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ABSTRACT

The physical effect ofr an electromagnetic field on an oil-field water-in-oil (w/o) 7
~ emulsion is studied over the frequencf rang.e of 10 MHz to 500 MHz. A wire-wire.
electrode configuration built into an observation chamber was used to produce the
requirea 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 forﬁ of chains, at th;a electrode -
surfac;as throughout thé fréquencies 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
phyéical effects observable throughtout the same fr.equency range include : (1)

orientation of the agglorherate 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-petroleﬁin obtained from the Well bores o‘ften‘ appears in the form of an -
emulsion.' An emulsion is 'a system comprising of one liquid phase dispersed 1n
another liquid phase‘ iﬁ the form of drolﬁlets. -In general, the emulsibns from well
bores ma;y‘ be in the form of water dispefsed in oil (w/o) or oil dispersed in’ \‘Nat%:‘r'

(o’/v(/) [1]. Howevgr,‘ fhe present reseérch is focused on w/o emulsions oniy.

Oil-field emulsio-ns‘ must have the major part Qf their water rqmdvea, before :

‘ fu.rther pept‘oleum proce:ssin_g.” The reéson being the_minera;l salts W};ic'h‘ are preserﬁl :
in ‘tnhe “water-phas‘e tend to deposit on the refinery equipment, plug the ﬁipelinés, anl‘d
cause <;orrosion in both [2, 3]. | |

In general, dispérsed water droplets séttle due‘ to gravity and eventﬁally phase

‘separation (complete“separation of the two phases) 1s achieved; howevér, this process
is rather time consuming [71]‘. At the present state of the art, a nuri;ber of mefhod? aré

'comme:rcially utilized to -si)eed up phase separation. These include- the use of- “
cfemulsiﬁers, heat, as well as electric ‘ﬁeld_ [2, 1]. These methods aid tﬁe process of -
gravity separation é:ither_ by enhancing dropletg coalescence or by reduéing the

viscdsity of the oil [2,3,4, 1].
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Although electric field phase sepalfation technik_fues have allféady been utiljzeci, N
éxfensjve reseérch h'as»only beén carried out 1n the low end (ie. < '1‘ MI-Iz)‘of the
frequency spectrum [1,5,6,7,8,9,10,11, 12]. In fact, the prese.ntl.y available -
- eiectrical separators operate using field frequencies at or below 60 Hz 1[1‘3, 1]. Thes'é
.include the vertical grid eiectrostatic tr¢a’£ef (HTI Superior) and the aual polarify :
electrostatic treater (C-E Natco Combustion Engineering). In the Jow end. of ';the
| freguency spectrum, ‘the fange of 50 Hz to 60 Hz was found to be the optimum
frequencies for drdialet coalescence [4,8]. Not much reseafch, however, has been
cﬁrried 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,

12, Objective of the Thesis

The principle dbjeétive of the preseﬁt work is to investigate the possibility of .‘
using high frequency electromagnetic fields in phase separation. This _invééﬁgation is
 carried out in the. freqﬁency ‘range of 10 Mi—Iz to 500 MHz The work first addressés |
: .the 'i)hysical effects of ~high frequency electrdmagnetic fields on a sample w/o
emulsion. The effect most pertinent to phase separation (in this cése coll‘ection‘ of
droplets at the electrode surfaces) i.s further studied in the same freq'uericy range to‘

determine the optimum frequency (or poSsibly range of frequencies).



‘-3 ‘_

The physical effects= of high frequency fields rin the investigations are observeci .
with the aid of an optif:al ﬁﬁcroscopé. The visual observations are also .recorded dh ,
video tapés to provide a permanent record. A wire-wire electrode conﬁguraiion, as
shqwn in Figure 4.1, is used to generate the non-uniform electric field within the
emulsi.on. The reason for using non-uniform fields is discussed in sectioi'l 3.7. A

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

13 Summary of fhe Thesis

" Chapter :2 providés a literature review of the physical effects of the‘
electromagnetic ‘ﬁelclls on various dispersed Systems, and on the dielectric properties -
of w/o emulsions. Chapter 3 deals with the development of theory for the behaviour
of the w/o emulsion, - Chapter 4 déscrib;es the experimental setup’ and procedures.
used in "chis investigation. This is f<l>llowed by Chapter 5 which cbntains (j:hé
- experimental findings, and a discussion of the results. Thér conclusions and

recommendations for further research are i)resented in Chapter 6.



CHAPTER 2

'LITERATURE REVIEW

21 Effects of Electric Field on Dispersed Systems

| ‘A‘ literaturels.uryey has indicated that very little research has been carried out on_r
the _eff'ect of higher frequency,electric f_ields (ie. > 10 “MI-Iz)' on the oil-field water- ..
'1n oil (w/o) emulsrons Thus example systems are examined in this frequency range.

to determine the nature of various phy31ca1 effects that may arise in w/o emu1s1ons

Numerous phys1ca1 effects have a]ready been observed when other dispersed .

systems are exposed ‘to electric fields. See Frgure 2.1. These 1nclude dispersed'
particles exhrbrting oscﬂlatory motion deformation orientation with their long axes
ahgned perpendicular or parallel to the electric ﬁeld lines, mutual attraction B
coalescence/fusmn, pearl chain" formation, gross translational motron (1.e.
d1e1ectrophores1s), and re emuls1ﬁcat10n/destructron‘ These phy31ca1 effects are -

discussed in deta11 in the followmg section

Oscillatory Motion of Dispersed Particles

O‘scillatoryl motion of dispersed particles arises due to electrophoresis as -
discusSed in section 3.6.5,.and is observable at low electric field frequencies (ie. |
= < 100 Hz). In this study only high frequency field effects are explored, in which -

case particle oscillation due to electrophoresis is not observable.
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Figure 2.1. Physical effects observable in dispersed systems [14].



