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ABSTRACT 

The physical effect of an electromagntic field on an oil-field water-in-oil (w/o) 

emulsion is studied over the frequency range of 10 MHz to 500 MHz. A wire-wire.' 

electrode configuration built into an observation chamber was used to produce the 

required non-uniform electric field. The spacing between the two wires was 0.165mm 

and the applied voltage across the-electrodes was 10 Vrms. 

The water droplets are found to collect, in the form of chains, at the electrode 

surfaces throughout the frequencies investigated. The optimum frequency for such a 

collection within the above frequency range is approximately 450 MHz. These results 

may be applied to separate the dispersed water from the oil in w/o emulsions. Other 

physical effects observable throughtout the same frequency range include : (1) 

orientation of the agglomerate droplets, (2) mutual attraction between droplets, (3) 

"pearl chain" formation, and (4) droplet coalescence. 
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CHAPTER 1 

INTRODUCTION 

11. Research Application 

Crude-petroleum obtained from the well bores often appears in the form of an 

emulsion. An emulsion is 'a system comprising of one liquid phase dispersed in 

another liquid phase in the form of droplets. In general, the emulsions from well 

bores may be in the form of water dispersed in oil (w/o)' or oil dispersed in' water' 

(o/w) [1]. However, the present research is focused on w/o emulsions only. 

Oil-field emulsions must have the major part of their water removed, before 

further petroleum processing. The reason being the • mineral salts which are' present'. 

in the water phase tend to deposit on the refinery equipment, plug the pipelines, and 

cause corrosion in both' [2,3]. 

In general, dispersed water droplets settle due to gravity and eventually phase 

separation (complete separation of the two phases) is achieved; however, this process 

is rather time consuming [1]. At the present state of the art, a number of methods are 

commercially utilized to . speed up phase separation. These include the use of 

demulsifiers, heat, as well as electric field [2, 1]. These methods aid the process of. 

gravity separation either by enhancing droplet coalescence or by reducing the 

viscosity of the oil [2, 3,4, 1]. 

1 
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Although electric field phase separation techniques have already been utilized, 

extensive research has only been carried out in the low end (i.e. < 1 MHz) of the 

frequency spectrum [1,5,6,7,8,9, 10, 11, 12]. In fact, the presently available 

electrical separators operate 'using field frequencies at or below 60 Hz [13, 1]. These 

include the vertical grid electrostatic treater' (HTI Superior) and the dual polarity 

electrostatic treater (C-E Natco Combustion Engineering). In the low' end of the 

frequency spectrum, ,,the range of , 50 Hz to 60 Hz was found to be, the optimum' 

frequencies for droplet coalescence [4, 8]. Not much research, however, has been 

carried out in the use of higher frequency electric fields. The investigation of the use 

of higher frequency fields is important in order to assess their use in phase 

separation. 

1.2. Objective of the Thesis " 

The principle objective of the present work is to investigate the possibility of 

using high frequency, electromagnetic fields in phase separation. This investigation is 

carried out in the frequency range of 10 MHz to 500 MHz. The work first addresses 

the physical effects of high frequency electromagnetic fields on, a sample w/o 

emulsion. The effect most pertinent to phase separation (in this case collection of 

droplets at the electrode surfaces) is further studied in the same frequency range to 

determine the optimum frequency (or possibly range of frequencies). 
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The physical effects of high frequency fields in the investigations are observed 

with the aid of an optical microscope. The visual observations are also recorded on 

video tapes to provide a permanent record. A wire-wire electrode configuration, as 

shown in Figure 4. 1, is used to generate the non-uniform electric field within the 

emulsion. The reason for using non-uniform fields is discussed in section 3.7. A 

voltage of 10 Vrms is applied across the two electrodes spaced 0.165 mm apart. 

1.3. Summary of the Thesis 

Chapter 2 provides a literature review of the physical effects of the 

electromagnetic fields on various dispersed systems, and on the dielectrid properties 

of w/o emulsions. Chapter 3 deals with the development of theor' for the behaviour 

of the w/o emulsion. Chapter 4 describes the experimental setup and procedures 

used in this investigation. This is followed by Chapter 5 which contains the 

experimental findings, and a discussion of the results. The conclusions and 

recommendations for further research are presented in Chapter 6. 



CHAPTER 2 

LITERATURE REVIEW 

2.1. Effects of Electric Field on Dispersed Systems 

A' literature survey has indicated that very little research has been carried out on 

the effect of higher irequency .efectric fields (i.e. >. 10 MHz) on the oil-field water-

'in-oil (w/o) emulsions. Thus example systeiis are examined in this frequency range. 

to determine the nature of various physical effects that may, arise in w/o emulsions., 

Numerous physical effects have already been observed when, other dispersed 

systems, are exposed to electric fields. See Figure 2.1. These include dispersed 

particles exhibiting oscillatory motion, deformation, orientation with their lohg axes 

aligned perpendicular or 'parallel to the electric field lines, mutual attraction, 

coalescence/fusion, "pearl chain" formation, gross translational thotion (i.e. 

dielectrophoresis), and i-emulsification/destruction. These physical 'effects are' 

discused in 'detail in the following section. 

Oscillatory Motion of Dispersed Particles ' 

Oscillatory motion' of dispersed particles arises due to electrophoresis as 

discussed in section 3.6.5, and is observable at low electric field frequencies (i.e. 

< 100 Hz). In this study only high frequency field effects are explored, in which 

case particle oscillation due to electrophoresis is not observable. 

4'. 
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"Pearl Chain" 

Orientation 0 0 0 or 00 
0 

Deformation 

Fusion/Coalescence 

Dielectrophoresis 

Destruction/Re-emulsification (I) 00 

Figure Figure 2.1. Physical effects observable in dispersed systems [141. 
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• Particle Deformation 

Particle deformation has been found to occur, when non-rigid dispersed particles, 

like water droplets, are exposed to electric fields [1, 13,15]. Such deformation has 

been reported by Panchenkov et. al. [8] and Babalyan et. al. [16] for water droplets 

dispersed in oil. The spherical water droplets were deformed into ellipsoids. The 

frequencies of electric fields used in these cases were between 50 Hz to, 382 kHz. A 

pherica1 droplet elongates' as a result of positive and negative charges within the 

droplet being attracted towards the oppositely charged electrodes [1,3,4]. As the 

frequency of the, electric; field increases, the migration of charges within the droplet 

will not be able to follow the change in the direction of the applied field; in this case 

the deformation of the, .droplet will be negligible. In the present study, the exu1sion 

is exposed th frequenic;s in ,the range of 10 MHz to 500 MHz and hence, droplet 

deformation is not expected to be observable. 

Particle Orientation 

The alignment of the dispersed particles with their long 'axes perpendicular to 

the electric field lines has so far only been observed in living cells -[17,18, 19]. This 

is because living cells comprise several differing regions • of dielectrics and are non 

spherical [19]. In fact, Teixeira-Pinto et. al. [19] have concluded that no asymmetric 

non-viable matter exhibits orientation effects with its long axis perpendicular to the 

field lines. Hence, such an orientation is not expected to occur in a w/o emulsion 

system. 
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Teixeira-Pinto et. al. [20], in studying the electric field effects on starch 

particles in the frequency of 0.1 MHz to 100 MHZ, observed that the asymmetric 

starch particles orientated with their long axes along the uniform electric field lines. 

According to Teixeira-Pinto et. al., symmetric spheres should have no preferential 

orientation since they have no long axes. However, in w/o emulsions some droplets 

are dispersed in, the form of aggregates: In such a case, a group of droplets will 

appear as an asymmetric particle as a whole. Under this situation, orientation effects 

may manifest themselyes in the present investigation. 

Coalescence/Fusion 

Panchenlcov et. al. [8] observed mutual attraction of water droplets followed by 

drplet coalescence in a w/o emulsion. The emulsion was under the influence of a 

unifOrm electric field intensity of 3 kV/cm, and in the frequency range of 50 Hz to 

382 kHz. They attributed the phenomenon of mutual attraction to the polarization of 

water droplets when exposed to an externally applied field. As a result, each water 

droplet acted as a dipole and they attracted each other [3, 12, 13, 15]. Such dipole-

dipole attraction also induced collision and enhanced droplet coalescence 

[3, 12, 13, 15]. 

