some droplets are removed and that some noise is not removed. 

Some images also had poorer quality than other images, and this can also affect the results.  

 

5.8 Further Work 

First of all the experiments could have been conducted more repeatedly. For example the 

emulsions could have been mixed several times before running the same tests again. This 

may help reduce the percentage deviation between the runs in the flow capacity setup and the 

predicted results. A flow capacity setup where the total fluid height could have been 

measured more accurately than by average could also have been built.  

More importantly, if the scripts predicting the flow rates could be able to take changes in the 

emulsion into account, such as microstructural and droplet size changes, the results would 

most likely become more accurate. Exactly how this script should have been made has not 

been looked into, but maybe such a model could be found by conducting more experiments. 

The script predicting flow rates should also take the equipment uncertainty into account. 

Several images could also have been processed in ImageJ, but this was a very time 

consuming task since the emulsions had way more droplets than what was experienced 

during the TPG4560 specialization project. Maybe it would be possible to find a trend for the 

droplet size with aging if several images were processed, and this might also be necessary in 

order to improve the scripts predicting flow rates.  

In addition to this, several emulsions could have been studied, for example by changing the 

water content with 5% in each step instead of 10%. If longer mixing time was used, 

emulsions with higher water content might also be possible to study. Another oil could also 

have been used for comparison, and several emulsions with Herschel-Bulkley behavior could 

have been studied. It would also be possible to run the emulsion in flow capacity setups with 

other dimensions for comparison. An interesting but time-consuming extension of this thesis 

could be to do the same tests for O/W emulsions as well. 
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6 Conclusion 

Water-in-oil emulsions were prepared in the laboratory based on engine oil, soybean oil and 

saltwater. The rheological properties of these were studied by a series of experiments. 

Emulsion flow rates were measured by a special designed flow facility and predicted by two 

non-Newtonian flow models and measured emulsion parameters. Based on the experiments 

discussed above, the following conclusions can be drawn: 

• Emulsion viscosity was increasing with increasing water content, and showed a 

slightly decreasing tendency with aging  

• The emulsion droplet size did not show a clear increasing trend with aging, even if the 

average droplet size was increasing from fresh to the 24 hour aged emulsion 

• All engine oil emulsions were behaving in a shear thinning manner, even after aging. 

The soybean oil emulsion behaved in a viscoplastic manner 

• The deviations between measured and predicted emulsion flow rates were on average 

13%, and maximum 35% when the appropriate models were used. These deviations 

are much larger than what would be expected for Newtonian fluid, but may be 

comparable for two-phase flow  

• When the inappropriate flow models were used the deviation between measured and 

predicted flow rates were higher, on average 21% and maximum 42% 

• The deviation between predicted and measured flow rates might be decreased if 

emulsion droplet size and microstructural changes were taken into account in the flow 

prediction script  

Based on the results achieved in terms of flow rate, non-Newtonian flow models and 

emulsion parameters can give a prediction for the emulsion flow in pipes. However, it is hard 

to tell how accurate these predictions are since the deviations are quite large. It would be 

interesting to develop this further by making an extended flow rate script taking emulsion 

changes into account, to see if the deviations could be reduced. More experiments and further 

investigations have to be conducted in order to make such a model.   
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Appendix B Derivation of Pipe Flow for non-Newtonian Fluids 

Power Law 

  

Area A = πr2

Circumference S = 2πr
   

  

Pressure p = F
A

Force F = p ⋅ A
Setting up force balance:
Δp ⋅ A = τ ⋅S ⋅ L
⇒Δp ⋅πr2 = τ ⋅2πr ⋅ L

⇒τ = Δp ⋅πr2

2πr ⋅ L
⇒τ = Δpr

2L
Using boundary condition at wall: r = R,τ = τw

⇒τw = ΔpR
2L

 

  

Rewriting τ = Δpr
2L

:

Δp
L

= 2τ
r

See that 
Δp
L

 is independent of r ⇒ 2τ
r

 also has to be independent of R

 

  

This gives τ = K ⋅r  where K  is a constant
Using boundary conditions:

r = 0⇒τ = 0

r = D
2
⇒τ = τw

⎧
⎨
⎪

⎩⎪

The second boundary condition gives

τw = K D
2
⇒ K =

2τw
D

⇒τ = K ⋅r =
2τwr

D
Know that 

D = 2R ⇒τ =
2τwr
2R

= τw
r
R
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du∫ = − Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n
⋅ r1/n dr∫