Particle Deformation

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

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

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

dispersed in oil. The spherical water droplets were deformed into ellipscids. The -
frequencies of electric ﬁelds‘used m these cases were between 50 Hz to 382 kHzr. A
spherical droplet Zelongates‘ as a result df pOSitive and negative chargesr within the
droplet being attracted towards .the_ oppcsitelyv chsrged electrodes [1,3,4]. As th'e':
frequency of the. elect:'ric'ﬁeld increas'es,‘ the migration of charges within the droplet

will not be able to follow the change in the direction of the applied field; m th1s case

4the deformat1on of the: droplet will -be neg11g1b1e In the present study, the emu1s1on,

is exposed to frequencles 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] Th1s

is because 11v1ng cells comprise several d1ffer1ng regions of dielectrics and are non: -

spherical [19]. _In fact, Teixeira-Pinto et. al. [19] have concluded that noésymmetdc

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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Téixeﬁa—Pinto et. al. [20], ‘in studying the electric field effects ron’ starch
particles in the freq,uéncy of 0.1 MHz to 100 MHz, observed ‘that the asymﬁétric ‘
starch pérticies- orientated with tfleir'long axes along the uniform elecz:tric ﬁéld lines.
- According to' Teixeira-Pinto et. al., symmetric spheres shouldA have no pre;ferential‘
: on'é_ntationy since they have -nc; long axes. However, in w/o emulsions some diopiets
are dispersed in. the form of aggregatesi In such a case, a group of dr‘c_iplets wi,ll_d‘ |
.appear as an asyMe&ig particle as a. :whole.. Under this situation, orien.tation effects

may manifest themselves in the present investigation.

Coalescence/Fusion

Pa}nchenkov et. al: [8] observed mutuai attraction of water dropléts foﬂowed by
dlrdplet cqalescehcé in a w/o emulsion. The emulsion was under the influence ‘of a
:unifOIIVn electric field intensity Vof 3\ kV/cm, and in the frequency range of 50 Hz tc;,
382 kHz. They attrivb,uted‘ the phenomenon of fnufual attractioh to the polérization 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 'c;)alescencé
[3,12,13, 15].:

| Pohl t17] attributes the dipole-dipole attraction to the presence of electric ﬁc;,ld
nQn-urﬁformities around eacli suspended particle that differs in diele.ctric propert‘iesK
fr;)m the suspending medium. The iﬁdividual paﬁicle 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. ThisK was observed as stringing of fat
particles ofrari emulsion (See Pohl t17]) along the uniform electric field lines. " A.
similar observatiqn has also been reported for the suspension of polystyrene spheres
and starch particles When exposed to uniform electric fields of frequencies petwe’en
0.1 MHz to 100 MHz [1:9]. Pohl and Crane [21] etudied the response of yeast cells
toa non-uniform electric field in the frequency range ef 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 ohly been observed for low
frequencies. Joo et. al. [22] subjected an emulsion prepared from silicone-oil and
deionized water to a uniform 60 Hz ele'etrie field. The chaining of the water droplets
was observed after the field had been epplied for 12 hours. -The emulsion wes .
subjected to four different field intensities‘ranging from 52 kV/m to 320 kV/m. The
concentration of the w:ater in volume fractions ranged' between 0.001 rto 0.1.
Babalyan er. al. [16] also observed chain formation when 50 Hz to 60 Hz uniform
electric fields were applied to tl-le w/o emulsions of 0.05 to 0.2 volume fractions of“
water. Electric field strengths of 3 kV/em and 5 kV/em were used in theﬁ'

investigations.



- The formation of a chain of dispersed particles [17,21,23] is the result of th'e )
end-to end attachment of particles, similar to the cha1n1ng of particles, due to mutual
attractlon 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 r1g1d spheres of the same 31ze and d1electric constant' ,
under the 1nﬂuence of an applled electromagnetlc field. His 1nvest1gat10n concludes
that the interacting force is dependent on the angle and the position of the particles
with respect to each other and the electnc field line. Although 1o general closed:
form solution could be obtained for the interacting force Sauer presented the 4
solution for three‘ spec1al cases (1) € s parallel to the ﬁeld lines (2) & is-
| perpendicular to. the ﬁeld hnes, and 3) partlcles are-on a- 2- d1mens1onal plane
| where & is the lme connectmg the partmle centres. The solution for (1) 1nd1cates that
the interacting force is attractive, while the ~solution for (2) indicates that the force "is a
repulsi‘ve. 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 betwee‘n the particles can be neglected. Both t'he
suspendlng medium and suspended particles exhibited dielectric loss. . The electric
'ﬁeld was assumed to be uniform, while the magnetlc field effects were neglected
Although Sauer’s results are based on r1g1d spherical particles they are equally validr
for spherical water droplets at very high frequency where droplet deformation_ 1s :

minimal.
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Dielectrophoresis

'Movement oi the dispersed particles to the | region of higher electric field '_
: 1ntens1ty has been observed by Pohl and Crane [21]. They have observed chams of ..
' yeast cells collecting at the two pin electrodes (regions of - highest ﬁeld 1ntens1ty) '