Pohl [17] attributes the dipole-dipole attraction to the presence of electric field 

non-uniformities around each suspended particle that differs in dielectric properties 

from the suspending medium. The individual particle then experiences a field 

gradient near each other, and is therefore attracted to the higher field intensity 
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regions near each other. Pohl refers to such an attraction and the resulting motion as 

mutual dielectrophoresis. 

"Pearl Chain" Formation 

"Pearl chain" formation is one of the early observations when dispersed systems 

were exposed to high frequency electric fields. This was observed as stringing of fat 

particles of an emulsion (See Pohl [17]) along the uniform electric field lines. A. 

similar observation has also been reported for the suspension of polystyrene spheres 

and starch particles when exposed to uniform electric fields of frequencies between 

0.1 MHz to 100 MHz [19]. Pohl and Crane [21] studied the response of yeast cells 

to a non-uniform electric field in the frequency range of 100 Hz to 100 MHz. They 

also observed the cells attached to the electrodes in a chain-like formation. 

Chain formation in w/o emulsions, however, has only been observed for low 

frequencies. Joo et. al. [22] subjected an emulsion prepared from silicone oil and 

deionized water to a uniform 60 Hz electric field. The chaining of the water droplets 

was observed after the field had been applied for 12 hours. The emulsion was 

subjected to four different field intensities ranging from 52 kV/m to 520 kV/M. The 

concentration of the water in volume fractions ranged between 0.001 to 0.1. 

Babalyan et. al. [16] also observed chain formation when 50 Hz to 60 Hz uniform 

electric fields were applied to the w/o emulsions of 0.05 to 0.2 volume fractions of 

water. Electric field strengths of 3 kV/cm and 5 kV/cm were used in their 

investigations. 
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The formation of a chin of dispersed particles [17,21,23] is the result of the 

end-to-end attachment of particles, similar to the chaining of particles, due to mutual 

attraction. Hence, Pohl refers to such behaviour as the "pearl chain" formation and 

attributes it to the effect Of mutual dielectrophoresis [17]. . 

Recently, Sauer [24,25] has, theoretically investigated the nature of the 

interacting force between two rigid spheres of the same size and dielectric constant 

under the influence of an, applied electromagnetic field. His investigation concludes 

that the interacting force is dependent on the angle and the position of the particles 

with respect to each other and 'the electric field line. Although no general closed: 

form solution could be obtained for the interacting force, Sauer presented the 

solution fr three special cases: (1). Js parallel to the field lines, (2) i 

perpendicular to, the' field lines, and (3) particles are on a 2-dimensional plane;" 

where is the line connecting the particle centres. The solution for (1) indicates that 

the interacting force is attractive, while the solution for (2) indicates that the force is 

repulsive. The solution for (3) indicates that the relative motion of the two particles 

is an incomplete elliptical trajectory. His derivation is based on a dilute suspension 

whereby hydrodynamic, interaction between the particles can be neglected. Both the 

suspending medium and suspended particles exhibited dielectric loss. The electric 

field was assumed to be uniform, while the magnetic field effects were neglected. 

Although Sauer's' results are based on rigid spherical particles they are equally valid. 

for spherical water droplets at very high frequency where droplet deformation is 

minimal. 
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Dielectrophoresis 

Movement of the dispersed particles to the region of higher electric field 

intensity has been observed by Pohl and Crane [21].' They have observed chains of. 

yeast cells collecting at the two pin electrodes (regions , of. highest field intensity) 

when the cell suspension was exposed to non-uniform electric fields. Such a' 

phenomena arises due to the non-uniformities of the applied electric fields and is 

attributed to dielectrophoresis by Pohl [21, 18]. The concentration of the cell 

suspension used was 2 x 106 cells/mi. ,' The collection rate, that is the number of. 

cells in a chain.' per defined ' time, is known to, be dependent on the particle 

concentration,, applied voltage, suspension conductivity, and frequency of the applied 

field' [21, 18]. It varies linearly with the particle concentration and moderate applied.-' 

voltages (i.e. < 30 Vrms for pin-pin or wire-wire electrode with electrode spacing of 

0.2 mm to 2 mm [18]). At higher voltages, the collection rate deviates from linearity 

due to heating and stirring effects which disrupt particle collection J21,18]. The 

collection, rate, however, is a complicated, function of the suspension conductivity, 

and frequency of, the applied field [18]. 

Re-emulsification/Destruction  

Under the influence of electric fields, dispersed water droplets can also be re-

emulsified. Three conditions which prevent droplet re-emulsification have been 

given by several investigators [12,3, 11]. These are (1) aE2 < 0.182 1 ., (2). 
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q < 8 1t\Jeya3, and (3) 2paI V, j2 < 13, where a is the droplet radius, E is the 

electric field strength, y is the interfacial tension of the droplet, ci., is the dielectric 

permittivity of the continuous phase, 'iftis the droplet velocity, p, is the density of the 

continuous phase, and q is the droplet charge. The conditions in (1) and (2) are 

electostatic in nature because they. imply that for re-emulsification to.occur, the 

cohesive effect of interfacial tension musj be overcome by the disruptive electrostatic 

stress.' On the other hand, the condition in (3) is hydrodynamic in iature' since for 

e-emulsffication to occur the hydrostatic inertial force should exceed the cohesive 

effect of interfacial tension. For such condition to exist, the droplets must have been 

driven sufficiently fast by dielectrophoresis [12]. 

In summary, electrophoresis, droplet deformation, as well as the orientation of 

dispersed particles with their long axes perpendicular to the electric fielèl lines will 

not be observable in' the present study. The remaining physical effects, mainly the 

orientation of the agglomerated droplets with their long axes parallel to the eectric 

field lines, mutual dielectrophoresis, droplet coalescence, "pearl chain" formation, 

and dielectrophoresis will be observable in present study. All conditions for re-

emulsification should also be taken into consideration in deciding the magnitude of 

the electric field used; 
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2.2. Dielectric Properties of W/O Emulsion 

Physical effects observed in dispersed systems have been known to be a 

manifestation of the di1ectric polarization [26,27]. It is believed that when the field• 

frequency is in the region of the dielectric dispersion .of the w/o emulsion, the 

interaction between the electric field and the emulsion leads to eithei an intense 

thermal or hydrodynamic process [26]. For these reasons, it is worthwhile to study 

the dielectric properties of the w/o emulsions. F.L. Sayakhov and V.S. Khakimov 

[27] studied the dielectric properties of w/o emulsions in the frequency range of 60 

kHz to 25 GHz. They have observed two relaxational dispersions. The first 

dispersion was between 1 MHz to 10 MHz, while the second was close to 20 GHz. 

In the same study, the dielectric properties of varying fractions of crude oil were 

found to show similar dispersion between 1 MHz to 10 MHz, and dehydrated crude 

oil did not show a dispersion around 20 GHz. Based on these results, they attribute 

the first dispersion observed in the w/o emulsions to the relaxation of the polar 

components of the heavy crude adsorbed at the droplet envelopes, and the second 

dispersion to the relaxation of the polar water droplets. Examples of these polar 

components adsorbed at the droplet envelopes are asphaltenes and resins [27,28]. 

The emulsions were prepared with crude oil and distilled water. Three emulsions of 

10%, 15%, and 20% water content were used. They claim that such dispersions 

lower the aggregate emulsion stability and aid in the breaking of the emulsion. 

In a later study, which was based on their previous work [27], Sayakhov et. at. 

measured the quantity of the settled water over a frequency range of 2 MHz to 5 



13 

MHz [26]. Their results indicated that the optimum frequency for breaking the w/o 

emulsions is approximately 3 MHz. According to Sayakhov et. al., the optimum 

frequency is the relaxation frequency of the polar components of the crude oil 

adsorbed at the droplet envelopes., At the optimum frequency, the electric field • is • 

believed to have the greatest effect on the droplet envelopes. This effect together 

with the absorbed heat weaken the droplet envelopes which aid in the breaking of 

the emulsions. The emulsions used were prepared using tap water, in volume 

fractions of 10% and 20%, and crude oil from Arlansk and Sergeyevsk oil-field of 

Kashkhian ASSR. The study was performed with a microelectrodehydrator. The 

electric field used was uniform and had a strength of 750 V/cm. 

