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Abstract

This paper reviews the current understanding of electrocoalescence of water droplets in oil, highlighting particularly the mechanisms
proposed for droplet—droplet and droplet—interface coalescence under the influence of an applied electric field, as well as various factors
influencing the electrocoalescence phenomenon. Generally, the coalescence behaviour can be described in three stages: droplets approachi
each other, the process of film thinning/drainage, and film rupture leading to droplet—droplet coalescence. Other possible mechanisms,
such as droplet chain formation, dipole—dipole coalescence, electrophoresis, dielectrophoresis and random collisions, are also presented
Experimental work and mathematical modelling of the coalescence process are both reviewed, including various models, such as molecular
dynamic simulation, random collision/coalescence modelling, and linear condensation polymerisation kinetics. The type of electric field,
such as alternating, direct and pulsed direct current, plays a significant role, depending on the design and set-up of the system. The concept o
an optimum frequency is also discussed here, relating to the electrode design and coating. Other factors, such as the average droplet size an
the residence time of the liquid mixture exposed to the electric field, are highlighted relating to coalescence efficiency. The characteristics of
the emulsion system itself determine the practicality of employing a high electric field to break the emulsion. Emulsions with high aqueous
phase content tend to short-circuit the electrodes and collapse the electric field. Type and concentration of surface-active components have
been showntoimpart considerably stability and rheological property changesto the interfacial films, thus making the coalescence mechanism
more complicated. More investigations, both experimental and by computer simulation, should be carried out to study the electrocoalescence
phenomenon and to contribute to the design and operation of new electrocoalescers. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction applied this technique to promote phase separation of an
aqueous dispersion from an organic phase, and developed
To date, there exist several techniques for enhancing thean effective separator for solvent extraction. Some coales-
separation of water-in-oil emulsions, such as the addition of cence can occur due to Brownian motion and differential
chemical demulsifier [1], pH adjustment [2], gravity or cen- sedimentation, but these effects are insignificant compared
trifugal settling [3], filtration [2], heat treatment and electro- to electrocoalescence [10]. Generally, an irreversible rup-
static demulsification [4,5]. From the viewpoints of energy turing of the emulsions can occur in an electric field due
efficiency, electrical demulsification is considered to be the to the coalescence of droplets [11]. In low electric fields,
best among the above methods [4]. however, water droplets attain a linear chain-like configura-
The electrical phase separation concept has beention, though the electric field is not high enough to induce
used in the petroleum industry for separating water-in- coalescence. When the field is switched off, the droplets
crude oil dispersions by applying a high electric field onto return to a random distribution [12,13].
the flowing emulsion to effect flocculation and coalescence  The concepts here are believed to be the interaction be-
of dispersed water droplets [6,7]. Bailes and Larkai [8,9] tween the drops and the externally applied electrostatic field,
resulting in drop charging and agglomeration, and eventu-
"+ Corresponding author. Tel:44-1483-879-470: ally coalescence. Generally, ext(—?rnal electric fields can cause
fax: +44-1483-876-581. the coalescence of drops at an interface, and drop—drop co-
E-mail addressm.ghadiri@surrey.ac.uk (M. Ghadiri). alescence in a dielectric fluid. When two drops approach
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proportion of the aqueous phase is usually much higher
[19,20], have been hampered by bridging of the electrodes
by the more conductive aqueous phase. The efficiency of
electrical process is usually related to power consumption.
A very small amount of current would be drawn for a
completely insulating oil. The main factors influencing
the consumption of power practically will therefore be the
conductivity of the continuous phase and bridging of the
electrodes.

There have been few developments in the fundamental
knowledge of electrocoalescence fundamental principles and
governing factors, with most attention being given to the
design of new coalescers. A complete fundamental under-
standing and comprehensive prediction of the coalescence
of drops in an electric field is lacking because of the com-
plexity of the electrostatic and hydrodynamic interactions, as
well as the difficulty in defining the electrical field strength
that is actually experienced by the drops.

A greater understanding of the processes taking place dur-
ing the water/oil emulsion separation in an electric field, es-
pecially the actual coalescence process, should provide the
knowledge for optimum design of the electrode geometry
and the type of electric field. It can also reduce the resi-
dence time in order to minimise the size and weight of the
equipment. The state-of-the-art in the current understand-
ing of drop—drop and drop—interface coalescence, as well as
the various aspects of the electric field itself are reviewed
here, thus directing us towards a greater understanding of
the mechanisms of electrocoalescence.

Table 1 shows details of the past work concerning electri-
cal phase separation for water-in-oil type emulsions. Fig. 1
summarises the mechanisms and factors influencing the
coalescence efficiency of aqueous-drop-in-oil dispersions.

2. Mechanisms and models of coalescence

Cottrell and Speed [6] filed the first patent on electro-
coalescence, observing the coalescence mechanism when a
high potential was applied to a pair of wire electrodes in an

each other, the interface is separated by a thin film of oil de- aqueous-in-oil emulsion. Chains of aqueous drops extended
termining emulsion stability. Thus demulsification requires from one electrode to the other. Coalescence of adjacent

rupturing of this interfacial film [14]. Generally, the main

drops in each chain then occurred and the drops next to the

purposes of an applied electrical field are to promote con- electrodes became larger as new drops were acquired by the
tact between the drops, to help in drop—drop coalescence chain. Almost any type of high electric field will assist the
and to encourage drop—interface coalescence. However, coseparation of water-in-oil dispersions to some extent [40].
alescence may also cause phase inversion of emulsions [15]The mechanisms for this phenomenon are however not yet
Water-in-oil emulsion stability can be assessed by severalclearly understood [41] other than the electrical forces facil-
techniques such as the ‘bottle test’, turbidity measurementsitate the coalescence between small drops in order to attain

[16], time-domain dielectric spectroscopy (TDS) [17] and
the differential scanning calorimetry (DSC) technique [18].
Stability of water-in-oil emulsions in high electric fields can

be investigated by the TDS technique [11].