: when the cell suspension was exposed to non-uniform electric ﬁelds Such a |

phenomena arises due to the non—umforrnities of the ‘applied electric fields andis. “

attributed to dielectrophoresis by Pohl [21, l8]. The concentration of the cell
suspension used was 2 x 10° cells/ml. -The collection rate, that is the number of
. cells in a chain.per‘ defined - time, is known to, be dependent on | ther particle
concentration, applied voltage, suspension-conductivity, and frequency of the applied
feld [21,18]. It varies linearly With the particle concentration and moderate applied o
voltages (i.e. < 3i0 Vrms for pin-pin or wire-wire electrode vvith 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. [21 18]. The
collection _rate, however, is a compl1cated function of the suspension conductrvrty,

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 invéstigators [12,3,11]. These are : (1) aE2<O.182g¥, (2‘)‘

. C
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c}<'8 m/ecyag , and (3) 2p.a| ¥4y < 13, where a is the droplet radius, E is the
electric field strength, v is the interfacial tension of the droplet, €, is the dielectric -

~ permittivity of the continuous phase, Vis the droplet velocity, p, is the density of the

cont1nuous phase, and q is the droplet charge. The conditions in (1) and (2) are -

electrostatlc in nature because they imply that for re-emulsification to' occur, the
~cohesive effect of 1nterfac1a1 tens1on must be overcome by the d1srupt1ye electrostatlc
stress.l On the other hand, the condition ‘1n (3) is hydrodynanuc in ‘nature since for -
r_ef‘errlulsiﬁcat_ion to occur the hydrostatic inertial force should exceed the. cohesive
effect of interfacial tension. For sueh condition to exist, the droplets ‘rnurst have been

driven sufficiently fast by dielectrophoresis [12].

. In summary, electrophores1s, droplet deformatlon as well as the or1entat10n of
‘ dlspersed part1c1es w1th their long axes perpendlcular to the electnc ﬁeld 11nes will -
not be observable in' the present study The remammg phys1ca1 effects, mainly the
orientation of the agglomerated droplets with their long axes parallel to the electric
ﬁeid 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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22 bielectric Properties of W/O Et_milsion
| Physical ‘effects observed in dispérsed systems have been known to be a
manifestation of the diéléctrié 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;
inFéraction between the eléctric field and- thé emulsipn leads to eithélj an intens;
thérmal or hydrodyna‘rriié pfocess [26]. | For these reasons, it is Qorthwhiie to studﬁl
't;he “ diele‘ctric properties of the ;)v/o emulsions. F.L. Sayakhov and VS Khal;imov
[27] studied the dielectric properties of w/o emulsions in the. frequency range of 60
kI-E;[z, 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, t}}e dielectric properties of varying fractions of cruder oil were
1f01"1n'd‘ to show similar diépersionbétween 1 MHz to 10 MHz, and dehydréted crude :
oil &id not sth a dis'pe}'sion around 20 GHz. Based on these results, they at&ibﬁte ,
the ﬁst 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 wérc prepared with cfude c.>i1‘ 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], Saygkhov et. al.

measured the quantity of the settled water over a frequency range of 2 MHz to 5
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MHz [26]. Their results indicated that the optimum frequency for breaking the wlo
emulsions is approximately 3 MI-Iz. According to Sayakhov ez. al., the optimum
frequency is the relaxat10n frequency of the polar components of the crude 011
adsorbed at the droplet envelopes At the optimum frequerncy, the electric field- 1s:
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 emulsrons The emulsmns used were prepared using tap water, in volume
fractions of 10% and 20%, and crude oil from Arlansk and Sergeyevsk 01l-ﬁeld of
Kashkirian ASSR. The study was performed with a microelectrodehydrator. The

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

" .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 iﬁ another medium (solid, liquid, or. gaseous) [29]. Examples pf dispersed
sys’;ems are emulsior}s, milk, and protein solutions. The classification of vérious
dispersed systems, basedvon the size of dispersed‘particles, into,r coarse and colloidal
dispersed systems is shown in T"abler 3.1. Note that the particle diameter of a coarse
dispersed system is approximately greater than 1 wm, while the particle diameter for

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

An emulsion is a heterogeneous system consisting of at least one immiscible
liquid dispersed in another in the form bf ciroplets [31]. In genefal, the diameters of
tﬁe droplets excéed 0.1 vum. 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 pkase (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 prpperties of

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

14



Range of dimensons  State of dispersions Examples

- 107! cm (1 mm) Frog’s egg
- 102 cm (100 1) . - Potato starch

Coarse pigments
Coarse emulsions

Coarse -

107 ¢m (10 ) “ * Red blood cells
o Milk

Optical microscope

- 10* cm (1 wm) Average bacteria

Fine emulsions
Colloid gold particles

— 1075 (100 nm)

Colloidal

High polymer molecules
Colloidal carbon black
Micelles.in solubilized
- 1078 cm (10 nm) |1 systems

Protein molecules
Thickness of lecithin bi-
molecular films

Electron microscope

Molecular

— 1077 em (1n)

Organic solvent molecules
Water molecules '

Atoms

- 1078 cm (14)

Table 3.1. Various dispersed systems and corresponding particle diameters [30].
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range of 3 X 10° Hz th 3 x 1018 Hz, as shown in Figure 3.1 [35], is called an .

electromagnetic field.