In summary, the physical effects observed when an electric field acts on an 

emulsion are associated with the frequency of the applied electric field. In addition, 

there are certain field frequencies at which such effects reach a maximum. These 

frequencies are the relaxation/resonance frequencies of the polarization mechanisms 

active in the emulsion systems, and can be determined from the dielectric properties 

of the system. 



CHAPTER 3 

THEORY ON FIELD EFFECTS ON DISPERSED SYSTEMS 

3.1. Introduction 

A dispersed system is a system consisting of particles (solid, liquid, or gaseous) 

dispersed in another medium (solid, liquid, or gaseous) [29]. Examples of dispersed 

systems are emulsions, milk, and protein solutions. The classification of various 

dispersed systems, based on I the size of dispersed particles, into, coarse and colloidal 

dispersed systems is shown in Table 3.1. Note that the particle diameter of a coarse 

dispersed system is approximately greater than 1 m, while the particle diameter for 

a colloidal dispersed system lies approximately between 10 nm to 1 jIm. 

An emulsion is a heterogeneous system consisting of at least one immiscible 

liquid dispersed in another in the form of droplets [31]. In general, the diameters of 

the droplets exceed 0.1 gm. In a simple emulsion, consisting of two phases, the 

phase which is present in the form of droplets is known as the discontinuous phase 

or. dispersed phase (dispersed droplet); while the phase in which the droplets are 

suspended is known as the continuous phase or suspending medium. 

The effect of electromagnetic fields on a dispersed system is influenced by both 

the bulk and the interfacial electric and magnetic properties of the dispersed particles 

and the suspending medium [17,32,33,34]. The electric and magnetic properties of 

a material are discussed in section 3.2. An electric field whose frequency lies in the 

14 
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Range of dimensons State of dispersions Examples 

0 
C) 

0 

- 10_I cm (1 mm) 

—10_2 cm(100J.L) 

- iv cm (10 ) 

- 10 cm (1 un) 

lO- (100nm) 

- 1076 cm (10 nm) 

-.-10 7 cm (in) 

_10_8 CM (10 

0 
U 

(5 

Frog's egg 

Potato starch 

Coarse pigments 
Coarse emulsions 

Red blood cells 
Milk 

Average bacteria 

Fine emulsions 
Colloid gold particles 

High polymer molecules 
Colloidal carbon black 
Micelles in solubilized 
systems 

Protein molecules 
Thickness of lecithin bi-
molecular films 

Organic solvent molecules 
Water molecules 

Table 3.1. Various dispersed systems and corresponding particle diameters [30]. 
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range of 3 x 103 Hz to 3 x 1018 Hz, as shown in Figure 3.1 [35], is called an 

electromagnetic field. 

• 3.2. Electric and Magnetic Properties 

The electric, and magnetic properties of real materials are described by the 

complex permittivity (8) and the complex permeability (i), respectively [36]. The 

dielectric properties (complex permittivity) which . describe the intéractidn of the 

electric field with the material' can be written as 

8* = C —jC" = e(1( jK") = C,1Z ' (3.1) 

or 

* 1  

8 8—J— 
Cl) 

(3.2) 

where c, the dielectric permittivity, is a measure of the material's ability to store the 

electric field energy; 8, the total dielectric loss factor, describes the electrical energy 

dissipated in the material; 'K,ic", and 'ic' are the relative values of e', e", and e with 

respect to the permittivity of the free space, 80,. respectively; a is the material 

conductivity, consisting of the static/d.c. conductivity and the conductivity due, to 

dielectric loss; and Co is the angular frequency of the' applied field. 

• Similarly, the complex permeability which describes the interaction of the 

magnetic field with the material can be written as 



Red 

Jdfl 

- Yellow 

• Wavelength Green 
Blue 

100 cm 1 cm 0.1 mm Violet Fr• - Ir V1 
Vey Ultra- Ultra- 

I 

long Long Medium Short short Microwaves microwaves Infrared ray Ultraviolet 

waves waves waves waves waves (100-1 CM) (10-0.1 ,n,n) (100-0.7 pin) i(0.430.003 

I 

pin) 

t Xray 

3 3 3 3 3 
X 103 x 104 x x 106 x 107 x 10 x 101 

3 3 3 3 3 3 3 3 3 3 3 
X 1010 x 1011 x 1012 x 1013 x 1014 x 10 • x 1016 x 1017 x 1018 

Frequency (Hz) 

Figure 3.1. Electromagnetic spectrum. 



18 

= = j.t,(i - jic) (3.3) 

where p.' is a measure of the material's ability to store the magnetic field energy, p." 

describes the magnetic energy dissipated in the material, i4 and ic. are the relative 

values of p. and p." with respect to the permeability of the free space, p.o, 

respectively. 

For effective phase separation using electromagnetic fields, it is desirable to 

have a large difference in either the electric or the magnetic properties of the two, 

phases at the operating frequency. Water and hydrocarbons are examples' of 

diamagnetic materials [37]. Water has a magnetic susceptibility (i - 1) of 

—9.05 x 10-6 [37]. Hydrocarbons with about 1 % of sulphur by weight have a static 

magnetic susceptibility in the range of —5.2 x 10-6. PO to —9.7 x 10-6 p0 [38], where 

p0 is the density of hydrocarbons. The density of crude oil is approximately equal to 

1. Hence, the difference between water and hydrocarbons in terms of manetic 

properties is very slight. Therefore, it is not expected that magnetic fields would 

play a significant role in phase separation, and they will not be discussed any further. 

On the other hand, the static relative permittivities of hydrocarbons and water 

are 2.13 and 81.1 [39], respectively. Therefore, the electric field is expected to have 

a significant influence on the physical behaviour of the emulsion. Such physical 

effects are discussed in section 3.6. The permittivity of a material, however, varies 

with frequency due to the relaxation/resonance mechanisms of polarization. Such a 

permittivity variation gives rise to dispersion regions and are discussed in section 
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3.3. For a dispersed system, relaxation/resonance mechanisms may arise from 

polarization mechanisms that are due to the interfacial properties, as well as the bulk 

properties of the different phases [17,34]. Various polarization mechanisms that are 

operative in a dispersed ystem are discussed in section 3,4. 

3.3. Dielectric Polarization 

Dielectric polarization is the displacement of charges in a material forming 

dipole chains which align parallel to the field lines [40]. See Figure 3.2a. The 

complex permittivity is also a measure of dielectric polarization [41]. 

In order to express polarization in quantitative terms, a capacitor filled with a 

material and connected to a voltage source, as shown in Figure 3.2a, is considered. 

The end charges of the' dipole chains are the induced charges on 'the material' 

surfaces. These induced charges bind a fraction of the total (true) charges distributed 

over the surface area of the metal electrode, q(l - 

1 
*) where q represents the total 

charges, and -K* is the relative complex permittivity of the material. Note that only 

the free charges, -s-, contribute to the voltage. 

q = q(l--4) + 4 
K 

(3.4) 

total bound free 

charges charges charges 
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Figure 3.2. Dielectric polarization [40]. 
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The, total charge density, the free charge density, and the bound charge density can 

be represented by vectors and P, respectively, where 5> is the electric flux 

-4 i density, i is the electric field intensity, and P s the polarization vector. These. 

vectors are related in accordance with 

.15> and ]> are related to 9 through 

and 

(3.5) 

(3.6) 

(3.7) 

Equation (3.7) shows that the behaviour of a material in an electric field is governed 

by the polarization vector. 

The polarization vector, P is similar to an electric dipole moment Tte. An 

electric dipole moment Tte is produced by two identical charges q of opposite sign 

and a: separation distance 1. While the polarization Pis produced by the charge pairs 

induced on the surfaces of one unit cube of the dielectric material, as shown in 

Figure 3.2b. The polarization vector P is therefore the electric dipole moment per 

unit volume of the material and can be expressed as 

where N is the number of electric dipoles per unit volume, and V, is the average 

moment of the electric dipoles. 
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Dielectric polarization is a quality which varies with the electric field frequency. 

The frequency region where such an effect is observed is known as the dispersion 

region [41]. Dielectric dispersion is broadly classified into two types, resonance and 

relaxation. 