Efforts to apply this technology directly to other liquid

suitable drop sizes rapidly for gravity separation. However,
possible mechanisms have been proposed for the separation
of emulsion in an electric field, as shown in Fig. 1, involv-
ing such effects as chain formation, dielectrophoresis, elec-
trophoresis, formation of intermolecular bonds, dipole coa-

phase separations such as solvent extraction, where thdescence, electrofining and random collisions [42,43].



Table 1
Electrical phase separation for water-in-oil type emulsions

Investigator Type? Apparatus” Electrode® Continuous phase Dispersed phase (hold-up, vol. %)
Charles and Mason [21] B Ccv CP; d.c. Heptane Water (single drop)
Bailes and Larkai [8,9] C RD CP; pulse d.c. (1, 1.5, 60 Hz) Escaid 100-LIX64N H,SO4 (saturated)
Ino et al. [22] B (6% GT; a.c. Kerosene-Span 80-LIX64N NaCl aq. sol.
Galvin [23] C RD CP; pulse d.c. (1-10° Hz) and d.c. Mix sol.—alamine 336 Water (50%)
Yamaguchi et al. [24] C Col. BP; d.c. Kerosene-Span 80 NaCl aq. sol.
Hsu and Li [25] C (6% CT; a.c. Paraffin—Polyamine-D2EHPA FeSO4 aq. sol. (33%)
Kriechbaumer and Marr [26] C RD CP; a.c. Shellsol-ECA4360-LIX64N CuSOy aq. sol. (14%)
Kataoka and Nishiki [27] C RD BP; pulse d.c. Kerosene-Span 80 —TOA, LIX64N NaCl aq. sol., others
Mori and Eguchi [28] B RD CP; a.c. (60-1800 Hz) Dodecane — SP-010, ECA4360J LiOH, HCI aq. sol.
Bailes and Stitt [29] C Col. CT; pulse d.c. (4Hz) Isopar M NMP + ethylene glycol (80%)
Yan et al. [30] B (6\% CT; pulse d.c. (0.5, 5, 50, 500 Hz) Kerosene — Polyamine TOA, others NaOH aq. sol. (20, 70%)
Kumar et al. [31] C Col. CT; pulse d.c. (1-100 Hz) Escaid 100-LIX64N Cu aq. sol. (25, 50%)
Taylor [32] B Microscopic cell GT; a.c. Crude petroleum oil Distilled water (5%)
Hano et al. [33] C (6\% CT; a.c. Kerosene-Span 80, others CuSOy4 aq. sol., others (50%)
Goto et al. [4] C TV CP; a.c. Kerosene-Span 80— LIX64N, others CuSOy aq. sol., others
Hauertmann et al. [34] C RD CP; a.c. (0.1-2kHz) Kerosene-Span 80 — D2EHPA, others H,S04 aq. sol.
Taylor [35] B Cylindrical microscopic cell GT; a.c. Dry, export grade Kuwait crude oil Double-distilled water containing
0-0.5M (4%) AnalaR sodium chloride
Hirato et al. [36] B TV BP; d.c. Kerosene Na>CO3 aqueous (50%)
Chen et al. [37] B Microscopic stage cell BP; a.c. (1-50Hz) Buchan crude oil Water (20%)
Williams et al. [38] C RD CP; a.c. Gas oil Water (4.5%)
Taylor [39] B Microscopic stage cell CP; a.c. (1-300 Hz) and Jet Al kerosene Water (10-20%)
pulsed d.c. (1-200 Hz)
Figueroa and Wagner [20] B Ccv CT; a.c. (2000 Hz); pulsed Guayule resins dissolved in xylene Distilled water (25-50%)

d.c. (600 Hz)

A B: batch demulsification; C: continuous demulsification.

Y Col.: Column (vertical direction); CV: circular vessel (with radial flow); RD: rectangular duct; TV: tubular vessel (horizontal direction).
¢ BP: bare plate; CP: coated plate; CT, coated tube; GT: glass tube; a.c.: alternating current (at mains frequency, unless stated); d.c.: direct current.
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Fig. 1. Mechanisms and factors influencing the coalescence efficiency of electrostatic separation of water-in-oil type dispersions.

The dominant mechanisms should depend on factors such In an a.c. electric field, Galvin [23] observed that coales-
as the fractional volumetric hold-up of dispersed phase, cence occurred between pairs of drops rather than through
electrode geometry and type of electric field although they chain formation of drops, with the approach speed increasing
have not been studied systematically. Two mechanisms forwith decreasing drop—drop separation, and there appeared
the electrocoalescence of water drops in electric fields, i.e.to be no film resistance to coalescence. Deformation of the
dipole—dipole coalescence and ‘electrofining’ have been drops occurred before coalescence. A rigid sphere model
described by Waterman [44]. ‘Electrofining’ covers elec- was suggested although the coalescing surface radius would
trophoresis, dipole coalescence, collision of oppositely be less than that of the drop. According to Galvin [23], elec-
charged drops moving in opposite directions and collisions trophoresis could not be an important mechanism here, as co-
of different sized drops moving in the same direction for alescing drops preferred to move in opposite directions with
d.c. electric fields [44]. similar velocities. Gravitational separation of the enlarged
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drops then follows, as governed by the Stokes’ equation:

2r2A
Ur = L 2P8 (2.1)
Me

Therefore, from Eq. (2.1), it is clear that intensification of
sedimentation results from increasing the drop size, increas

ing the density difference between the phases and increasinqs_|

the continuous phase viscosity. The density difference and
viscosity of the phases can be controlled by diluents and
temperature, respectively [45], whereas the drop size can
be controlled by applied electric field. It is therefore the
applied electric field that controls the efficiency of a given
system.

Eq. (2.1) is only valid for a single particle, away from
any wall, and assumes the non-slip boundary condition.
Modification is needed to account for a particle near a wall,
multiple particle settling (especially if not monodisperse),
and circulation of the internal phase if the particle is a
liquid. The Rybczynski-Hadamard equation [46], which

predicts 50% faster settling speeds in some cases, account

for the latter point. However, the non-slip boundary condi-
tion may still be applicable if surfactant renders the interface
immobile. Nevertheless, the important point is that settling
speed is proportional to the square of drop size which
shows the great importance of coalescence prior to phas
separation.