3.2. Electric and Magnetic Properties o

I‘ The electric. annd‘ magnetic i)roperties of real materials are described by the .
complex permittivity (8*)_ and the ;:omplex permeability (T respectively [36]. The
dielectric proéerties (complex permittiviiy) which describe the interaction of the

electric field with the material can be written as
g =¢—jg =g,k —jK) = éoyg* | o BGRY
or
g =¢ '—j-g— | ‘ (3-?)
‘ wﬁe‘re €, the dielectric permittivity, is a.rlneasure of the materiall’s' ability to store th'e;
eléctric field energy; é,,’ t‘he total dielectric loss factor, describes the él_ectrical energy ‘
diésipated in the m'aterial; K’, K", and k" are the relative values of 8', 8”, and € with
respect to the permittivity of the free space, €,, respectively; o is éhe materi:c;l
conductivity, coﬁsisﬁng Eof _the static/d.c. conductivity and the conductivi';y' due. t.oi ’
dielectric loss; and () ‘is the angular'fr'equéncy of the applied ﬁe}d. '
. Similarly, the comélax permeability which describesr the interaction of the

magnetic field with the material can be written as
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Figure 3.1. Electromagnetic spectrum .
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B = = = 0, - i) o (33)
where 1 is a measure of the material’s ability to store the magnetic field energy, ;,L;'
describes the magnetic enérgy dissipated in the material, K;n and K;l are the relative

values of u and | with respect to the permeability of the free space, |,

respectively.

For effective phase separation using electromagnetic fields, it is- desirable to -
have a large differénce in either the electric or the magnetic properties of the twcﬁ),,
phasés at the operating frequency. Wa_ter: and hydroéarbons are examplcs" 6f
diamagnetic inaterials [37]. Water has a magnetic susceptibility (K;n — 1) of.
—9.05 x 1076 [37]‘. Hydrocarbons with about 1 % of sulphur by weight have aistalti'c
magnetic suscéptibil}ty in the range of —5.2 x 107% P, to =9.7 x 1076 p, [38], where
P, is the density of hydrocarbons. The density of crudé oil is approximately equal to
1. Hence, the difference between water and hydrocarbons in terms of magnetic
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 exiaected to have
a significant influence on the physical behaviour of the emulsion. ‘Such phy;sical
effects are discussed in section 3.6. The permittivity of a material, however, varies
with frequency dué 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 mechamsms that are due to the interfacial properties, as well as the bulk.

propertles of the d1fferent phases [17,34]. Varlous polarization mechanisms that are

operative in a dispersed System are discussed in section 3.4.

3.3. Dielectric Polarization

Dielectric polarization is the displacement of chérges in a material forming
d1pole chams which ahgn parallel to the field lines [40]. See Figure 3.2a.- The

complex perrmttwlty is also a measure of d1electr1c polarization [41].

In order to express ‘polarization in quantitative térms, 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. Thesé induced charges bind a fraction of the total (true) charges distributed

over the surface area of the metal électrode, q(l - —%—) wheré q represents the total
. K _

charges, and k" is the relative complex p_é:rmittivity of the material. Note that only

4

® 2

the free charges, contribute to the voltage.

1
¢ = -5 + £
K K _
(3.4)
total bound free

charges charges charges
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The total charge density, the free charge density, and the bound charge dens1ty can
be represented by vectors D, E, and P, respectlvely, where D is the electrzc Sflux
density, E is the electrzc ﬁeld intensity, and P is the polarization vector. These -

vectors are related in accordance with
P=D - eoE’ - : (3.55 |
D and P are 'related to E through
D=¢F a | A(3.6) |
and |
K =1 e,E . | (3.7)

Equation (3.7) shows that the behaviour of a matenal in an electnc field is governed

by the polarization vector.,

The polarization vector, P, is similar to an electric dipole moment [Z,.
electric dipole momenf B, is produced by two identical charges g of opposite sign’-;
and a separation distance 1. JWhile the polarization Pis produced by the chargé pairs
induqed on the sﬁrféces 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
P=NMNg, o ’ (3.8)

where N is the number of electric dipoles per unit volume, and T, 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 regionxwhege such an effecé is observed is known as the dispersion '
region [41]. Dielectric dispersion is broadly classified into two types, resonance and i

relaxation.

Resonance dispersion [41] is : ésséciated with aﬁ atc;m or ﬁolecules makmg a
" transition from one eﬁérgyl lével to’ another higher energy level as a- result of
interaction with the applied field. At the field fréquency where this transitioﬁ occurs., '
the resonant frequency (f.,), a characteristic sharp absorption peak is observable a.s
‘shown in Figure 3.3. Examples of polarization mechanisms _which give rise to
resonance dispersion .ére electroni_c and atomic bolarizations. Both of these
polarization dispersions are observable only in the optical and infrarqa freduencies,

respectively, and therefore do not concern us.