Resonance disperion [41] is . associated with. an atom or molecules making a 

transition from one energy level to another higher' energy level as a - result of 

interaction with the applied field. At the field frequency where this transition occurs, 

the resonant frequency (feg), a characteristic sharp absorption peak is observable as 

shown in Figure 3.3. Examples of polarization mechanisms which give rise to 

resonance dispersion are electronic and atomic polarizations. Both, of these 

polarization dispersions are observable only in the optical and infrared frequencies, 

respectively, and therefore do not concern us. 

Relaxation dispersion [41] arises due to polarization mechanisms unable to 

keep in phase with the time varying field when the frequency is increased. The 

absorption peak of such a dispersion occurs at the relaxation frequency, fr = 2 

where 't is the relaxation time. See Figure 3.4. Examples of polarization 

mechanisms which exhibit this' type' of dispersion characteristics are dipolar, 

normadic,' interfacial, and counterion polarizations. The peak of the absorption t. 

characteristic (c" versus ), shown in Figure 3.4, represents the maximum electric' 

field absorbed in' the material. 
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frea logf 

Figure 3.3. Resonance dispersion in dielectric media. 

fT 

Figure 3.4. Relaxation dispersion in dielectric media. 
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3.4. Polarization Mechanisms 

The polarization mechanisms which are operative in a dispersed system include 

nonnadic, electronic, atomic, dipolar (orientation), interfacial (Maxwell-Wayner 

type), and ionic double layer (counterion) polarizations. However, as mentioned 

earlier, electronic and atomic dispersions occur at optical and infrared frequencies, 

respectively, and therefore will not be observable in the present study. Normadic 

polarization, on the other hand, relaxes at approximately less than 10 kHz and again 

will not be observable in the present study. 

There are two physical parameters which specify a relaxation polarization 

mechanism; the characteristic relaxation time, c, and the magnitude of the dielectric 

increment, AK [17]. c   = 2 fr specifies the frequency at which the mechanism is 

effective. e1c is the incremental change in the relative permittivity contributed by the 

individual polarization mechanism and hence is a measure of the intensity of that 

mechanism. Typical values for t and AK of the polarization mechanisms whose 

relaxation frequencies are between 10 MHz to 500 MHz are tabulated in Table 3.2, 

along with their characteristics. Dielectric dispersions of the various types of 

polarization mechanisms are also shown in Figure 3.5. 

Dipolar (Orientation or Debye) Polarization 

The asymmetric charge distribution of the unlike atoms of a molecule gives rise 

to a permanent dipole in the absence of an applied electric field [40, 17,44]. If an 
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electric field is applied, the dipoles experience a torque which causes them to align 

with the field direction. This results in orientational or dipolar polarization. The fr 

for such a polarization mechanism is typically in the range of 1 MHz to 100 GHz, 

while the AK is in the range of 1 to 160. fr increases as the conductivity of the 

medium increases and as the temperature increases. Other characteristics of such a 

polarization are tabulated in Table 3.2. 

Interfacial (Maxwell-Wayner) Polarization 

In a dispersed system where different dielectric perniittivities and conductivities 

exist in the two bulk phases, a disparity of charges will exist at the interface upon 

application of an electric field. Consequently, a highly effective polarization 

mechanism known as interfacial or Maxwell-Wayner polarization results [17]. The 

typical ranges of ffr and Aic are 100 kHz to 100 MHz and 1 to iO, respectively[ 181. 

fr increases as the conductivity of either phase increases and as the temperature 

increases. The expression for 'r is tabulated is Table 3.2. 

Counterion Polarization 

An anomalous polarization observed in liquid suspensions is another type of 

interfacial polarization. However, it does not arise because of the difference in the 

bulk properties between the two phases [17]. Schwarz attributes the anomalous 

polarization to the geometric redistribution of the tightly bound counterions at the 

outer Helmholtz plane (See [17] page 276). Dukhin attributes the anomalous 

polarization to the geometric redistribution of both the tightly bound and the diffuse 
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counterions [45]. According to Dukhin, there is an immediate distortion in the 

adjacent diffusion layer when the bound layer distorts due to the redistribution of the 

tightly bound counterions. In addition, he takes into consideration the possibility of 

the bound counterion exchange with the surrounding medium which is neglected by 

Schwarz. Dukhin, however, emphasizes that it is not so much the bound layer but 

the diffuse layer which contributes significantly to this polarization. The typical 

ranges of fr and ix for Schwarz type of counterion polarization are 100 kHz to 100 

MHz and 1 to iO, respectively; while the ranges for Dukhin type are 100 Hz to 

100 kHz and 1 to 106, respectively [17]. The characteristic frequencies for both 

types of counterion polarization increase as the square of the dispersed droplet radius 

decreases and as the temperature increases. Such a 'relationship can be seen in the 

expressions for t shown in Table 3,2. 

3.5. Dispersion in a Dispersed System 

In. a dispersed system, where the dielectric properties are different between the 

two phases, a dielectric dispersion may arise due to the relaxation effect in the bulk 

continuous phase or the bulk dispersed phase. In addition, the dispersion may occur 

due to the relaxation effect at the interface. The importance of a surface (interface) 

or bulk related relaxation effect in a dispersed, system is dependent on the nature of 

the application. For instance, in phase separation of an emulsion, it is desirable to 

stress the emulsion at a electric field frequency where its aggregate stability is 

greatly reduced by the relaxation of those polarization mechanisms in the interface 
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and/or dispersed phase [32]. The above statement is clarified as follows; The 

applied electric field energy absorbed by the droplets, a, is converted into kinetic 

energy. Such kinetic energy manifests itself in the form of physical behaviour, for 

instance, droplet coalescence and droplet collection. Hence, if an observed 

dispersion is due to the relaxation effect in the bulk dispersed" phase, then the energy 

absorbed by the droplets is maximum at the characteristic frequency. In this case, 

the characteristic frequency corresponds to the optimum frequency of, the involved 

physical behaviour. 

Since the dispersed droplets are encicsed by protective envelopes, 'dispersion 

which arise due to relaxation effects in the protective interface (envelopes) may 

similarly play an important role in optimum droplet collection or droplet coalescence. 

Dispersions due to the relaxation effects in the bulk suspending phase, howeer, will 

have negligible effect on phase separation. This is because the electric field energy 

absorbed' by the suspending phase is converted into kinetic energy in the molecules, 

giving rise to convectional effects. 

A qualitative investigation of the dielectric properties of the system is therefore 

necessary to determine the different relaxation mechanisms operative in that system 

and their origin. From such an investigation, an attempt can then be made to explain 

the observed behaviour of the system under study. 
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3.6. Physical Effects on Dispersed Droplets 

There are numerous physical effects observable in an emulsion under the 

influence of an electromagnetic field. These include orientation, mutual 

dielectrophoresis, "pearl chain" formation, droplet coalescence, and dielectrophoresis. 

The first four physical effects mentioned above are observable in both externally 

applied uniform and non-uniform electric fields. However, dielectrophoresis is only 

observable in an externally applied non-uniform electric field. Another physical effect 

known as electrophoresis, which will not be observable in the frequency range of the 

present investigation, will be discussed briefly together with dielectrophoresis. 

3.6.1. Orientation 

Orientation of suspended particles arises because of their non-spherical nature. 

A non-viable particle will normally orientate in such a way that its long axis is 

parallel to the field lines [19]. Consider a simple single electric dipole whose dipole 

moment makes angles with an external field, P11 as shown in Figure 3.6. As a result, 

torques are produced [37]. The torque about the negative charge has a magnitude 

F11 Sin 01, while the torque about the positive charges has a magnitude F21 Sin 02 

(where .i = qiocai, P2 = and oc,,, is the local electric field strength). 

The net resultant torque will tend to align the dipole with the field lines. 
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Figure 3.6. Orientation of an electric dipole. 