⇒ u r( ) = − Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ n ⋅r1/n+1

n+1
+C1

Using boundary condition:

u = 0 at the wall⇒ r = D
2
= R

⇒ u R( ) = − Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ n ⋅R1/n+1

n+1
+C1 = 0

⇒C1 =
Δp

2CL
⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ n ⋅R1/n+1

n+1

⇒ u r( ) = − Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ n ⋅r1/n+1

n+1
+ Δp

2CL
⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ n ⋅R1/n+1

n+1

Simplifying:

u r( ) = Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ n ⋅R1/n+1

n+1
− n ⋅r1/n+1

n+1
⎡

⎣
⎢

⎤

⎦
⎥

u r( ) = Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ R1/n+1 − r1/n+1

1+1 n
⎡

⎣
⎢

⎤

⎦
⎥

  

  

Q = u∫ ⋅dA = u r( ) ⋅2πr ⋅dr = 2π∫ u r( ) ⋅r ⋅dr∫
Have that u r( ) = Δp

2CL
⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ n ⋅R1/n+1

n+1
− n ⋅r1/n+1

n+1
⎡

⎣
⎢

⎤

⎦
⎥

⇒Q = 2πn
n+1

⋅ Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ R1/n+1 − r1/n+1( )
0

R

∫ ⋅r ⋅dr

⇒Q = 2πn
n+1

⋅ Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ r ⋅R1/n+1 − r1/n+2( )
0

R

∫ ⋅dr

⇒Q = 2πn
n+1

⋅ Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ r 2

2
R1/n+1 − n ⋅r1/n+3

3n+1
⎡

⎣
⎢

⎤

⎦
⎥

0

R

 

  
⇒Q = 2πn

n+1
⋅ Δp

2CL
⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ R2

2
R1/n+1 − n ⋅R1/n+3

3n+1
⎡

⎣
⎢

⎤

⎦
⎥  
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⇒Q = 2πn
n+1

⋅ Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅
R1/n+3 3n+1( )− 2n ⋅R1/n+3

2 ⋅ 3n+1( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⇒Q = 2πn
n+1

⋅ Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ 3nR1/n+3 + R1/n+3 − 2n ⋅R1/n+3

2 ⋅ 3n+1( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  

  

⇒Q = 2πn
n+1

⋅ Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ nR1/n+3 + R1/n+3

2 ⋅ 3n+1( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⇒Q = 2πn
n+1

⋅ Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅
n+1( )R1/n+3

2 ⋅ 3n+1( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⇒Q = πn ⋅ Δp
2CL

⎛
⎝⎜

⎞
⎠⎟

1/n

⋅ R1/n+3

3n+1( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
= πnR3

3n+1
⋅ ΔpR

2CL
⎛
⎝⎜

⎞
⎠⎟

1/n

⇒Q = πR3

3+1 n
⋅ ΔpR

2CL
⎛
⎝⎜

⎞
⎠⎟

1/n

 

Herschel-Bulkley 

  

1) Forcebalance along the pipe: τw = ΔpR
2L

2) As shown in the derivation of Power law flow: τ= r
rw

= τw

3) Expression for Herschel-Bulkley: τ=τ0 +C dv
dr

⎛
⎝⎜

⎞
⎠⎟

n

For the liquid to flow τ r( ) ≥ τ0

τ r( ) = Δp
2L

r = r
rw

τw ≥ τ0

4) τ0  is reached at radius r0 ⇒ r0 =
2L
Δp

τ0

   

Fluid will flow as a plug within   r0  and as a Power law fluid outside with shear rate relation 

as in 3):   

  

Combining 1), 2), 3) and 4):

τ r( ) = Δp
2L

r = τ0 +C dv
dr

⎛
⎝⎜

⎞
⎠⎟

n

= Δp
2L

r0 +C dv
dr

⎛
⎝⎜

⎞
⎠⎟

n    
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For r > r0 :

Δp
2L

r = Δp
2L

r0 +C dv
dr

⎛
⎝⎜

⎞
⎠⎟

n

⇒C dv
dr

⎛
⎝⎜

⎞
⎠⎟

n

= Δp
2L

r − r0( )