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

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

absorption peak of such a dispersion occurs at the relaxation frequency, fH= 1

2t

>

where T is Vthe‘ relaxation time. See Figure 73.4. Examples of polarization
r;iech_anisms WhiCl'l exhibit this® type of dispefsiqn characteristics are dipélar;
: ﬁormadic,’ interfacial,. and counteﬁon polari'zatioris. The peak of ﬁe absorptic‘m'-‘.
. characteristic (¢~ Versﬁs s showﬁ in “Fig.ure 3.4, represents’ the maximum elec-tric'

field absorbed in'the material.
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Figure 3.3. Resonance dispersion in dielectric media .

fr logf

Figure 3.4. Relaxation dispersion in dielectric media .
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3.4. Polarization Mechanisms
The polarization mechanisms which are operatiye in a dispersed system include
normadic, electronic, atomic, dipolar (orientation), interfacial Maxwell-Wayner
‘type), and ionic double layer (counterion) polarizations.r However, as mentioned
earlier, electronic and atomic dispersions occur at optical and infrared frequgzncies,
respeétifrely, and therefore will not be observable in the present study. Normadic ‘

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

will not be observable in the present study.

There are two physical parameters which specify a relaxation polarizatibn

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

increment, Ax [17]. 1=

specifies the frequency at which ‘the mechanism is
;

effective. Ax is the incremental change in the relative permittivity contributed by the
individual polarizati‘dn 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.

Dipolér (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



Type of Bound Diffuse counterion Interfacial Orientation
polarization counterion {Dukhin) (Maxwell-Wagner) {Debye)
N (sct )
Typicalfr 100k-100M 100 - 100 k 100k- 100 M 1M-100G
range (Hz) (18} [18) (18} (18]
2 2 2K +¥X ,—¢K,-¥
N (1) £ 1n £ N17) g, —ft—f_—f PRI nn et ( ), molecular
2, 2T 2 pkT 20,+0,-Ho - )
di ) [42)

Droplet size £, increase with J, increase with Independent Independent
(dispersed phase) | & in square decrease in aquare

dependent of of droplet radius of droplet radius (42)
£, [18,17). (18,17}

Sce T, See T.

Conductivity j;_ increase with increase in ¢ 401G, fr increase with
dependent of increase in

A See T, conductivity

¢ dependent Unknown Unknown Explicit dependence as shownin © Independent
off, [40]
Temperature ‘Thermally activated | Thermally activated j; i with § in temp Thermally activated
dependent of ’
A [42) [42]

Typical 1-10% 1-108 1-10° 1-160

Ax [18] [18] 18] {18])

2 e 2 2
¢ 30K (K, ~ ¥ (0, +20)~ &0, ~ G )1“ + 91 - ¢XK' 0 ,~ ¥
Ax % 9 Py %p, c[3 5 c ekT+ekT]2 i c( d c)[(d c) «d c)l 9( X cdz J"c) -
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Table 3.2. Characteristics of various polarization mechanisms .
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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 dipol'ar polafizatién. The f,
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. f, 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 permittivities 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 f, and Ax are 100 kHz to 100 MHz and 1 to 10°, respectively[l‘é].
fr increases as the conductivity of either phase increases and as the temperature

increases. The expression for T is tabulated is Table 3.2.

Counterion Polarization

An anomalous polarization observed in liquid suspensions is another type of
interfacial polarizatic;n. 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 tﬁe |
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, thefe is an immediate distortion in the
adjacent diffusion;layér 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 f, and Ax for Schwarz type of counterion polarization are 100 kHz to 100
MHz and 1 to 103, 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 incrgase as the square of the dispersed droplet radius
decreases and as the terﬁperature increases. Such a‘relationship can be seen in the

expressions for © shown in Table 3.2.

3.5. Dispersion in a Dispersed System

In. a dispersed system, where the dielectric propefties are different between the
two phases, a dielectric dispersion may arise due to the relaxation éffect in the bulk
continuous phase or thé bulk‘ dispersed phase. In addition, the aispersioﬁ may occur
due to the relaxation effect at the interface. The impbrtance of a surface (interface)
or bulk related relaxation‘effect in a dispersed, system is depéndent on the nature of
the application. Fof 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 1is clarified as follows Ther‘ :
apphed electric ﬁeld energy absorbed by the droplets Sd, 18 converted into kmetrc
energy Such kmetrc energy man1fests 1tself in the form of physical behav1our for -
1nstance droplet coalescence and droplet collectlon Hence, if an observed
i drspersron is due to the relaxat1on effect in the bulk drspersed phase, then the eneréy
absorbed by the droplets is max1mum at the characteristic frequency In this case, .

the characterlstlc frequency corresponds to the opt1mum frequency of the involved -

‘physmal behaviour.

Since the dispersed‘ droplets are enclosed by protective envelopes, 'dispersions
which arise due to relaxation effects in the protective interface (envelopes) may '
similarly play an important role in optimum droplet collection or droplet coalescence.
Drspers1ons due to the relaxation effects in the bulk suspendmg phase, however, will

: have negligible effect on phase separation. Th1s 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 bé 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 pafticle will normalljé orientate in such a way that its long axis is
paralle] to the field lines [19]. Consider a simple single electric dipole whose dipole
moment makes angles with an external field, ﬁ, as shown in Figure 3.6. As a result,
torques are produced [37]. The torque about the negative charge has a magnitude
Fyl Sin 61, while the torque about the positive charges has a magnitude F,! Sin 6,
(where F’l = —qE;oca, , Fy= +q17?),ocal , and E;ocal 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 dipdle.