3.6.2. Mutual Dielectrophoresis 

In a dispersed system, a difference in the permittivity values of the dispersed 

and the continuous phase creates unequal field intensities in the two phases (see 

Figure 3.7). As a result, a local non-uniform electric field arises at the interface of 

the phases. When two or more neutral droplets are in close proximity, as shown in 

Figure 3.7b, their electric field gradient may create mutual attraction or mutual 

repulsion [17]. Depending on whether the effective absolute complex permittivity 

of the dispersed phase, I- , is higher or lower than that of the continuous phase; 

I, mutual attraction or repulsion will result, respectively. Such a motion is 

known as mutual dielectrophoresis by Pohl [17]. 
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Figure 3.7. Mutual dielectrophoresis 
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Notice that the term "effective" is used to take into account the permittivity 

values of the bulk dispersed phase, as well as that of the interface/surface. 

3.6.3. "Pearl Chain" Formation 

"Pearl chain" formation is a result of mutual attraction (see mutual 

dielectrophoresis, section 3.6,2) between the dispersed droplets and the alignment of 

these droplets along the field line. Hence, for "pearl chain" formation to occur the 

effective absolute complex permittivity of the dispersed phase must be higher than 

the suspending phase at the operating frequency. 

Another condition for "pearl chain" formation is that the aligning force for the 

dispersed droplets must be greater than the randomizing force of Brownian motion. 

This condition requires the threshold field strength for "pearl chain" formation, 

I Echain I, to be [24] 

where 

6S2a3c4 I chain 2 = kT 

S = Re Ed -  Cc I 
[2c+ef 

(3.9) 

(3.10) 

The threshold field strength is therefore frequency dependent through the frequency 

dependent nature of the complex permittivities of the two phases. In addition, it is 

lower for more concentrated emulsions, and larger dispersed droplet. 
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3.6.4. Droplet Coalescence 

The process by which two droplets unite to become one is known as droplet 

coalescence [46]. Two droplets are capable of coalescing either due to collision or 

because they have remained in contact for a time long enough to allow film 

drainage (rupture of droplet envelopes in contact). In the absence of external force 

(at room temperature), droplet coalescence is possible because of Brownian motion 

which enhances droplet collision [34]. However, such motion decreases as the 

particle size increases, and is visible only in droplets of diameters less than 4 gm 

[31]. Nevertheless, droplet coalescence can be enhanced by an electric field due to 

head on collision of droplets as a results of mutual attraction, or a collision as a 

result of droplets travelling at different velocities in the same direction. 

3.6.5. Dielectrophoresis (DEP) 

Translation motion of a neutral dispersed droplet may be observed when the 

field is non-uniform. This is known as dielectrophoresis (DEP) [17]. Consider a 

neutral and a charged droplet in a uniform applied electric field as shown in Figure 

3.8. The neutral droplet will merely be polarized while the charged droplet will be 

attracted to the oppositely charged electrode. In a non-uniform applied field, 

however, the neutral droplet will experience a translational force as shown in Figure 

3.9. This occurs because the local fields, E ocai' operating at the two ends of the 

droplet are not equal, although the number of charges at each end are equal. As a 
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Figure 3.9. Non-uniform field (pin-plate electrode configuration). 
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result (since = the neutral droplet is pushed into or repelled from the 

higher field intensity regions, depending on whether the droplets are of a higher or 

lower permittivity than' the continuous phase. The former and the latter motions are 

known as 'positive DEP and negative DEP , respectively. The charged droplet, on 

the other hand, will be attracted to the oppositely charged electrode. Such a motion 

i known as electrophoresis [17]. Since the charged droplets will merely vibrate 

about their original position according to the frequency of the ac field, at very high 

frequencies electrophoresis is no longer observable. This is becius. the net 

displacement is essentially zero, The DEP force, PD, exerted on the polarizable 

neutral droplet, however, is independent of the field, direction. This could be seen 

also in the V I r 12 term in equation 3,11 blow. [47], 

where 

AD = 27ra3KV I PI 12 

Ke 

(3.11) 

(3.12) 

.is the effective excess permittivity of the droplet in the continuous phase. The DEP 

force is dependent on the droplet size, the local field gradient, the electric field' 

strength, as well as the effective excess permittivity of the droplet. DEP and mutual' 

DEP differ in that the field non-uniformity in the former is externally applied, while 

in the latter it is the result of field distortion due to the presence of dispersed 

droplets having different permittivity values from the suspending medium. In a 
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non-uniform applied field if "pearl chain" formation is also favoured, then the 

formation of droplet chains and the movement of such chains towards the higher 

intensity field region (for the case I * I> I e * I) will also be observable. The result. 

of this , in a wire-wire electrode configuration as shown in Figure 3.10 is the 

collection of droplet chains at the electrodes (the highest intensity field region). The', 

number of droplets in chain '(i.e. the chain length) collected at the highest field 

intensity 'region, in a 'defined time, is 'known as', yield or dielectrophoretic 

collection rate, DCR. The yields obtained overa range of frequencies give th yield 

spectrum. 

DEP can be e'x' ploited in two ways. Firstly, it can be, used as a means for 

separating materials 'of different dielectric properties. Secondly, the response of 

dispersed droplets (e.g. frequency dependent yield spectrum in batch DEP) to 

Figure 3.10. Collection of "pearl chains" at the electrodes [42]. 
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dielectrophoresis can be measured to provide dielectric relaxation spectra [48]. As a 

separating technique for an emulsion, DEP collects' the dispersed droplets into a 

specified region. 

An interpretation of the yield spectrum for a system [17], obtained from DEP 

studies, is discussed as follows. Consider the obtained yield spectrum as shown in 

Figure 3.11a [17]. The collection rate' of the dispersed particles exhibits' three peak 

values. This implies that there are three different relaxation frequencies. There are 

also certain frequency ranges at which no droplet collection is. observed. On 

possible explanation of such a dielectrophoretic response is that the effective 

polarizations of the,dispersed particles and the suspending phase have characteristics 

as shown in Figure 3.1 lb. In the frequency ranges where particle cbllection (positive 

DEP) occurs, the effective absolute permittivity of the dispersed particles, I c I, is 

higher than that of 'the suspending phase, I . This can be seen by comparing the 

yield spectrum with the differential effective polarizations of the two phases shown 

in Figure 3.11c. Notice that the positive (shaded) regions in Figure 3.11b and Figure 

3.11c correspond to the particle collection shown in Figure 3.11a. In the frequency 

ranges where there is no droplet collection at the region of highest field intensity, the 

effective absolute permittivity of the dispersed particles is lower than that of the 

suspending medium. The particles in this case are undergoing negative DEP. 
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Figure 3.11. Interpretation of'yield spectrum. 
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3.7. Techniques Used in the Present Studies 

In this thesis, non-uniform electric fields are used to study the behaviuEr of the 

water-in-oil (w/o) emulsion over the frequency range of 10 MHz to 500 MHz. 

Non-uniform fields are chosen instead of uniform fields because all the physical 

effects, such as orientation, mutual dielectrophoresis, "pearl chain" formation, and, 

droplet coalescence, which are observable in uniform fields are also observable in 

non-uniform fields. However, DEE' is only observable in non-uniform fields. Since 

the peaks in the yield spectra obtained from dieledtrophoresis studies are readily 

{xiterpretéd as dielectric relaxations, the application of non-uniform fields offers three. 

advantages. Firstly, the physical behaviour of an emulsion 'under the influence of 

electric field can bd determined. Secondly, it can be used as a separating technique 

in which all dispersed water droplets can be collected into an appropriatd region. 

Thirdly, the dielectric dispersion in the emulsion system can also be determined. 

The use of DEP in the determination of dielectric behaviour of an emulsion 

system offers various' advantages as compared to conventional means. The 

conventional means of studying the dielectric properties of a material employ the.' 

bridge technique to measure the capacitance of an empty cell-condenser, as well as 

the capacitance and conductance of the cell-condenser filled with the material. Such 

a technique has the drawback that special care is required when applied to electrolyte' 

solutions, especially at low frequencies [17]. This is because the, ratio of the 

conductive component to the capacitive component is very large. The presence of 

streaming currents, due to the uneveness of the electrode surface, can also mask the 
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true conductive component of the system. Furthermore, stray capacitance can also 

produce a large and false polarization. Another disadvantage in the capacitance and 

conductance measurement is the requirement of a large emulsion sample. 