⇒ dv
dr

⎛
⎝⎜

⎞
⎠⎟

n

= Δp
2LC

r − r0( )⇒ dv
dr

= Δp
2LC

⎛
⎝⎜

⎞
⎠⎟

1 n

⋅ r − r0( )1 n

Defining r − r0 = r̂ ⇒ dv
dr̂

= Δp
2LC

⎛
⎝⎜

⎞
⎠⎟

1 n

⋅ r̂1 n

⇒ v r̂( ) = Δp
2LC

⎛
⎝⎜

⎞
⎠⎟

1 n

∫ ⋅ r̂1 ndr̂ = Δp
2LC

⎛
⎝⎜

⎞
⎠⎟

1 n

⋅ n
n+1

r̂ n+1( ) n⎡

⎣
⎢

⎤

⎦
⎥

 

  

⇒Q = 2π ⋅ v r̂( ) ⋅ r̂ − r0( )dr̂
0

r̂w

∫ = 2πv0 ⋅ 1− r̂
r̂w

⎛

⎝⎜
⎞

⎠⎟

(n+1) n⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
⋅ r̂ − r0( )dr̂

0

r̂w

∫

= 2πv0 ⋅ r̂ + r0 − r̂
1
n+2 ⋅ r̂w

−(n+1) n − r0 ⋅ r̂
( n+1) n

⋅ r̂w
−( n+1) n( )dr̂

0

r̂w

∫
 

  

= 2πv0 ⋅
1
2

r̂ r0 2−
2nr̂w

−(n+1) n ⋅ r̂w
(n+1) n

2n+1
⎛

⎝⎜
⎞

⎠⎟
−

2nr̂w
−(n+1) n ⋅ r̂w

1
n+2

3n+1
+ r̂

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

0

r̂w

= 2πv0 ⋅
1
2

r̂ ⋅r0 ⋅2−
1
2

r̂ ⋅r0 ⋅
2nr̂w

−(n+1) n ⋅ r̂w
(n+1) n

2n+1
−

1
2

r̂ ⋅2nr̂w
−(n+1) n ⋅ r̂w

1
n+2

3n+1
+ 1

2
r̂ ⋅ r̂

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

0

r̂w  

   

⇒Q = 2πv0 r̂r0 −
1
2

r̂r0

2nr̂w
−(n+1) n ⋅ r̂w

(n+1) n

−n+1
n

+n+1
n

=0
! "## $##

2n+1
− 1

2
r̂
⋅2nr̂w

−(n+1) n ⋅ r̂w

1
n+2

−n+1
n

+1
n
+2=1

! "## $##

3n+1
+ 1

2
r̂ 2

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥0

r̂w

Q = 2πv0 r̂wr0 +
1
2

r̂w
2 − 1

2
r̂wr0 ⋅

2n
2n+1

⎛
⎝⎜

⎞
⎠⎟
⋅ r̂w

0 − 1
2

r̂w

2n
3n+1

⎛
⎝⎜

⎞
⎠⎟
⋅ r̂w

1⎡

⎣
⎢

⎤

⎦
⎥

⇒Q = 2πv0 r̂wr0 +
1
2

r̂w
2 − n

2n+1
r̂wr0 −

n
3n+1

r̂w
2⎡

⎣
⎢

⎤

⎦
⎥
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Q = 2πv0 r̂wr0 1− n
2n+1

⎛
⎝⎜

⎞
⎠⎟
+ r̂w

2 1
2
− n

3n+1
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

⇒Q = 2πv0 r̂wr0

2n+1− n
2n+1

⎛
⎝⎜

⎞
⎠⎟
+ r̂w

2 3n+1− 2n
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⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
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⎤

⎦
⎥
⎥

Q = πv0 r̂wr0

2n+ 2
2n+1
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⎞
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− r̂w

2 n+1
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⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

Use that r̂w = rw − r0 :

⇒QHerschel−Bulkley = πv0 rw − r0( )r0

2n+ 2
2n+1

⎛
⎝⎜

⎞
⎠⎟
− rw − r0( )2 n+1

3n+1
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

 

  

Now we add * and ** together to find Qtot :

Qtot = πv0r0
2 +πv0 ⋅ rw − r0( )r0

2n+ 2
2n+1

⎛
⎝⎜

⎞
⎠⎟
− rw − r0( )2 n+1

3n+1
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

⇒Qtot = πv0 ⋅ r0
2 + 2n+ 2

2n+1
⎛
⎝⎜

⎞
⎠⎟
⋅ rw − r0( )r0 −

n+1
3n+1

⎛
⎝⎜

⎞
⎠⎟
⋅ rw − r0( )2⎡

⎣
⎢

⎤

⎦
⎥ 

where r0 = τ 0

2L
Δp

 and v0 = − Δp
2µ0L

⎛

⎝⎜
⎞

⎠⎟

1 n

⋅ n
n+1

⋅ rw − r0( )(n+1) n
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Appendix C MATLAB Scripts  