3.6.2. Mutual Dielectrophoresis

In a dispersed syster'n, 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, | 8:} |, is higher or lower than that of the continuous phase,
| €, |, 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,
FEchain |, to be [24]

6526°¢30 | E i I = KT (3.9)

where
S=Re — . (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 pm
[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, F}ocal, 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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result (smce F= qE’lml), the ' neutral droplet is . pushed into or repelled from the
:h1gher field intensity reglons, depending on whether the droplets are of a hrgher or
lower permittivity than the cont1nuous phase The former and the latter mot10ns are
lmown as posztzve DEP and negatzve DEP respect1vely The charged droplet on
the other hand, will be attracted to the oppositely charged electrode. Sueh a motion
is known as electrophoresis [17]. Since the charged droplets will n1erely vibrate
- about their or1g1na1 position according to the frequency of the ac field, at very high
frequenc1es electrophores1s is no longer observable. Th1s is because the net
displacement is essentially zero. The DEP force, £, » exerted on the “polarizable
neutral droplet, 'however,k is independent of the ﬁeld. direction. This could be seen

" alsoin the V | E 2 term in equation 3.11 below [47].

Py =21dKV | B P o R
where
" (8* _ 8*
K,=R, e (Ca= &) ' (3.12)

(€] +2ed

s the: eﬁ”ective 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-unifornlity ‘in the former is externally applied | While -
in .the latter it is the result of field distortion due to the presence of drspersed

droplets havmg d1fferent penmtt1v1ty 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 highel}

intensity field region (for the case | 8: | > ] e: ) will also be observable. The result -

of this in a wire-wire electrode configuration as shown in Figure 3.‘10 is the -~

'colléction'of ‘drop_let chains at the electrédes (thé highést intensity field regibn). .Th(l‘?" |
nﬁﬁbér of droplets in'.ei_‘ ;:hain (e. the._chain length) collected at the. highest ﬁeld
:'iﬁfénsii:y ;fegion,_ in :a 'deﬁned fime, isl‘ ‘kﬂowﬂ as yield or 'die‘lectrqph'oreitic ’
co‘ll"eczz:orr'z rézte, DCR. The yields oBtéiﬁed ovef.a range of f;equenci‘eé' give the yieI;i -
sﬁqcﬁ'um. | |

DEP can b:e.eicploited in' two ways. Firstly, it can Be, used as ‘a méans for -
separating‘ maferials -of different die.lectric propertiers.r Secondly, the‘ re'sponse of

dispersed droplets (e.g. frequency dependent yiéld spectrtum in batch DEP) to

Y

" A
67
oo}

Figure 3.10. Collection of "pearl chains" at the electrodes [42].
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d1e1ectrophores1s can be measured to prov1de dielectric relaxation spectra [48]. As a

separatmg technlque for an emulsion, DEP collects the dispersed droplets into a

spec1ﬁed region.

”An interpretation of the yield spectrum fora system [:17], obtained froni DE.‘P‘
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 frequenoy._ ranges at which no droplet collection is. obseri/ed. One
’ possible explahation- of such a dielectrophotetic response is that the effective
polanzations of the d1spersed particles and the suspendmg phase have charactenstics
as s| shown in Flgure 3.11b. In the frequency ranges where particle collectlon (pos1t1tfe‘ ‘
DEP) occurs, the effective absolute permittivity of the dispersed particles, | ed |, is : ‘
higher than that of the suspending phase, | 8: l. 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
3.1i¢ correspond to the particle collection shown in Fignre 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 rthat of the

“suspending medium. The particles in this case are undergoing negative DEP.
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37 Techniques Used 'in‘ the Present Studiers

In this thesis, non-upiform el“ectrictﬁelds are ﬁsed to study the behaviour of the |
water-in-oil (w/o) emulsion over the frequency:. range of 10 MHz. éo “'500 MHz,
Non—uniforrq fields are chosen instead of uniform Kﬁelds because all the ‘physi‘cazl ’
.:effects, such as orientation, mutual dielectrophores.is, "pearl chain" forma:t.ion, anci,
qroplet coalescéncé, v‘vhich are observable in uniform fields are also obs;éfVable in
non-uniform ﬁelds. Howevér, DEP is only observable in non-uniform fields. Sinc_e “
‘t(he peaks in the‘ yield spectra obtainéd from dieleétropho;_es_is studies are 1;eadi1y
in't:erprete'd as dielei_:tric‘relaxatib‘ns, the épplicatioh.: of non-uniform fields offers three.
advantages. Firstly, the physical behavibur of an emulsion under the inﬂuencé of
electric field can be détermined. Secondly, it can be used as a seéarating techniqué
in which all dispersed wate; droplets | can be <':olle<':ted into an appropridte 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
sy:sier'ﬁ offers various advantages as compeired to conventional means. Tfle
conventionél means of studying the dieléctric properties of a material employ the
bridge technique to measure the capacitance of an empty cell-condenser, as well ‘asb
the éapacitancé and éonductance of the cell-condenser filled with the matérial, Such
‘a ?echnique has the drawback that special care is required when appli'edAto eiectrolyte '
solutions, qspeciélly a£ ‘lowb frequénciés ‘[17]. This is because the. ratio of f,he
~ conductive component 'té 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‘ oornponent of the system. 'Furthermore, stray capacitan_ce can also :
produce a large and false polarization. Another disadvantage in the capacitance and
oonduotance measurement is the requirenrent of a large emulsion sample,

In a w/o wemulsion system, two water—droplets are capable of coalescing either
du'eto collision or ;he_cause‘ they have rernained'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 tirne is no long.er‘ a true representation of
d1electrophores1s response In add1t10n‘ the concentrauon of the emulsron in each"

small sample Varres The DEP colleotron' rate i3 known to be concentration

dependent [18].