In a w/o emulsion system, two water droplets are capable of coalescing either 

due to collision or because they have remained in contact for a time long enough to 

allow film drainage. Hence, the measured yield, obtained by counting the number of. 

droplets in a chain after a defined time, is no longer a true representation of 

dielectrophoresis response. In addition, the concentration of the emulsion in each 

small sample varies. The DEl' collection rate is known to be concentration' 

dependent [18]. ' 

In view of the above problems, the average velocity of a single droplet is used 

in this thesis to reflect the dielectrophoresis response. Consider a water droplet in a 

non-uniform. field as shown in Figure 3.12. Let PD be the dielectrophoretic force and 

rag be the drag force. When the system is in equilibrium, 

= drag (3.13) 

For a spherical droplet, P rag is given as 6 itrV≥z, where 11 is the viscosity of the 

suspending phase, V is the droplet velocity, and a is the droplet radius. Equation. 

(3.13) becomes ' 

2 1tKea3V I RI 12 = 6 ii . (3.14) 

Therefore, 
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electrode electrode 

Figure 3.12. Forces on a droplet in a non-unform field. 

v'= 27rKea3VII2 
6itra 

1 Ke 2  PI --aVjJ2 
3 11 

(3.15) 

Since 11 is a constant depending on the suspending phase, the droplet velocity is 

proportional to the dielectrophoretic force. Hence, a velocity spectrum will reflect 

the dielectrophoretic response. 

In summary, non-uniform electric fields will be used to study the physical 

behaviour of the emulsion in the present work. This is because all physical effects 

observable in a uniform electric field are equal1' observable in a non-uniform electric 

field. In addition, droplet collection at the electrodes which is an end result of 

dielectrophoresis and only occurs in non-uniform fields can also be observed. The 
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optimum frequencies for droplet collection will be determined from the velocity 

spectra of various droplet sizes, obtained from dielectrophoresis studies, over the 

frequency range of 10 MHz to 500 MHz. 



CHAPTER 4 

EXPERIMENTAL 

4.1. Experimental Requirements 

One of the requirements of. the experimental setup is the production of a non-

uniform electric field within the emulsion sample, so that dielectrophoresis s 

observable. Secondly, the chamber which holds the emulsion must allow monitoring 

of the emulsion with the aid of an optical microscope. To meet these requirements, 

a special chamber was constructed from a printed circuit board. A hole, 10 mm in 

diameter, was drilled through the printed circuit board to enable observations using 

the microscope. A wire-wire electrode configuration, as shown in Figure 4.1a was 

housed within the hole to generate the required non-uniform field. Such a 

configuration was chosen because it is simple and easy to construct compared to the 

other configurations shown in Figure 4.1. The chamber is discussed in greater detail 

in seètion 4.2.1. . 

The eijerimental . setup should also be capab16 of mOnitoring the voltage 

applied across the emulsion sample. The theoretical setup used to study the.. 

behaviour of the emulsion is shown in Figure 4.2. The load in Figure 4.2 consists of 

the emulsion sample ' under investigation together with the chamber which holds the 

sample. The return loss for the emulsion sample together with the chamber was 

measured using a network analyser HP 8085A), and is shown in Figure 4.3. Return 

44 



45 

Figure 4.1. Various electrode shapes for producing dielectrdphoretic fields [18]. 
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loss is defined as the ratio of the reflected voltage to the incident voltage in decibels 

(dB). Figure 4.3 shows that a standing wave exists within the frequency range 

studied. This means that the impedance of the load is not matched to that of the 

source. Hence, the reading on the voltmeter in Figure 4.2 is essentially a 

measurement of the standing wave voltage which is a function of the electrical 

length. (An electrical length is a length expressed in terms of wavelength). In other 

words, the reading on the voltmeter depends on the position at which the voltmeter is 

inserted. In addition, the electrical length varies with frequency. In order to 

determine the voltage applied to the load, irrespective of the frequency of applied 

voltage, a directional coupler together with a vector voltmeter was employed. In this 

case, the voltage at the load is equal to the summation of the incident and the 

reflected voltages. 

4.2. Experimental Setup and Apparatus 

A block diagram of the experimental setup is shown in Figure 4.4. The signal 

source used in this study consisted of a signal generator (Marconic Instrument 2022). 

The output from this source is amplified using a power amplifier (Boonton Radio 

Company type 230A) to provide a voltage of 10 Vrms across the electrodes. The 

signal is coupled to the load through a directional coupler. The directional coupler 

allows the incident and the reflected waves at the load to be directed to a vector 

voltmeter (HP 8045A). The vector voltmeter measures both the incident and the 

reflected voltages. A 10 dB attenuator is inserted at the input to each probe of the 



Color 

Camera 

Signal generator 

Power amplifier 

Vector voltmeter 

Coaxial tee and - 

termination •-. I 

attenuat0r' 
(10 dB) 

50 fl coaxial 
cable 

probe 

Directional 

coupler 

Coaxial tee and 
termination 

attenuator 
(10dB) 

For 10 MHz -300MHz 
Sierra Electronic Corporation 

model 145z 

For 350 MHz - 500 MHz 
Narda Microwave Corporation 
model 3041-20 

4  

50 Q coaxial 
cable 

Microscope 

/ 
Chamber 

Color monitor 

Video recorder 

Figure 4.4. Experimental setup for studying field effects on w/o emulsion. 
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vector voltmeter to prevent damage to the vector voltmeter probes. The behaviour of 

the emulsion under the influence of the electromagnetic field was observed with the 

aid of an inverted optical microscope (Leitz Diavert) fitted with X32 objective and 

X1O ocular. A color television camera (Panasonic WV-CD01) is fitted onto the 

microscope to allow the emulsion sample to be displayed on a color monitor 

(Panasonic CT-9072MC), and simultaneously recorded using a video recorder (Sony 

VO-2600). In the second part of the experiment, where time measurement is 

required to compute the droplet velocity, a mechanical timer (Jaquet) is used. 

4.2.1. The Chamber 

The chamber used in this investigation is shown in Figure 4.5. It is constructed 

from a printed-circuit board with a 10 mm diameter hole on one end to allow 

observation with the microscope and to facilitate cleaning of the chamber. On the 

back side of the board is the ground plane and another hole. This hole, slightly 

greater than 22 mm in diameter, is concentric to the observation hole, and bored to a 

depth of 0.25 mm. It is used to secure a 22 mm cover glass which holds the sample. 

Two parallel platinum wire electrodes (diameter = 0,13 mm), 0.165 mm apart, are 

placed in the centre of the chamber housing to produce an approximately 

cylindrical non-uniform field near the vicinity of each platinum wire. One of the 

electrodes is connected to the ground plane, while the other is connected to the 2.375 

mm-wide copper line on the top side of the chamber. The copper line together with 

the ground plane and the fibre glass board, essentially form a 50 n microstrip line 
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Indentation for mounting on microscope 

Ground plane 

a) 45 degree view 
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I 10mm I 

platinum electrodes 

22mm hole 
for cover glass 

b) Cross-sectional view 

Figure 4.5. The Chamber. 



51 

which matches the 50 c≥ coaxial cable. The indentation on one edge of the chamber 

aids in mounting the chamber securely onto the microscope stage. 

4.2.2. The Directional Couplers Used 

For frequenies in the range of 10 MHz to 300 MHz, a Siera Electronic 

Corporation (SEC) 145z directional coupler was used. The variation of the coupling 

factor with frequency is shown in Figure 4.6. For frequencies in the range of 350 

MHz to 500 MHz, on the other hand, a Narda Microwave Corporation (NMC) 

3041-20 directional coupler was used. This is a -20 dB coupler with a lower cutoff 

frequency of 500 MHz. It was calibrated with a 50 92 load at 350 MHz, 400 MHz, 

and 450 MHz for use at these frequencies. The coupling factors for these 

frequencies are shown in Table 4.1. 