Script for Finding the Power Law Parameters: ”Parameters_PL” 

clear all 
close all 
clc 
  
%% Taking values from Anton-Paar 
load flow_fresh6040.txt 
data = flow_fresh6040; 
ant=size(data); 
n=ant;              %Number of measuringpoints 
  
rate=data(1:n,1);   %1st column 
stress=data(1:n,2); %2nd column 
  
  
%% Plotting and fitting line to get C and n 
plot(rate,stress) 
hold on 
f = fit(rate, stress, 'power1') 
plot(f,rate,stress) 
title('Plot') 
xlabel('Shear rate') 
ylabel('Shear stress') 
 

Pipe Flow for Power Law Fluid Script: ”Flowrate_PL” 

clc 
clear all 
close all 
%% Input from Anton-Paar: 
C = 2.802;                               % (a) Consistency parameter 
[Pa*s^n] 
n = 0.6573;                              % (b) Flow behavior index n 
[dim.less]                    
  
%% Input based on seperate measurements 
rho = 950;                               %Density [kg/m^3] 
  
%% Loading data 
load flow_fresh_S6040.txt 
data = flow_fresh_S6040; 
ant=size(data); 
no=ant;                                 %Number of measuringpoints 
mu =data(1:no,3);                       %Viscosity [Pa*s] 
  
%% Designing Pipe by guessing R and L: 
R = 0.0125;                             %Inner radius R [m] 
D = 2*R;                                %Diameter D [m] 
L = 1.8;                                %Length of pipe [m] 
h = 1.8636;                             %Total fluid height [m]  
%% Flow Equation for Power Law: 
g = 9.81;                                           %Gravity [m/s^2] 
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Hp = rho*g*h;                                       %Hydraulic potential 
[Pa] 
                                                                              
Q = ((pi*R^3)/(3+1/n))*((Hp*R)/(2*C*L))^(1/n);      %Flow rate [m^3/s] 
Q_l = Q/0.001                                       %Flow rate [l/s] 
  
A = pi*R^2;                                         %Area [m^2] 
v = Q/A                                             %Veloity [m/s] 
v_cm = v*10^2;                                      %Veloity [cm/s] 
  
%% Checking the Flow Regime and Entry Length 
  
for i = 1:length(mu) 
    Re(i) = (rho*v*D)/mu(i);                        %Reynolds number 
    f(i) = 64/Re(i);                                %Friction factor in a 
circularpipe 
end 
  
Re(1) 
Re(length(Re)) 
  
if Re <= 2300 
    disp('Laminar flow') 
    L_entry_lam = 0.05*Re*D;                           %Entry length 
laminar flow 
     
    L_entry_lam(1) 
    L_entry_lam(length(L_entry_lam)) 
elseif Re >= 4000 
    disp('Turbulent flow') 
    L_entry_turb = 1.359*Re^(1/4)*D;                   %Entry length 
turbulent flow 
else 
    disp('Transitional flow') 
   
end 
 

Script for Finding the Herschel-Bulkley Parameters: ”Parameters_HB” 

clear all 
close all 
clc 
  
%% Taking values from Anton-Paar 
load flow_fresh_S6040.txt 
data = flow_fresh_S6040; 
ant=size(data); 
n=ant;              %Number of measuringpoints 
  
rate=data(1:n,1);   %1st column 
stress=data(1:n,2); %2nd column 
  
%% Plotting and fitting line to get C and n 
plot(rate,stress) 
hold on 
f = fit(rate, stress, 'power2') 
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plot(f,rate,stress) 
title('Plot') 
xlabel('Shear rate') 
ylabel('Shear stress') 

Pipe Flow for Herschel-Bulkley fluid Script: ”Flowrate_HB” 

clc 
clear all 
close all 
  
%% Input from Anton-Paar: 
C   = 1.078;                               % (a) Consistency parameter 
[Pa*s^n] 
n   = 0.791;                               % (b) Flow behavior index n 
[dim.less] 
t_0 = 18.64 ;                              % (c) Yield point 
  