In view of the above problems, the average Ve1001ty of a smgle droplet is used‘
in th1s thesis to reﬂect the 'dielectrophoresis response Cons1der a water droplet in a_
non-unrform field as shown in Figure 3 12. Let F, p be the d1e1ectrophoretrc force and

}?dmg be the drag force When the system is in equ111br1um
Z?D = F;mg : ) (3.13)

For a spherical droplet ?drag is grven as 6 nnva, where 1 is the v1scos1ty of the

suspendmg phase, V'is the droplet Veloc1ty, and a is the droplet rad1us Equano‘n‘.

(3.13) becomes
2mK,dV |EP=6mie . 314

Therefore,
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Figure 3.12. Forces on a droplet in a non-unform field .
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Since M is a constant depending on the suspending phase, the droplet velocity is
pfqporticinal to the dieléctrophoretic force. Hence, a veiocity 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 equally observable in a non-uniform electric _
ﬁcld. In addition, droplet collection at the electrodes which is an end I‘CSIE11'£ 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

frequéncy 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;i
'uniforrﬁ electric field within ‘the emulsion sample, so that dielectrophoresis -’is :
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 sﬁecial chamber was constructc;,d 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 vsrzire-wire electrode coﬁﬁguraﬁon, as shown in Figure 4.1a was
housed v;'ithin the hqle to generate; _the required non-uniform field. Such a

c'oﬁﬁguratioﬁ was choseﬂ bec;ause it is sirﬁiale and eaéy to cénstruct compared to the
other conﬁgurati;ms shown in Figure 4.1. Tﬁe chamber is discussed in greater detail

in section 4.2.1.

The experimental -setup Vshould also be capable of m'onitorin‘g‘ the ,voltagc'
applied across the -émulsion sémple. 'I‘he theoret_:ical sefuﬁ used éo. stu;_iy 'thé'_‘
behaviour of the emulsion is shoWn in Figure 4.2. The load in'Figure' 4.2 cé'onsists'of _
the erﬁulsion samplé‘unde;r iﬁvestigatién together with the chamber whic}; holds the:~ w
sample. The reﬁum Joss for the emulsion sample togethér with the chamber was

measured using a nefwo‘rk analyser (HP 8085A), and is shown in Figure 4.3. Return

44
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a) Wire-Wire

b) Pin-pin

c) l_’in—Plate

d). Isomotive

Figure 4.1. Various electrode shapes for producing dielectrophoretic fields [18]. - :
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Figure 4.2. Theoretical setup .
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Figure 4.3. Return loss of the load .
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loss is defined as the ratio of the reflected voltage to the incident voltage in decibels
(dE). 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 tlle
source. Hence, the leading on the voltmeter in Figure 4.2 isr 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 electncal length varies with frequency. In order to
'determme the voltage apphed to the load, irrespective of the frequency of apphed
voltage, a directional coupler together with a vector voltmeter was employed. In this
case, the voltage at the load is eqlial to the summation of the incident and the

reflected voltages.

| 4.2, Experimental Setup and Apparatus

A block diagram of the eiperimentel setup is shown in Figure 4.4, The signal
source used in this study consisted of 2 signal generator (Melrconic Instrument 2022).
The outpﬁt from this source is ampliﬁe& 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 vecto;c'
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
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vector voltmeter to prevent damage to the vector voltmeter probes. The behaviour of
the emulsion under tﬁe influence of the electromagnetic field was observed with the
aid of an inverted optical microscope (Leitz Diavert) fitted with X32 objective and
X10 ocular. A color television cameré (Panasonic WV-CDO01) 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 grou;ld 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 coxfer 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 Q microstrip line
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which matches the 50 Q 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 frequencies 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 thé range of 350
MHz to SOQ 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 Q load at 350 MHz, 400 MHz,
and 450 MHz for use at these frequencies. The coupling factors for thesé

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 |43
be the load voltage which is the voltage across the two electrodes. In which case,
Vp, =10 Vrms. Since impedance matching between the source and the load is not
achieved, the load voltage is the summation of the incident voltage, V;, and the

reflected voltage, Vp, as shown in Figure 4.7. Hence,
VL = VI + VR = 10Vrms . (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 .
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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 Vis and Vi,
respectively. The relationship between the sampled load voltage, Vs + Vgg, and the

actual load voltage, Vj + Vp, is given by

Vis + Vs
~22dB =2 —_— .
B = 20 log " 4.2)

Therefore, to ensure that 10 Vrms is applied at the two electrodes, Vjg + Vg, 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-0il (w/o0) emulsion used in this study was providéd by Geotech
Enginéering (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
um to 7.9 um. The conductivity of the emulsion was 89.2 x 10~® mho/m at 1 kHz

when measured with the conductivity cell (Y'SI 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,



55

"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 ez. 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 um

to travel a known distance was measured. This known distance was 25.4 um away
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from either electrode surfat;c as shovvﬁ in Figqré 4.8 (1; division of tﬁe gré}zdilategl;
‘réticle in the micrds;:ope e;/epiecé ponééponcis Ito 23.4 ;,Lm)."‘Ih a manner similar tzo 2
the prévious aescﬁptidn in section 4.3.1, the sampie was placed into the cilamber and |
the chamber was .mounted. ont§ the microscope stage. . The droplet size waé
measured with a ‘circ.ular template placed on the face of the television monitor. It
~ was then calibrated _with a known size of polystyrene nﬁcrosphefes (Duke Scientiﬁc).l