2.1. 3-Stage process/mechanism

The coalescence between drops in an immiscible liquid
medium, or between a drop and its own bulk phase occurs
in three stages [3,12,43,47]. In the first stage, the drops ap-

proach each other and are separated by a film of the contin-

uous phase. The second stage involves the thinning of this
film to reduce the interfacial area. The thinning rate is af-
fected by the capillary pressure and disjoining pressure, and
can be retarded due to the Marangoni effect if surfactant is
present [41,48]. With high shear rate, the film thinning rate is
inversely proportional to the square of drop size [14]. When
the film reaches a certain critical thickness, any significant
disturbance or instability will cause it to rupture, and coa-
lescence occurs [41,49]. Film thinning is often the overall
controlling step. Rommel et al. [48] and Manev et al. [50]
studied the thinning rate of aqueous foam films, and con-
sidered it to be influenced by surface diffusion of soluble
surfactants in bulk phases.

2.2. Dipole coalescence

For dipole coalescence to take place, droplets have to
be brought together by various ways, such as Brownian
motion, sedimentation, flocculation and electrophoresis,
with laminar or turbulent flow mixing being generally the
most important mechanisms when there is fluid flow. The
classical equation for dipole—dipole interaction between

e
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two similar spherical particles/drops gives the electrostatic
force as

_ 24m e0e1r8 E?
 d+2n)t

wheregg is the permittivity of vacuumg; the dielectric con-
tant of the continuous phasé,the distance between the
ear surfaces of the two dropB,the electric field strength
andr the drop radius [44]. Williams and Bailey [10], Bailes
and Stitt [29] and Waterman [44] considered this force to be
the principal cause of coalescence in a.c. and d.c. electric
fields. It is worth noting that Eq. (2.2) is only a first-order
approximation to the actual force which relies on polari-
sation effects and is short range. It becomes invalid when
the drops get closer together than a certain critical distance
which depends on drop size. In this case, higher-order terms
must be considered. The force expression, which is dielec-
trophoretic in nature, assumes that the drops are uncharged
and of equal size. Further, droplet deformation, which oc-
qurs in the presence of a strong electric field, is ignored.
According to Williams and Bailey [10], electrostatic
coalescence is a combination of dipole coalescence and
‘migratory coalescence’. Dipole coalescence is due to a
dielectrophoretic attractive force between two water drops,
from their polarisation in the electric field. Migratory co-

2.2)

alescence is electrophoretic, relying on the drops being
charged. A drop may initially possess electric double-layer
charges, as given in

A rleqe
g = Troe180l (2.3a)
dpL
where the double-layer thickness
, 1/2
K
bL = (—d'f818°> (2.3b)
Cm

where ¢ is the zeta-potential of the drog s the coeffi-
cient of diffusion and’y, the conductivity of the continuous
medium [10]. Further charging can occur, by contacting an
electrode [10] as in

2
b4
6 ) 47'[}’28180E0

qi (2.4)

Also drops must retain their charges sufficiently long to
traverse the distance between the electrodes in the electric
field. Electrophoresis, arising from the electrostatic attrac-
tion of charged electrodes for charged drops [51], moves
the drops in the electric field direction. Migratory coales-
cence, which usually occurs in a unidirectional field as the
direction of droplet motion is fixed, relies on the charge
relaxation timer being long [10]

€1€0

T=—

m

(2.5)

Zhang et al. [52] believe that an external electric field,
no matter how small, induces charges of opposite sign on
the closest surfaces of two aqueous drops. When two drops
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are close to each other, the presence of the neighbouringdistance of one another, the film separating them can rup-
drop affects the potential field around the other drop. This ture rapidly, followed by drop—drop coalescence [52]. This
causes an additional hydrodynamic resistance on each droppccurs when the electric field between the two drops has at-
resulting in the drops flowing around one another. If two tained the dielectric breakdown strength of the surrounding
drops are sufficiently close, van der Waals attraction may fluid. The liquid film can also succumb to an electrohydro-
also become important [52], helping to pull nearby drops dynamic instability. Equations for drop deformation, film
into contact and holding them together during coalescence,thinning rate, and film rupture and collapse have been given
due to the tendency of interfacial tension to minimise the by Charles and Mason [57]. Bailes and Kalbasi [60] have
surface area. shown that charged drops, outside an electric field, tend to

The main effect of an aqueous drop in a dielectric will have a coalescence behaviour similar to that of uncharged
be polarisation from reorientation of induced dipoles with drops in an electric field.
respect to the external electric field. The magnitude and di- The angle of drop—drop coalescence and contact time are
rection of the electric field induced force between two drops observed to reduce with increasing field strength up to in-
vary with the orientation of the external electric field relative stantaneous coalescence [61], the electric field enhancement
to the line-of-centres of the two drops. being responsible for the rupture of the interfacial film. Allan

When relatively conducting water droplets, dispersed in and Mason [61] and Sartor [62] suggested thatin a d.c. elec-
a dielectric oil, are subject to an external electric field, the tric field the film separating the two drops breaks down as
re-distribution of droplet surface charges will create inter- the drops approach each other; coalescence is then initiated
facial polarisation of the droplets [37], and induce dipole by puncturing due to spark discharge. Williams et al. [38]
moments in them. This induced dipole moment in an a.c. and Harpur et al. [63] are of the same view but believe that
electric field is given by [53,54]: the initial approach is generally caused by turbulent mixing,

as the electrostatic attraction, due to polarisation between
uw=ak (2.6a) d :
rops, is short range.