%% Input based on seperate measurements 
rho = 950;                                 %Density [kg/m^3] 
  
%% Loading data 
load flow_fresh_S6040.txt 
data = flow_fresh_S6040; 
ant=size(data); 
no=ant;                                 %Number of measuringpoints 
mu =data(1:no,3);                       %Viscosity [Pa*s] 
  
%% Flow capacity setup parameters 
R = 0.0125;                             %Inner radius R [m] 
D = 2*R;                                %Diameter D [m] 
L = 1.8;                                %Length of pipe [m] 
h = 1.8636;                             %Total fluid height [m] 
  
%% Flow Equation for Herschel-Bulkley: 
g = 9.81;                                           %Gravity [m/s^2] 
Hp = rho*g*h;                                       %Hydraulic potential 
[Pa] 
r_0 = (t_0*2*L)/Hp; 
v_0 = ((Hp/(2*C*L))^(1/n))*(n/(n+1))*(R-r_0)^((n+1)/n); 
  
Q = v_0*pi*(r_0^2+((2*n+2)/(2*n+1))*r_0*(R-r_0)+((n+1)/(3*n+1))*(R-r_0)^2); 
%Flow rate [m^3/s] (minus only indicates direction) 
  
Q_l = Q/0.001                                       %Flow rate [l/s] 
  
A = pi*R^2;                                         %Area [m^2] 
v = Q/A                                             %Veloity [m/s] 
v_cm = v*10^2;                                      %Veloity [cm/s] 
  
%% Checking the Flow Regime and Entry Length 
  
for i = 1:length(mu) 
    Re(i) = (rho*v*D)/mu(i);                        %Reynolds number 
    f(i) = 64/Re(i);                                %Friction factor in a 
circularpipe 
end 
    Re(1) 
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    Re(length(Re)) 
  
if Re <= 2300 
    disp('Laminar flow') 
    L_entry_lam = 0.05*Re*D;                           %Entry length 
laminar flow 
    L_entry_lam(1) 
    L_entry_lam(length(L_entry_lam)) 
elseif Re >= 4000 
    disp('Turbulent flow') 
    L_entry_turb = 1.359*Re^(1/4)*D;                   %Entry length 
turbulent flow 
else 
    disp('Transitional flow')   
end 

Volume Distribution Script by H. A. Asheim: ”volumedistribution” 

%% LogNormal dropletdistribution 
clear all 
clf 
clc 
load forfann703015all.txt 
data=forfann703015all; 
ant=size(data); 
n=ant(1);              % number of measuringpoints, 1st column Excel 
file 
  
   A=data(1:n,2);      % areal calculated by ImageJ, 2nd column 
Excel file 
   dmax=data(1:n,3);   % Feret diameter, 3rd column Excel file 
    dmin=data(1:n,4);  %Minimum Feret diameter, 4th column Excel 
file 
     
%% Volume, assumed rotational ellipsoids 
pf=1.6075; 
for i=1:n 
V(i)=4/3*pi*(dmin(i)/2)*(dmax(i)/2)^2;                            % 
volume, rotational ellipsoid 
Sf(i)=pi*( (dmax(i)^(2*pf) + 2*dmax(i)^pf*dmin(i)^pf)/3)^(1/pf);  % 
surface, rotation ellipsoide 
end 
%% Empirical distribution  
   Vs=sort(V);       % sort dropletvolume in ascending order  
  
   Vsum(1)=Vs(1); 
   for i=2:n 
   Vsum(i)=Vsum(i-1)+Vs(i); 
   end 
   Vtot=Vsum(n); 
   Fe=Vsum/Vtot;     % Fe(Vs) = empirical cummulative distribution    
%% Surface area 
    for i=1:n 
   S(i)=(6*pi^(1/2)*Vs(i))^(2/3);   % surfaces, sorted 
   end 
   osp=40e-3; %surface tension 
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   Stot=sum(S); 
   Srel=Stot/Vtot; 
   Sfrel=sum(Sf)/Vtot; 
%% Block diagram showing empirical probability density 
nf=10;  % Number of discretization points   
Vint=linspace(0,Vs(length(Vs))*1.001,nf); % dividing into intervals 
for j=1:nf-1 
   % finding volume increase in each interval 
   Vf(j)=0; 
   for i=1:length(Vs) 
       if Vs(i)>Vint(j)& Vs(i)<Vint(j+1) 
   Vf(j)=Vf(j)+Vs(i); 
       end 
   end 
   Vip(j)=(Vint(j)+Vint(j+1))/2;            % interval midpoint 
   fV(j)=(Vf(j)/(Vint(j+1)-Vint(j)))/Vtot;  %  empirical probability 
density  
end    
  