The position of the droplet was monitored with the aici of a graduated reticle in the
‘eyépiece of the microscope. In m;)st cases, the droplet was moved with the help of
the field to the starting position (25.4 pum 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 étopped when the droplet came into contact with the electrode.
" The 'average d:roplet velocity was comﬁu‘téd by dividing the travelled d'istanc‘e‘ (25 4
pm) ovér the time meas'ured. By Va'rying the the applied field fréqﬁeﬁcy, a spectium
of droplet velociﬁes was .obtained for 5.1 um d;oplétg in the freqﬁency r;mge 'of 10
MHz to SOd MI-Iz Another sp‘éctrun; was ‘obtained for 425 um’ dropiéets for the

“same emulsion.
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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 MHz, 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 ]e: | > £:| in the frequency range of 10 MHz to 500 MHz, as
discussed in section 3.6.2. Sometimes, mutual attractions wer;e 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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b) Field applied (2.4s)

Figure 5.2. Orientation of agglomerate droplets.
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a) No field

b) Field applied (2.4s)

¢) Fiil_d applied (3.55)

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

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
Hm in diameter, a distance between droplet centres of at least 8.03 um 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 Fpp =2 na’k,V| E %, which indicates that as V| E'|? increases, | F | also
increases. Figure 5.7 shows the electric field distribution for a parallel wire-wire
electrode configuration (in cross-section). Note that V| E | increases as the distance
from either electrode decreases. Hence, as droplets approach the electrodes, II? Dl
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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Droplet collection in the regions of higher electric field intensities, may prove to
be a useful phenomenon in phase seéparation. 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 collectéd drople;s can
be removed from the electrodes periodically. Alterﬁately, the collected droplets can
be coalesced by thé 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, furtl;er studies were carried out to elucidate
the best frequency for droialet 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 um
and 4.25 um, 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 pum 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
pm droplets, however, has a less ﬁroriounced 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 um 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 pum droplets was normalized with respect to the
maximum average velocity value and replotted in Figure 5.10 as normalized velocity
Versus frequegcy. 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. Thﬁs, 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 invesfigators 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 ’;he 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
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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 disl.)ersion that he
observed at 3 MHz to the relaxation of polar asphaitenes 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 1 and average V | E > are constants in the present study. Hence, the average

droplet velocity can be expressed as
| V] = KK, a® (5.1)

where K, 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
| P| = Ca? (5.2)

where C is a constant. Using equation (5.2) and the average droplet velocities
obtainéd (from experiment) for the three droplet sizes, the average C calculated is
172. The droplet velocities for the three droplet sizes are then c.alculalted using C,
and are tabulated in Table 511. The ineasﬁred droplet velocities for the droplets are
also shown in Table 5.1 for comparison. The measured velocities of 1‘:he éroplets are
found to be within 7% of the calculated values. Disc;repancy between the two values’
may be attributed.to the uncertainty in the present tech;rliques and in the'assum‘ption

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

Droplet veloéity x10™ pm/sec)
| Size

measured calculated
5.1 urﬁ 4808 4474
4.25 um 3099 . 3107
6.8 um 7417 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 0.28um. In this case, a droplet measured to be 5.1 um can be
anywhere in the range 5.1 pm * 0.28 pm. Similarly, a droplet measured to be
425 pm can be anywhere in the range 4.25 pum * 0.28 pum. However, the
uncertainty associated with measuring a droplet of diameter 5.1 pm is + 5.6 %
compared to + 6.7% for a droplet of diameter 4.25 um. The higher uncertainty
in measuring the diameter of 4.25 um 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 fhe 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

ASuspendedh water droplets are found to colleCt 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 w1th1n this range, is found to be at approxrmately 450 MHz.
Other physical effects are also observable throughout this frequency range.
Aggregate partlcles ﬁrst orientate with their long axis parallel to the electric field
line, followed by movement towards "'the higher field 1ntens1ty region. Mutuall
'attractions between the ne1ghbour1ng droplets eventually lead to "pearl chain”
formation. Droplet coalescence is also possible due to mutual attraction but in the

present studies "pear] chain" forrnatron is the more dominant effect observed.

The phenomenon of droplet collection at the electrodes is a positive indication
of the possrbillty of usmg high frequency electromagnehc ﬁelds (where the electric 7
- field is non-uniform) for phase separation A knowledge of the optrmum frequency "
for droplet collection at the electrodes will be invaluable in the design .of electrostatic
separators. However‘,‘the practicality of ‘_such separation on a large scale has yet to” ‘

‘h"e determined.

Recommendations for further work are :
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The maximum field strength that can be applied before droplet re-emulsiﬁcatibn

occurs needs to be determined.

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

sﬁéuld be in\festigafed.

The use of a series of higﬁ voltagé ;pulses or a singlé_ high voltagé pulsé to
induce droplet coalescence (collected droplets) should be investigated. |
The overall pﬁys@cal design of a separator which will incorporaté the collection
I;hehomenon and a method for the ;emox.zal of the collected water droplets
should be investigated. Some of the points to be tgken into cénsideration _
include the physic;all .arrangement ﬁof 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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