where i is the induced dipole moment ardthe polaris-

ability of the water droplets. 2.4. Chain formation and the coalescence mechanism
o= %”8081613/3 (2.6b) A two-step mechanism of chain formation and coales-
cence for water-in-oil dispersions has been proposed, which
g — &2—¢1 (2.60) is influenced by a number of factors, including oil phase vis-
&2+ 261 cosity, disperse phase volume and the applied electric field
strength [35]. This mechanism has been observed with both
2.3. Film thinning/drainage d.c. and a.c electric fields. Chains of drops are formed by

movement of single drops, with the chains aligned in the di-

The strength of the interfacial film of oil between wa- rection of maximum field strength. Moreover, the chains do
ter droplets is very important in a water/oil emulsion [41], not always start or finish at an electrode and may not be in
with the life-time of the film determined by two processes; contact with the electrodes.
thinning and breaking. Film thinning occurs by drainage of = Pearce [64] suggested that chains are formed by forces
the liquid under gravity and suction at the plateau-borders. due to the potential difference between drops as a result of
When the thickness is reduced to about 1000 A, other sur-their induced charges. However, Bezemer and Goes [65], us-
face forces influence the drainage; van der Waals attractioning an emulsion with water content of only 0.1%, observed
increases the drainage rate; double-layer repulsion decreasethat chains were only formed after a long time and that there
it [41,55,56]. Further thinning will cause some films to be- was a movement of drops in the direction of maximum field
come metastable. Metastability occurs when border suction,strength, suggesting an additional dielectrophoretic force
van der Waals attraction and double-layer repulsion are bal-(see Section 2.6). The actual coalescence process depends on
anced,; instability results when the attraction forces predom- two factors, i.e. the dielectric breakdown of the continuous
inate, due to external disturbances such as thermal shocksphase film between adjacent drops, and the attractive force
vibration and particles. Higher surfactant concentrations can between drops due to their potential difference. The film may
also produce a lower demulsification rate [1]. The life-time also rupture by other means than electrostatic breakdown.
and critical thickness of an unstable film have been calcu- For stationary emulsions, Taylor [32,35] has shown that
lated by Vrij [55], assuming a laminar liquid flow between stable chains of drops will be created if the drops are
rigid film surfaces at a constant velocity. surrounded by a rigid interfacial film, eventually leading

Charles and Mason [57], Allan and Mason [58] and Brown to the bridging of the electrodes. Mohammed et al. [66]
and Hanson [59] concluded that drop—interface coalescencerevealed that asphaltenes form solid films, retarding the
in an electric field occurs by the film drainage mechanism film drainage rate between two water drops. The drops
but that it is accelerated due to the electrical force on the will deform into an ellipsoidal shape [23] owing to the
drop at the interface. When the drops are within a critical induction of a dipole [37] and redisperse into the continuous
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phase, due to the interaction between interfacial tension andthe greatly increased interaction at very small separations.
the electric stresses [44]. Taylor [32] reports two distinct Dielectrophoresis can even occur when the applied electric
types of behaviour. In type I, very stable droplet chains form field is spatially uniform as a result of the field perturbations
between the electrodes, on the application of an a.c. elec-caused by the presence of the drops. In situations where
tric field, resulting in current leakage through the chains. the drops are unlikely to be significantly charged, such as
Drop—drop coalescence is prevented by rigid interfacial when a.c. excitation or insulated electrodes are used, dielec-
films. However, with the addition of an oil-soluble surfac- trophoresis is of prime importance with regard to coales-
tant, the type | characteristics transforms to type I, where cence.
rapid droplet coalescence occurs, indicating the lack of any
chain formation and enhanced mobility of the interfacial
film. Without a rigid film, the neighbouring droplets tend to
stick together and coalesce to form larger drops in an elec-3. Mathematical modelling of drop—drop and
tric field. Thus, coalescence is more likely to occur before drop—interface coalescence
chain formation when the interfacial film is compressible.
Hydrodynamic models for the separation of one liquid
2.5. Electrophoresis from another liquid at a horizontal liquid-liquid interface
are given by Rommel et al. [48]. There are two major ap-
The term ‘electrophoresis’ refers to the movement of a proaches in addressing the phenomenon: the ‘deterministic
charged particle through a stationary fluid under the influ- models’ focus on the drainage of a thin layer between a drop
ence of an electric field [67]. The fundamental principle here and an interface or between two neighbouring drops, and
is the charge separation between the particle surface and théprobability models’ which consider the separation to be a
fluid immediately surrounding it. An applied electric field stochastic process under the assumption of distinct proba-
acts on the resulting charge density, causing the particle, thebilities of drop—drop coalescence and drop—interface coales-
fluid around the particle or both to move. The electrophoretic cence. Most models calculate either the drainage time of a
mobility is defined as the particle velocity divided by the thin layer between two approaching interfaces, until rupture,

strength of the electric field [41]. or the approaching velocity between two drops or a drop and
a plane interface. In addition, some models use dimensional
2.6. Dielectrophoresis analysis to evaluate the coalescence time [48].

It is possible to consider an electrostatic coalescer as
‘Dielectrophoresis’ is defined as the motion of matter one component in an electrical circuit [69,70], the dynamic
caused by polarisation effects in a non-uniform electric field response of which depends upon the relative influence of
[68]. For drops with a permittivity greater than that of the all effective elements. Bailes [70] suggested that during the
suspension medium, as in the case of water drops in oil, ‘on’ period (when the applied voltage is on) charge separa-
they move toward the place of greatest field intensity. This tion occurs within the oil layer. When the upper electrode
does not require charged particles and it depends on theis charged positively, the negative charge carriers will move
force felt by all polar materials when in a non-uniform elec- towards the upper electrode and the positive charge carriers
tric field. Any dipole will have a finite separation of equal will move towards and accumulate at the lower electrode.
amounts of positive and negative charges in it and the elec-When the applied electric field is switched off, the system
tric field will be in alignment with the dipole. As the field is  discharges like a heterogenous electret, with the upper and
non-uniform, one end of the dipole will be in a weaker field, lower electrodes reduced to zero potential before the charges
resulting in a net force, pulling the dipole towards the place held within the oil begin to move. The surface of the dielec-
of greatest field intensity. The direction of the field can be tric layer may be regarded as an equipotential surface with
reversed and this still gives rise to the original direction of zero potential. Consequently, all lines of force originating
the dipole travel as the force is dependent on the square ofon the charges within the dielectric, and which do not ter-
the electric field strength. In most practical situations, the minate on similar charges, must terminate on the dielectric
contribution of dielectrophoresis may be small as compared surface.
to electrophoresis, as the velocity of a droplet due to the di-  Taylor [35] employed a statistical analysis of the droplet
electrophoretic force is relatively low in a highly divergent chain formation process using linear condensation polymeri-
electric field [23,51]. sation kinetics. The number afdroplet chains is given by
However, it should be noted that dipole coalescence is aEqg. (3.1):