 %% Mean value and variance of measured data 
 Em=0; 
for i=2:n 
Em=Em+Vs(i)^2/Vtot; 
end 
var=0; 
 for i=2:n 
     var=var+Vs(i)^3/Vtot; 
 end 
 sm=var^0.5; 
  
%% Expected estimates of location parameter: my and scale parameter: 
s2 
 my=log(Em)-0.5*log(1+var/Em^2); 
 s2=log(1+var/Em^2); 
  
 %% Deviation 
 f=0; 
 for i=1:n    
Fi=0.5*erfc(-(log(Vs(i))-my)/(2*s2)^0.5); 
f=f+(Fi-Fe(i))^2;    
 end  
 f=f/n; %average deviation 
 errm=100*f^0.5; 
  
%% Calculation of LogN-distribution before optimization 
x=linspace(0.001,Vs(n)); 
for i=1:length(x)   
fv(i)=(1/(2*s2*pi)^0.5)/x(i)*exp(-(log(x(i))-my)^2/(2*s2));  
Fv(i)=0.5*erfc(-(log(x(i))-my)/(2*s2)^0.5); 
end  
   
 %-----------------  optimize --------------------------------- 
global Feg xg 
Feg=Fe;           % empirical cummulative distribution 
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xg=Vs;            % x-axis 
pa0= [my s2 ];   % initial parameter estimate 
[pa,fval]=fminunc(@optfun,pa0); 
   
 % optimized estimate of location paramete: my and scale parameter: 
s2 
 myopt=pa(1); 
 s2opt=pa(2); 
 % writing out 
 disp([ '....LogNormal distribution, adjusted to measured droplet 
volumes.']) 
 disp(['.................  From starting data --------- ']) 
disp(['Standard deviation of measured data : 
',num2str(sm,'%5.3e\n')]) 
disp(['Total droplet volume           : ',num2str(Vtot,'%5.3e\n'),' 
mm^3']) 
disp(['Surface area/droplet volume    : ',num2str(Srel,'%5.3e\n')]) 
disp(['Surface area/droplet volume rotational ellipsoid    : 
',num2str(Sfrel,'%5.3e\n')]) 
 % surface 
 C=(6*sqrt(pi))^(2/3); 
  Sf(1)=0; 
 for i=2:length(x)  
 Sf(i)=Sf(i-1)+ C*fv(i)/x(i)^(1/3)*(x(i)-x(i-1));                         
 end 
  
Sfmax=Sf(length(x)); 
Sf2=C*exp((1/18*(-6*my+s2)));          % analytical 
  
disp(['.................  Direct fitting --------- ']) 
disp(['Mean value                  : ',num2str(Em,'%5.3e\n')]) 
disp(['Standard deviation                : ',num2str(sm,'%5.3e\n')]) 
disp(['Surface area/droplet volume    :',num2str(Sf2,'%5.3e\n'),'  
(1/mm )']) 
disp(['Error while fitting             : ',num2str(errm,'%5.3e\n'),'  
%']) 
  
  
%%  LogN-distribution based on optimized parameters 
 z=linspace(0.0001,2*Vs(n), 300); 
for i=1:length(z)   
fao(i)=(1/(2*s2opt*pi)^0.5)/z(i)*exp(-(log(z(i))-
myopt)^2/(2*s2opt));  
Fao(i)=0.5*erfc(-(log(z(i))-myopt)/(2*s2opt)^0.5);  
end    
   m=exp(myopt+s2opt/2);                       % mean value, 1. 
moment of distribution                            
 sd=((exp(s2opt)-1)*exp(2*myopt+s2opt))^0.5;   % standard deviation 
 sdi2=0; 
 for i=2:length(z) 
     sdi2=sdi2+(z(i)-m)^2*fao(i)*(z(i)-z(i-1)); 
 end 
  