The following example calculates the required voltage reading on the vector 

voltmeter, in order to ensure that 10 Vrms is applied across the electrodes. Let VL 

be the load voltage which is the voltage across the two electrodes. In which case, 

VL = 10 Vrms, Since impedance matching between the source and the load is not 

achieved, the load voltage is the summation of the incident voltage, V1, and the 

reflected voltage, VR, as shown in Figure 4.7. Hence, 

VL —V1+VR =1OVrms , (4.1) 

At, 300 MHz, from Figure 4.7, the coupling factor of the directional coupler is -12 

dB. The attenuator in front of each individual probe of the vector voltmeter 
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Frequency Coupling Factor 

350 MHz 

400 MHz 

450 MHz 

-20.5 dB 

-20.3 dB 

-19.8 dB 

Table 4.1. Coupling factor of NMC-3041-20 directional coupler 

Vector voltmeter 

Coaxial tee &-* 
termination 

10dB attenuator 

From source 

'probe 

Directional coupler 

(-12dB at 300 MHz) 

Coaxial tee & 
termination 

10dB attenuator 

Figure 4.7. Voltage at the load. 

Load 
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contributes an additional -10 dB. The total attenuation is therefore -22 dB. Let the 

sampled incident voltage and the sampled reflected voltage be V1 and VRS, 

respectively. The relationship between the sampled load voltage, V1, + VRS, and the 

actual load voltage, V1 + VR, is given by 

—22dB = 20 log 
VI+VR 

Vis + VRS 
(4.2) 

Therefore, to ensure that 10 Vrms is applied at the two electrodes, Vj, + VRS, which 

is the summation of the vector voltmeter readings for the sampled incident and 

sampled reflected voltages, must be equal to 794.3 mVrms, 

4.2.3. The W/O Emulsion Used 

The water-in-oil (w/o) emulsion used in this study was provided by Geotech 

Engineering (Calgary). The emulsion contained 0.529 and 0.001 volume fractions of 

water and sediment, respectively. The sizes of the water droplets ranged from 1.1 

p.m to 7.9 p.m. The conductivity of the emulsion was 89.2 x l0 mho/m at 1 kHz 

when measured with the conductivity cell (YSI 3403). 

4.3. Experimental Procedures 

The experimental work consisted of two parts. In the first part the physical 

behaviour of the emulsion under the influence of the electromagnetic field was 

studied. This behaviour included orientation of aggregate droplets, mutual attraction, 
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"pearl chain" formation, droplet coalescence, and droplet collection. In the second 

part the optimum frequency (or possibly range of frequencies) for droplet collection 

at the electrodes was determined. All the experiments were carried out at room 

temperature. 

4.3.1. Part 1: Physical Behaviour of the Emulsion 

A circular cover glass was secured to the bottom of the observation chamber, 

using a small quantity of silicone grease. A fixed volume of w/o emulsion was 

drawn with a syringe and placed into the observation chamber using a technique 

developed by Robertson et. al. [49]. The emulsion was essentially sandwiched 

between two layers of voltesso (an oil) to avoid contact with the glass surface. This 

prevented the water droplets in the emulsion from sticking onto the hydrophilic glass 

surfaces. At the same time it enabled the opaque nature of the emulsion to be 

viewed under a microscope. The chamber was mounted onto the microscope. A 

voltage of 10 Vrms was applied across the two electrodes and the behaviour of the 

emulsion was monitored. This was accomplished with the aid of a microscope and 

recorded on a video tape over the frequency range of 10 to 500 MHz. 

4.3.2. Part 2: Optimum Frequency for Droplet Collection 

In this part of the experiment, the time taken for a droplet of diameter 5.1 gm 

to travel a known distance was measured. This known distance was 25.4 p.m away 
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from either, electrode surface as shown in Figure 4.8 (1 division of the graduated 

reticle in the microscope eyepiece corresponds to 25.4 gm). In a manner similar to 

the previous description in section 4.3.1, the sample was plaóed into the chamber and 

the chamber was mounted. onto the microscope , stage. The droplet size was 

measured with a circular template placed on the face of the television monitor. It 

was then calibrated with a known size of polystyrene microspheres (Duke Scientific). 

The position of the droplet was monitored with the aid of a graduated reticle in the 

'eyepiece of the microscope. In most cases, the droplet was moved with the help of 

the field to the starting position (25.4 p.m away from either electrode; see Figure 

4.8). The field was then removed to ensure that the droplet monitored was initially 

at rest. The timer was started when the field was reapplied to move the droplet from 

starting position, and stopped when the droplet came into contact with the electrode. 

The average droplet velocity was computed by dividing the travelled distance (25.4 

p.m) over the time measured. By varying the the applied field frequency, .a spcttum 

of droplet velocities was obtained for 5.1 JIm droplets in the frequency range of 10 

MHz to 500 MHz. Another spectrum was obtained for 4.25 Jim droplets for the 

same emulsion. 
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Figure 4.8. The distance travelled by the droplet 



CHAPTER 5 

RESULTS AND DISCUSSION 

5.1. Part 1 : Physical Behaviour of the Emulsion 

Figure 5. 1a shows the water droplets dispersed in the oil of the water-in-oil 

(w/o) emulsion sample under study. The water droplets were observed to be 

dispersed as discrete spheres, as well as in aggregate forms. Figure 5.1 shows the 

w/o emulsion before and after being exposed to a non-uniform ac electric field. 

Although Figure 5.1 was obtained at 450 MBz, it is representative of the emulsion 

behaviour throughout the frequency range of 10 MHz to 500 MHz. Various physical 

effects were observed in the emulsion upon application of the electric field. Figures 

5.2 and 5.3 are magnified sections of Figure 5.1, Figure 5.2 shows the orientation of 

an agglomerate water droplet with the long axis parallel to the electric field lines. 

Figure 5.3 shows mutual attraction between neighbouring droplets. Such a behaviour 

indicates that I I > in the frequency range of 10 MHz to 500 MHz, as 

discussed in section 3.6.2. Sometimes, mutual attractions were followed immediately 

by the orientation of the droplets along the field lines, as shown in Figure 5.4. This 

occurs because the mutually attracted droplets possess a long axis which makes an 

angle with the electric field lines. Spontaneous droplet coalescence was also 

observed when droplets experienced mutual attraction. This is shown in Figure 5.5. 

However in this study, "pearl chain" formation along the electric field lines was the 
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Figure 5.1. Effect of electric field on w/o emulsion. 
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b) Field applied (2.4s) 

Figure 5.3. Mutual attraction between droplets. 
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Figure 5.4. Orientation of mutually attracted droplets. 

I 

M M 

Figure 5.5. Spontaneous droplet coalescence. 
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more dominant result of mutual attraction, compared to droplet coalescence. This 

can be seen in Figure 5.6. Some droplets were also observed to remain in discrete 

form upon the application of the electric field. This is because they are not in close 

proximity to other droplets. For example, when both droplets are approximately 5.38 

jtm in diameter, a distance between droplet centres of at least 8.03 I.tm is required 

for the droplets to remain in discrete form. The most noticeable effect observed after 

the application of field was the translational motion of droplets (aggregate form, 

discrete form, and "pearl chain") towards the electrode surfaces. Such a behaviour is 

to be expected as all droplets experienced an increasing electric field intensity as 

they moved nearer to the electrodes. For the same reason, the velocities of the 

droplets were observed to increase as the droplets moved closer to the electrodes. 

Such behaviour is in accordance with the dielectrophoretic force, given by equation 

(3.11) as 9D = 2 ita3KeVI Ei2, which indicates that as VI g12 increases, I PD I also 

increases. Figure 5.7 shows the electric field distribution for a parallel wire-wire 

electrode configuration (in cross-section). Note that VI El increases as the distance 

from either electrode decreases. Hence, as droplets approach the electrodes, I 

increases causing the acceleration of droplets. As discrete droplets, aggregate 

droplets, and droplet chains moved toward the electrodes, collision, as well as further 

mutual attraction, chain formation, and coalescence were observed. After about one 

minute, the collection of water droplets at the electrodes, in the form of chains, 

became visually noticeable as can be seen in Figure 5.8. 
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Figure 5.6. "Pearl chain" formation. 
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Figure 5.7. Electric field distribution in a wire-wire electrode configuration [50]. 
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Figure 5.8. Chains of droplets collected at the electrodes. 