manifestation of dielectrophoresis; a pair of water drops in
oil, of small separation, are attracted to one another and eachVx = No(1 — p)?p*~* (3.1)
can be thought of as striving to reach the point of maximum
field intensity between the drops. As the inter-drop separa- whereNj is the initial number of droplets, assuming that at
tion reduces, the dipole approximation becomes invalid and time ¢ the probability that a droplet has formed two attach-
higher-order terms must be considered which account for ments isp. The number of chains with lengttr) greater
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thanx is given by Eq. (3.2): 3 . /oilphue
c 1
- des interface
No(p2 —1p* 1 electro <‘
Npsx = iy (3.2) & &2 $—__ aqueous phase
By considering droplet—droplet interactions to be of second- Fig. 2. The system used by Brown and Hanson [59].

order kinetics, Eq. (3.3) is generated giving the probability

of a drop forming two attachments. . _ . )
For very slow motion of a microsized spherical droplet
p= NoKR 2t (3.3) through an incompressible fluid, the ‘creeping flow’ model
1+ NoKR2t is appropriate, with the inertial force neglected compared to
the viscous force. Thus the equation of motion can be sim-

Video-mi i inati f pul .C. electri
'deo-microscopic examination of pulsed d.c. electric plified by setting the left-hand side of Eq. (3.6) to zero. Fur-

fields on water-in-kerosene emulsions [39] suggests that: .
(i) droplet—droplet attraction and coalescence occur on thethermore, the .hydrodynamlc force can be represented by a
rise and fall parts of the pulse sequence; (ii) it is frequency drag force as in Eq. (3.7) [74].
dependent, with coalescence rate exhibiting an optimum fre- pvd_ g % (3.7)
quency; (i) the process is affected by electrode insulation i 5 '
and the continuous oil phase.

Expressions for the collision frequengy, can be derived
if the drops are assumed spherical and follow the basic con-
tinuous phase flow [71]. For equal-size drogsis given by
Eq. (3.4):
fo = KeUod?n?2 3.4)  ARS =D F(Ri 6+ D F(R 6)

J#i

According to Chen et al. [37], the relation for the movement
of water drops in oil under an a.c. electric field is similar to
Klingenberg’s equation [72], as shown by Eq. (3.8):

where Ug is the velocity of the continuous phase adid

the _distance_ l_aetween two drops. In reality, drop trajectories +Z Erep( Rj) + F'0m) | Ar* (3.8)
deviate significantly from the flow streamlines as each drop v J '

disturbs the flow in its vicinity, #

Bailes and Larkai [9,40] derived a model based on a where x indicates a dimensionless variable. A system of
random collision/coalescence mechanism using an energytwo immiscible liquid phases between two platinum plate
balance between the electrical energy consumption and theelectrodes and with all the faces coplanar, as used by Brown
mechanical work done during coalescence. This allows the and Hanson [59] is shown in Fig. 2.

derivation of a mean drop collision frequengy;, as given A consideration of the electrostatic theory for this system
by Eq. (3.5): leads to Eq. (3.9).
ImLe 3:2V,
= 3.5 20
TN = 3 8% re0VeEmantl @/ 60 — 1] B9 B (39

- (61 + 2e2)(e1d2 + €2dc)

The drops are assumed to be uniform, and their spatial dis-It does not consider the non-spherical nature of the drop at

tribution is characterised by the packing teg The con-  the oil-water interface, and also the very small amount of

centration of drops would cause them to re-distribute into a water dissolved in the oil, causing some power loss. It is

rhombohedral configuration with a constant packing factor further assumed that water behaves as a perfect dielectric;

of 0.74. This is justifiable at a drop hold-up of 50% or more, this is inaccurate and it is necessary to refine the above

but for a smaller hold-up the packing factor will alter. treatment to allow for the loss characteristics of water, thus
A molecular dynamics simulation was applied by Chen yielding Eq. (3.10).

et al. [37] to investigate the behaviour of water-in-oil dis-

persions under an a.c. electric field, examining long-range 38%(1—jtan8)2Vo

and short-range interactions on the reorientation of water ~* =~ [¢ + 2e2(1 — jtand)][e1da + e2(1 — jtand)d]’

droplets. Electrostatic, thermal (Brownian) and hydrody- _ . Cop

namic forces need to be considered for the long-range inter- tans (the dielectric loss tangent= 21 foGor’

action. Also described are the interactions between droplets 71/osTbP

with rigid films at short range, with drop—drop coalescence | = V-1 (3.10)

occurring without these films. The movement of a drop Substituting for tas in Eq. (3.10) gives Eq. (3.11
can be described by an equation of motion [37], such as g 43109 g- (3.11).

Newton’s equation for dropletgiven by Eg. (3.6): 3e2(1 — j(Cpp/27 fosGoP))?V

PR, Y7 Tex + 262(1— | (Cop/27 fosGop))]
magz =) Fi(R) (3.6) [e1d2 + £2(1 — |(Cop/27 fosG o) de]

(3.11)
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At low ionic strengths,Gpp is independent of frequency
and so the measured value ofs; is valid for values of

fos below 10kHz. The terna/e» is sufficiently small to be
neglected and so, to a first approximation, Eq. (3.11) reduces

d
to Eq. (3.12).
Ei= %/: (3.12) / .

Allan and Mason [58] showed that the behaviour of the
system is independent of the ionic strength of the aqueous
phase, i.e. the aqueous phase may be considered to be pe
fectly conducting compared to the oil, without any potential
drop across the aqueous layer.

The estimation of the drop—drop forces varies in complex-
ity. For the self-capacitance of a conducting sphere of radius
r adjacent to a grounded, conducting sphere of radjus

Fig. 3. Definition ofd, p andy in the zone between two close drops
(the axis joins the two drop centres).