 sdi=sdi2^0.5;  % standard deviation with numerical integration 
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 err=100*fval^0.5; 
 dfsd=(1+(sd/m^2)^0.5); 
disp(['.................  Optimized fitting --------- ']) 
disp(['Mean value                    ',num2str(m,'%5.3e\n')]) 
disp(['Standard deviation                  ',num2str(sd,'%5.3e\n')]) 
disp(['Error while fitting                ',num2str(err,'%5.3e\n'),'  
%']) 
  
  
  xmax=1.1*Vs(n); 
   subplot(2,1,1) 
 hold on 
 plot(Vs,Fe,'.') 
 plot(x,Fv,'k') 
  plot(z,Fao,'r--') 
  plot([Em Em],[0 1],'r') 
   % plot([Em+sm Em+sm],[0 1],'m-') 
 hold off 
 xlabel('\bf Droplet volume: V_d (\mum^3)') 
 ylabel('\bfCummulative: F  (-)') 
 grid 
 %legend('Measured ','_Distribution: F_N(m,s)','Optimzed 
distribution','Mean value: m','m + Measured standard deviation') 
 legend('Measured data','Logarithmic distribution: 
F_N(m,s)','Optimized distribution','Mean value: m') 
 legend('Location','SouthEast') 
axis([0 xmax 0 1 ]) 
  
 %% density 
 maxf=1.2*max([max(fv),max(fao)]); 
subplot(2,1,2) 
hold on 
%bar(Vip,fV) 
 plot(x,fv,'k') 
plot(z,fao,'r--') 
 %plot([Em Em],[0 1],'r-.') 
    %plot([Em+sm Em+sm],[0 1],'m-') 
% plot([E E],[0, max(f)],'b-.') 
hold off 
xlabel('\bf Droplet volume: V_d  (\mum^3)') 
 ylabel('\bf Distribution density: f_v') 
 %legend('Distribution density: f_v(m,s)','Optimized distribution 
density','  MÂlt middelverdi','m + MÂlt standardavvik') 
 legend('Direct estimate','Optimized estimate') 
grid 
 axis([0 xmax 0 maxf ]) 
% legend(' Grouped measurements','Adjusted to logN') 
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”optfun” Function Used in ”volumedistribution” Script: 

  function f = optfun(pa) 
  %Minimizing least squares between cumulative F(my,s2) and 
empirical F 
  global Feg xg  
  % parameters to be optimized 
 my=abs(pa(1)); 
 s2=abs(pa(2)); 
 %estimating objectfunction: sum of least squares 
 f=0; 
 for i=1:length(xg)    
Fi=0.5*erfc(-(log(xg(i))-my)/(2*s2)^0.5); 
f=f+(Fi-Feg(i))^2;   % 
 end  
 f=f/length(xg); %mean deviation 
 disp([' my= ',num2str(my),'   s= ',num2str(s2^0.5),'  f=  
',num2str(f)]) 
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Appendix D Constant Determination for Flow Models 

Power Law as Appropriate Model 

E30-70 

 

Figure D.1: Curvefit from MATLAB, E30-70 emulsion 

E40-60 

 

Figure D.2:Curvefit from MATLAB, E40-60 emulsion 
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E50-50 

 

Figure D.3: Curvefit from MATLAB, E50-50 emulsion 

E60-40 

 

Figure D.4: Curvefit from MATLAB, E60-40 emulsion 

 

All these plots and corresponding constants are found by running the ”constants_powerlaw” 

script in MATLAB. 
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Table D.1: Overview of the Power law constants found in MATLAB, including 95% 
confidence bounds 

Emulsion C 95% confidece bounds n 95% confidence bounds 

E30-70 0.7976 (0.7893, 0.8059) 0.9638 (0.9621, 0.9655) 

 

 

E40-60 1.288 (1.2740, 1.3030) 0.9414 (0.9396, 0.9432) 

E50-50 3.608 (3.5200, 3.6960) 0.8139 (0.8099, 0.8179) 

E60-40 4.961 (4.7760, 5.1470) 

 

0.7818 (0.7748, 0.7888) 

 

Herschel-Bulkley as Appropriate Model 

S60-40 

 

Figure D.5:Curvefit from MATLAB, S60-40 emulsion 

 

Table D.2:Overview of the Herschel-Bulkley constants found in MATLAB including 95% 
confidence bounds 

S60-40 Constant 95% confidece bounds 

C 1.078 (1.0490, 1.1070) 

n 0.791 (0.7872, 0.7948) 

τ0 

 

18.64 (18.220, 19.060) 
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This plot and constants are found by running the ”constants_herschelbulkley” script in 

MATLAB.  