67 

Droplet collection in the regions of higher electric field intensities, may prove to 

be a useful phenomenon- in phase separation. After collecting the dispersed droplets 

into an appropriate region, complete phase separation may be achieved by the 

following processes. The clean oil can be drawn out and the collected droplets can 

be removed from the electrodes periodically. Alternately, the collected droplets can 

be coalesced by the application of a single high voltage pulse or a series of high 

voltage pulses[51], followed by the removal of the coalesced droplets via 

sedimentation. In view of the possibility of using droplet collection as part of the 

processes involved in phase separation, further studies were carried out to elucidate 

the best frequency for droplet collection. The findings for such an investigation are 

discussed in the following section. 

5.2. Part 2: Optimum Frequency for Droplet Collection 

The velocity spectra obtained for suspended water droplets of diameters 5.1 .t.m 

and 4.25 tm, using the experimental procedures in section 4.3.1, are shown in Figure 

5.9. For the purpose of comparison, part of the velocity spectra obtained for droplets 

of diameter 6.8 m is also shown in Figure 5.9. The spectrum obtained for 5.1 pm 

droplets has a distinct peak at approximately 450 MHz. The data obtained for 4.25 

I.tm droplets, however, has a less pronounced maximum at the same frequency. This 

is due to the uncertainty associated with the present technique which will be 

discussed at the end of this section. Nevertheless, the peak at approximately 450 

MHz is obvious from the additional data obtained for 6.8 gm droplets. Figure 5.9 
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also indicates that the frequency at which this peak occurs is independent of the 

droplet size. 

The data obtained for 5.1 p.m droplets was normalized with respect to the 

maximum average velocity value and replotted in Figure 5.10 as normalized velocity 

versus frequency. The purpose is to show that the peak at 450 MHz is significant, 

since the droplet velocity at this frequency is higher than that at 50 MHz by a factor 

greater than two. Thus, it is concluded that the time required to collect the water 

droplets at 450 MHz is at least half the time required if the operating frequency is at 

50 MHz. 

The data obtained for the velocity spectra, as shown in Figure 5.9, suggests an 

additional lower frequency peak at around 10 MHz. The peaks in the velocity 

spectra are readily interpreted as the dielectric relaxation the emulsion system 

undergoes [26,27]. Several investigators have suggested various polarization 

relaxations that could assist in the interpretation of complex systems, such as 

aqueous dispersed systems. The polarization mechanisms most pertinent to the 

present analysis, in terms of the frequency range under study, are listed in Table 3.2. 

In order to assign the precise interpretation of the observed polarization relaxation, 

more velocity spectra must be obtained for the same frequency range but with 

different parameters (for example, with different ionic conductivity of the emulsion 

and volume fraction of the dispersed phase). For the present study, since the peak at 

approximately 450 MHz is independent of the droplet size and is in the frequency 

range of 1 MHz to 100 GHz, Table 3.2 suggests that the relaxation may be due to 



Figure 5.10. Normalised velocity spectrum of 5.1 jim water droplets 
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dipolar orientation polarization. Dipolar polarization of water is known to relax at 

20 GHz at room temperature [36], hence the observed relaxation cannot be due to 

dipolar polarization of "free" water. W/O emulsions from the oil-field are known to 

have asphaltenes and resins, polar components of crude oil, adsorbed at the droplet 

envelopes. The observed peak may be explained in terms of the relaxation of these 

polar crude components. Although Sayakhov has attributed the dispersion that he 

observed at 3 M1ETz to the relaxation of polar asphaltenes and resins, the possibility 

of asphaltenes and resins relaxing at 450 MHz is equally valid. This is because 

asphaltenes and resins are known to occur in various physical structures [52,53]. 

The peak at around 10 MHz, on the other hand, can possibly be due to Maxwell-

Wagner polarization at the bulk interface or Schwarz type of counterion polarization 

since they relax in the frequency range of 100 kHz to 100 MHz. See Table 3,2. 

The droplet velocities at 450 MHz can be calculated for different droplet sizes, 

if the velocity for one droplet size is known. This can be seen from equation (3.15), 

which is rewritten as 

where il and average V I r 12 are constants in the present study. Hence, the average 

droplet velocity can be expressed as 

I KiKe a2 (5.1) 

where K1 is a constant. In addition, since the dielectric dispersion at 450 MHz is 

independent of droplet radius, the droplet velocity at this frequency can further be 
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simplified to 

IVI =Cc? (5.2) 

where C is a constant. Using equation (5.2) and the average droplet velocities 

obtained (from experiment) for the three droplet sizes, the average C calculated is 

172. The droplet velocities for the three droplet sizes are then calculated using C, 

and are tabulated in Table 5.1. The measured droplet, velocities for the droplets are 

also shown in Table 5,1 for comparison. The measured velocities of the droplets are 

found to be within 7% of the calculated values. Discrepancy between the two values 

may be attributed, to the uncertainty in the present techniques and in the assumption 

that the average velocity obtained for the 5.1 gm droplets is a true value. 

Droplet velocity (X1O J.tm/sec) 

Size 

measured calcuiated 

5.1 Im 

4.25 jim 

6.8 jim 

4808 

3099 

7417 

4474 

3107 

7953 

Table 5.1. Measured and calculated average velocities at 450 MHz 
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The technique used for determining the velocity spectra is subjected to some 

criticism. First, it is time consuming to search for a single droplet of the desired 

size. Second, the data obtained is unable to provide a high degree of certainty. The 

major sources of uncertainty may include: 

1) The inaccuracy in measuring the droplet size on the monitor screen using a 

circle template. The template used to measure the diameters of the droplets has 

a resolution of 0.28tm. In this case, a droplet measured to be 5.1 p.m can be 

anywhere in the range 5.1 p.m ± 0.28 Jim. Similarly, a droplet measured to be 

4.25 p.m can be anywhere in the range 4.25 p.m ± 0.28 p.m. However, the 

uncertainty associated with measuring a droplet of diameter 5.1 p.m is ± 5.6 % 

compared to ± 6.7% for a droplet of diameter 4.25 gm. The higher uncertainty 

in measuring the diameter of 4.25 p.m droplets combined with the fact that the 

average droplet velocity is directly proportional to the square of the droplet 

radius may explain the difficulty in resolving the peak at about 450 MHz. 

2) The distance between the two wire electrodes varies slightly after each wash. 

Data was obtained for electrode spacing of 0.165 mm ± 3%. 

3) The centre of the two electrodes is not always in the same horizontal plane. 

4) The fluctuation in the room temperature at which all studies are carried out is 

assumed to be negligible. 
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• Although the present technique is unable to provide a high degree of accuracy, 

nevertheless it is able to provide an approximate operating frequency for the 

optimum collection of water droplets in an w/o emulsion. 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

Suspended water droplets are found to collebt at the electrodes, in the form of 

"pearl chains", when the water-in-oil (w/o) emulsion is exposed to a 'non-uniform 

electric field in the frequency range 10 MHz to 500 MHz. The optimum frequency 

for such a collection, within this rangej is found to be at approximately 450 MHz. 

Other physical effects are also observable throughout this frequency range. 

Aggregate particles first orientate with their long axis parallel to the electric field 

line, followed by movement towards 'the higher field intensity region. Mutual 

attractions between' the neighbouring droplets eventually lead to "pearl chain". 

formation. Droplet coalescence is also possible due to mutual attraction, but in the 

present studies "pearl chain" formation is the more dominant effect observed. 

The phenomenon of droplet collection at the electrodes is a positive ii'idication 

of the possibility of using high frequency electromagnetic fields (where the electric 

field is non-uniform) for phase sepration. A knowledge of the optimum frequency 

for droplet collection at the electrodes Will be invaluable in the design of electrostatic 

separators. However, the practicality of such sejDaration 'on a large scale has yet t0 

be determined.  

Recommendations for further work are: 

75 
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1) The maximum field strength that can be applied before droplet re-emulsification 

occurs needs to be determined. 

2) The relationship between the rate of droplet collection and the field strength 

should be investigated. 

3) The use of a series of high voltage pulses or 'a. single high voltage pulse to 

induce droplet coalescence (collected dioplets) should be investigated. 

4) The overall physical design of a separator which will incorporate the collection 

phenomenon and a method for the removal of the collected water droplets 

should be investigated. Some of the points to be taken into consideration 

include the physical arrangement of the electrodes, the input flow rate of the 

emulsion and the output flow rate of the clean oil. Such studies are needed to 

evaluate the practicality of such a design on a large scale basis. 
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