, 23
E.(r',0) = Egcost | 1+ — (3.18a)
r

(wherem1 = r/dp andmy = rp/dp) with centres separated ) _ 73

by a distancelp, Eq. (3.13) due to Smythe [73] is given by:  E¢(r', ) = Eosin6 [’73 - 1} (3.18b)
mimy m%m% In the case of two drops A and B of radiusndr;, respec-

G =4nrereg | 1+ 4+ . . . .
1-md ' (1-md2—m?2 tively (r < r) with a large separation between their centres,

the interaction force is given &8 = —VEy, whereEy is

the potential energy of the dipolar moment = agEg =

If the spheres have equal radiusthen m1 = mo = 4recob®Eg in the field induced by dipoleca. The force
r/do. Smythe [73] also gives a more compact form of Components on drop B are given by Egs. (3.19a) and (3.19b)
the self-capacitance, when the spheres have equal radiusvhich are valid only when the interaction of the drops is
involving hyperbolic functions. In the case of unequal due to dipolar moments.

sphere, Smythe [73] gives another expression for the 3

self-capacitance in terms of hyperbolic functions. The force F» = —12re1e0r3ES (q) (3coge — 1) (3.19a)

of attraction between the spheres under potential difference 4
Vo is given by Eq. (3.14) [73]:

3
, - Fp = —12ne160r3E2 (%) sin 2 (3.19b)
Fe =4V; 7T8180d— r
0
2 9 R N When the distancé(d = r’ — r — r,) between the drops is
[ mlmz 5 m1m2[2(12 2’"2) 3 ’:1]} + smaller than-, (the smaller radius) (see Fig. 3), the surface
(1 —m3) [(1—m3) —mi] charge distributions on the drops are altered.

(3.14) Davis [75] developed a treatment for two conducting

) _spheres in a uniform field, obtaining Egs. (3.20a) and
Taylor [39] has proposed another expression for the capaci-(3 2qp).

tance based on the work of Pearce [64], which differs slightly

from Eq. (3.13), but it is incorrect. Fo = —Ame1e0r5 EG(K1COS0 + K2 Sinfo) (3.20a)
In a uniform field Eg, the influence of the drop is equiv-
alent to that of a dipolar moment at the drop centre  Fy = —4rejeor5 E5K3Sin6 (3.20b)
[42]. Outside the drop, the electric potentld) is given by - _
Eqg. (3.15): The three coefficient&;, K, andK3 are expressed as series
depending on the ratiag/r2 andra/r [75]. The few numer-
V. 0) = [ # COS9 } _ Egr' cosf (3.15)  ical values given by Davis [75] lead to a power law of the
Arre1eor’? form K1 ~ d—# with 8 ~ 0.8. The asymptotic expression

With the boundary conditions at the water/oil interface, we °f K1 takes the empirical expression given by Eq. (3.21):

get for u, V and the field componentg,, and Ey, the 1.25 r2\0.8 3.21
expressions given in Egs. (3.16)—(3.18), respectively [42]. K1(d) — 1+ (r2/2r))* (E) (3.21)
i = 4re1e0Eor’ (3.16) By comparing Egs. (3.19) and (3.20), the transition between

the two regimes tends to occurdtry, ~ 0.7. Egs. (3.20a)
and (3.20b) will apply without major difficulty for small

3
/ _ / r
V(r,0) = Eor’ cosf [ 1} (317 \water volume fractiony. For ¢ greater than about 16

i
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the problem is complicated. It is nevertheless possible to for drops of poly(propylene oxide) and water suspended in
derive an expression faf,» by assuming that the potential poly(dimethylsiloxane). The condition for drop stability is
difference between drops A and B 8V = (r + rp + given by Eq. (4.1) [44]:
d)Eg cosh, as proposed by Atten [42]. 172

Another assumption concerns the field value between the g, < Kp1 <_> (4.1)
spheres (see Fig. 3 ~ AV/y, and in order to calculate r
the force, the spheres can be replaced by paraboloids ofrhe critical field strength for droplet disintegration is given
radius of curvature andr,. The force density i%elsoEz by Eq. (4.2) [39]:
and by integration, we obtain Eq. (3.22):

2 pdp Ec=Kp

2
y<(p)
718180E§ co ,22(, + 19+ d)>? Above the critical fieldE, the interface becomes unstable
= 5 (3.22) and dispersion occurs, producing much finer droplets, with
d(2d +ra+rg/r)

E¢ given by Eq. (4.3) [42]:
which ford « rp, simplifies to Eq. (3.23):

2 1/2
Ec = 0.64< > (4.3)
2e180r

A

g1&0r

4.2)

|F/| ~ nsleoAVZ/
0

nslsoEg CO§9(r + ro)iro

d These equations are all essentially the same but differ in
Man et al. [47] employed a population balance model in an their proportionality constants.

analysis of the transient drop size distribution. According to Miksis [76], the drop shape is determined
by its dielectric constant and a dimensionless paramgter
as given by Eq. (4.4):