Power Law as Inappropriate Model 

 

Figure D.6: Curvefit from MATLAB using the inappropriate model, S60-40 emulsion 

 

Table D.3: Overview of the Power law constants found in MATLAB by using the 
inappropriate model, including 95% confidence bounds 

Emulsion C 95% confidece bounds n 95% confidence bounds 

S60-40 2.802 (2.731, 2.873) 0.6573 (0.6532, 0.6614) 
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Herschel-Bulkley as Inappropriate Model 

 

Figure D.7: Curvefit from MATLAB using the inappropriate model, E30-70 emulsion 
 

 

Figure D.8: Curvefit from MATLAB using the inappropriate model, E40-60 emulsion 



 114 

 

Figure D.9: Curvefit from MATLAB using the inappropriate model, E50-50 emulsion 
 

 

Figure D.10: Curvefit from MATLAB using the inappropriate model, E60-40 emulsion 
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Table D.4: Overview of the Herschel-Bulkley constants found in MATLAB by using the 
inappropriate model, including 95% confidence bounds 

E30-70 Constant 95% confidece bounds 

C 0.8061 (0.7876, 0.8247) 

n 0.9622 (0.9587, 0.9657) 

τ0 

 

-0.2819 (-0.8231, 0.2593) 

E40-60 Constant 95% confidece bounds 

C 1.305 (1.273, 1.337) 

n 0.791 (0.7872, 0.7948) 

τ0 

 

-0.483 (-1.319, 0.3529) 

E50-50 Constant 95% confidece bounds 

C 4.956 (4.736, 5.176) 

n 0.7684 (0.7619, 0.7749) 

τ0 

 

-19.95 (-22.61, -17.29) 

E60-40 Constant 95% confidece bounds 

C 6.206 (5.645, 6.767) 

n 0.746 (0.7312, 0.7608) 

τ0 

 

-10.12 (-14.02, -6.22) 
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Appendix E Rheological Measurements 

 

Figure E.1: Viscosity vs. shear rate with aging for E30-70 
 

 

Figure E.2: Zoomed section of Figure E.1 
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Figure E.3: Viscosity vs. shear rate with aging for E50-50 
 

 

Figure E.4: Zoomed section of Figure E.3 
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Figure E.5: Viscosity vs. shear rate with aging for E60-40 
 

 

Figure E.6: Zoomed section of Figure E.5 
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Figure E.7 Shear stress vs. shear rate with aging for E30-70 

 

Figure E.8: Zoomed section of Figure E.7 
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Figure E.9: Shear stress vs. shear rate with aging for E50-50 

 

 

Figure E.10: Zoomed section of Figure E.9 
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Figure E.11: Zoomed section of Figure 5.8 
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Appendix F Aging: Measured Droplet Volumes and Logarithmic 

Distributions 

Measured Droplet Volumes 

 

Figure F.1: Droplet volumes found for the E40-60 emulsion, with logarithmic x-axis 
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Figure F.2: Droplet volumes found for the E50-50 emulsion, with logarithmic x-axis 

 

Figure F.3: Droplet volumes found for the E60-40 emulsion, with logarithmic x-axis 
 

Measured Points with Logarithmic Distribution 

 

Figure F.4: E30-70 emulsion with logarithmic volume distribution estimated from the 
measured points found by microscopic image analysis, logarithmic x-axis 
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Figure F.5: E50-50 emulsion with logarithmic volume distribution estimated from the 
measured points found by microscopic image analysis, logarithmic x-axis 

 

 

Figure F.6: E60-40 emulsion with logarithmic volume distribution estimated from the 
measured points found by microscopic image analysis, logarithmic x-axis 
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Appendix G Aging: Average/Maximum Droplet Size Compared 

 

Figure G.1: Average droplet diameter with aging, E40-60 
 

 

Figure G.2: Average droplet diameter with aging, E50-50 
 

 

Figure G.3: Average droplet diameter with aging, E60-40  
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Appendix H Visual Separation 

 

Figure H.1: Visual separation of a E30-70 emulsion in temperature 20 °C, time from left to 
right is 3, 4, 10 and 12 days 

 

 

Figure H.2: Visual separation of a E60-40 emulsion in temperature 20 °C, time from left to 
right is 1, 4, 10 and 22 days 

 

 