4. Effects of the applied electric field
1 de 8r
<p<1> — o (E)? - p(2>> = (4.4)

o= 87" d F2
The predominant coalescence mechanisms in a system p

also depend on the nature of the applied electrostatic field. For largeyg, the drop is basically a sphere. s decreases
Alternating current (a.c.), the oldest and commonest config- from infinity, the drop extends in the direction of the field.
uration, is used extensively in resolving crude oil emulsions, At first, it becomes nearly a prolate spheroid. pg de-
while direct current (d.c.) is used in the treatment of low creases further, it elongates and retains its nearly prolate
water content refined products, and a pulsed d.c. field with spheroidal shape if; < &c, whereegc is a certain criti-
insulated electrodes is proposed for the treatment of high cal value. However, it1 > ¢¢, the drop will develop two
aqueous content emulsions [39]. obtuse-angled conical points at its ends, known as Taylor
In an electric field, the induced electrostatic force between cones [78].
two conducting drops is inversely proportional to approxi-  The effect of conductivity is very important in real di-
mately the fourth power of the separation distance betweenelectrics, concerning the effects of charge re-distribution
the drops [44]. Therefore, like the van der Waals force, the for both the continuous and disperse phases [79]. Con-
electric-induced force increases dramatically with decreas-ductivity is more significant at low applied frequencies, as
ing separation between the drops and becomes importantcharge carriers can respond within the time-scale of the
only when the drops are close to each other. However, thisfield changes. The establishment rate of a dipole on a drop
electric-induced force also increases with the square of thesurface will depend on the disperse phase relaxation time.
drop size, thus dominating the van der Waals force in the co- The relaxation time of the continuous phase reflects charge
alescence of large drops [52]. However, the field within the retention by the drop. Equations have been derived for the
drop is not important with regard to coalescence. The coa- current in the external circuit due to movement of con-
lescence rate improves as the applied electric field strengthducting particles between electrodes [79], suggesting that it
is increased. should be possible to achieve a significant reduction in the
Typically an electric field strength of around 100 V/mm current by removing particle impurities from the continuous
[37] is used. If the strength becomes too high, various drop phase.
breakup mechanisms can occur [10], with four such mecha- vThe combined use of different field types has also been
nisms being identified, three of which are electrostatic, and applied for crude oil dehydration and desalting [80,81].
the other hydrodynamic. A drop deforms into a thin thread Generally, separation efficiency improves with increasing
under an electric field, and will burst into smaller drops if applied field strength [4]. Nevertheless, it has to be re-
the field is too high, as the electric stress overwhelms the membered that the opposite effect occurs at very high field
recovery force due to interfacial tension. This is supported strengths, i.e. drop break-up, depending on the physical and
by Nishiwaki et al. [77], who studied the deformation of surface properties of the system, such as interfacial tension
droplets in an alternating electric field of frequency 60 Hz and bulk rheology. Furthermore, the effects of the electric

|F| ~

(3.23)
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field on system performance are not always consistent, dueEffective electric field strength
to variation of ionic species, solvent and surfactants used A
[82]. Therefore, the coalescence kinetics of water drops
containing electrolytes coated by surfactants in organic
solution has to be studied systematically.

The Hanai equation [83] relates the dielectric constant of
the emulsion4;,), in the low-frequency limit, to the dielec-
tric constant of the continuous phasag)(and the volume Time
fraction of the dispersed phasg)( —lr—pgton —p ey toffip "
€1
Em = (1_—¢)3 (4-5) Fig. 4. Shape of a typical pulsed d.c. waveform [39].

Eq. (4.5) is a limiting condition as the excitation frequency
tends to zero. It also requires thal > C; and Cq >
Cm, WhereCy is the conductivity of the disperse phasg,
the conductivity of the continuous oil phase aag, the
effective conductivity of the emulsion in the low-frequency
limit. These conditions hold for an emulsion of water-in-oil
type. With the above conductivity requirements ((g. >

Cc andCq > Cn), the same equation is also true for the
low-frequency limit of the effective emulsion conductivity
if permittivity is replaced by conductivity.

using a very low pulsation frequency of 0.1 Hz, consisting
of four components: a rise component (rise time;), an

‘on’ period (on-time= t4p), a fall component (fall-time=

tr) and an ‘off’ period (off-time= #45), referring to Fig. 4.

A square-wave-generated pulse has frequency-independent
tr and# [80] and a mark—space ratio (i.e. ratio of ‘applied
time-on’ to ‘rest-time off’) of near-unity [40].

During the rise timet;, drops are observed to respond
instantly, moving a short distance towards neighbouring
droplets before coalescing upon contact [39]. During the
remaining field application time, no further coalescence
is observed. However, when the field is removed, further

Bailes and Larkai [8,9], who used a pulsed d.c. electric movement and coalescence is observed. No effect is ob-
field with insulated electrodes, concluded that a better effi- served during the off-time [39].

ciency could be attained for pulsed d.c. fields than for con-
stant d.c. or a.c. fields. Thus, the concept of an optimum
frequency was proposed, due to the dielectric properties of
the electrode coating and the continuous phase. Bailes and . .

Dowling [84] also established that a pulsed d.c. field ap- .Usmg d.c. voltages from 5 to 25kV wnh_parg electrodes,
plied to insulated electrodes is an efficient means for phaseH'ratp et al. [36] showed.thalt the demylsﬁmaﬂon percent-
separation. They reported that coalescence rate is not onlfge InCréases linearly with t|me until it reaches 60_79%’
a function of pulse amplitude but also of its shape and fre- W'th b‘?th '”"'?" ratg and maximum percen_t of demulsm-_
quency, with all these parameters having optimum values, cation increasing _W|th_ e_lpplled pote_ntlal. Bailes and Larkai
The effects of pulse form (square, half-wave and triangular) [_8] attributed the inefficient .separauon of the constant d.c.
on the parameters cannot, however, be stated accurately be—'eld. to the. Ieakag_e of the field strgngth or curre|_’1t through
cause the electrode insulation will certainly affect the pulse the msulgtmg I'q_u'd' Thg problem is caus'ed by interfacial

form. In fact, it largely eliminates the differences between polarisation and is described well by Galvin [23].

the three forms of pulse, with half-wave and triangular pulses

reducing to the same shape. The square pulse produced thd.3. AC field

highest strength electric field for a given applied voltage.

The field strength across the dispersion can be estimated by Hauertmann et al. [34] suggested that, with insulated elec-

4.1. Pulsed d.c. field

4.2. DC field

Eq. (4.6) [19]: trodes, coalescence efficiency increases with field strength
V. and frequency. However, Abou-Nemeh et al. [86] identi-
Eo = 057F;L (4.6) fied an optimum voltage-dependent behaviour in the re-
. e

gion of 1kHz using uninsulated electrodes. According to
Bailes and Larkai [8,9,85] suggested that the varying rates Taylor [32], the major effects of exposing dispersed wa-
of drop collision caused by the breaking and formation of ter drops to high-strength a.c fields include drop deforma-
drop chains are frequency dependent. Figueroa and Wagnetion and drop—drop attraction, resulting from polarisation
[20] also obtained different responses for a.c. and d.c. fields.of the drops. These are different when d.c. fields are ap-
For pulsing d.c. fields, a linear function exists between sep- plied, establishing electrophoretic motions, which can lead
aration rate and applied potential, though such a function to an increase in drop—drop collision rate. Furthermore, the
is only appropriate for very high a.c. field frequencies. Mi- behaviour of these emulsions in an a.c. field is said to de-
croscopically, Taylor [39] observed some significant effects pends on the crude oil type and chemical additives. Chains
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of drops are not formed when drop—drop coalescence occurslectrode insulation. The r.m.s. potential value at the Per-
efficiently. spex/organic interface varies in a predicted manner with
applied voltage. The field strength shows a similar variation
with the applied frequency. However, Galvin [23] believed
5. Effects of applied frequency that there is no fundamental reason why coalescence falls
with increasing frequency, and that this may be due to
The flow of charge to and from the drops depends on the limitations in the power supply circuit. His findings show
relaxation time of the various dielectrics, electrical prop- that efficient coalescence is possible using an a.c. field at
erties of the continuous phase and the electrode coatingmains frequency, and he also gave an equation for the at-
material, and its thickness. For a pulsed d.c. field, the fre- tractive force between two identical drops, the force being
quency affects the electrical relaxation of the inner surface Proportional to the square of the field strength.
of the electrode coating (Maxwell-Wagner effect), with the It should be noted that although the coalescence efficiency
relaxation time and the optimum pulse frequency given by increases with frequency at low frequencies (up to 10 Hz)

Egs. (5.1) and (5.2), respectively [80,85]: as found by Bailes and Larkai [8,9,40], the performance is

satisfactory up to 200 Hz, as limited by the rise time supply

MW = (dsc + dees)eo (5.1) voltage [23]. This contradicts the results of Bailes and Larkai
(dsCc + dcCs) [8,9,40] who showed a sharp decrease in performance at ap-

plied frequencies above 10 Hz. At low frequencies, electrode

e 1 (5.2) insulation reduces the r.m.s. value of field strength due to

P 2w ' the Maxwell-Wagner voltage decay [23]. If the coalescence

. . behaviour exactly followed the field strength, much better
Charge on a drop can travel to ground via the continuous o jescence would be expected at low frequencies without
phase. The relaxation time constant for this process is inde-g|acrode insulation. Therefore, it seems unlikely that the
pendent of geometry. In the case of insulated electrodes, thefrequency dependence (at low applied frequencies) is mainly

flow of charge in the insulation and that in the oil phase are 6 15 the electrical circuit, suggesting a further effect must
also both independent of geometry. However, the relaxation e present, possibly hydrodynamic. In flowing dispersions,
time constant associated with the oil/insulator interface is {hare is always a degree of random mixing present. If the

dependent on geometry. This is why the Maxwell-Wagner 5,jication of an electric field creates some kind of struc-

time constant, involves the thicknesses of the oil and insu- e in the dispersion (e.g. droplet chains), the dispersion
lation layers. This time constant governs the electric fields i yeturmn to its initial condition rapidly when the field is

in the system and the build-up of interfacial charge. Brown g it-hed off.

and Hanson [59], observing an optimum coalescence fre-  ~pan et al. [37] observed that at low frequency, long

quency for each system, suggested that vibrations and cavigpaing form between the electrodes. Higher frequencies
tation within the drop are responsible for the film rupturing, 5yseq the formation of shorter chains and led to coales-
leading to coalescence of drops at an _aqueogs/m_l m_terfacecenc& At frequencies up to 1kHz, short chains of drops
Moreover, they also suggestgd thgt it is thg field ms@e the ere formed, presumably as a result of the drops having
drop, rather than the charge it carries, that is responsible for;. ¢\ ficient time to respond to the rapidly changing current.

enhancing the coalescence. They concluded that the eIeCtri'GeneraIIy, the formation of chains is due to polarisation

cal forces for coalescence are short range, and enhance filmyt \he grops with respect to the external electric field [37].
rupture. Therefore, the selection of the optimum frequency Taylor [39] has also shown experimentally that there is an

is very important, especially at low voltages, depending on optimum frequency for maximum coalescence, depending
the insulation material and its thickness, and liquid compo-  some extent on the applied voltage.

sition. Without insulation, the optimum frequency is deter-

mined by the electrical properties of the continuous phase.

The mark/space ratio of the pulse is also important, as theg The effect of electrode design and coating

‘time-on’ should equal the ‘time-off’ for optimum coales-

cence [80,85]. However, Galvin [23] pointed out that the  cynsiderations of electrode design and insulation type

voltage rise and fall time constants of the electrical circuit |,ove peen the subject of several investigations. Hsu et al.

were more important, these being determined by the electri-[87] reported good coalescence with a.c. fields using insu-

cal resistance of the circuit and the capacitance of the coa-|3iaq electrodes with a hydrophobic surface. As expected,

lescer, recommending that the applied pulsed d.c. frequencyyhe thinner the coating, the better is the coalescence. Bailes

should be within the range given by Eq. (5.3): and Larkai [9] supported the view that it is the interfacial

(5.3) relaxation between the insulation and the continuous phase

that determines the way the drops are charged up. An op-

Galvin [23] also agreed with Bailes and Larkai [85] timum frequency could be obtained by a suitable choice of

that coalescence at low frequencies is independent of theelectrode coating material and thickness. The Perspex used

Crmm—w) "t < fp < (2ntesrisd
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by Bailes and Larkai [9] had a dielectric constant of 3.5, an the frequency of the sinusoidal alternating applied field [32].
electrical conductivity of 362 x 10-13S/m and thickness  An uncharged drop with radiustakes the shape of a prolate
of 6 mm. Teflon-coated stainless steel electrodes were usedspheroid of eccentricity, given by
by Taylor [39]. Without electrode insulation, it is expected 2
that only the continuous phase will determine the optimum (2 = 9eeorE (7.1)
frequency [9,80]. 1672

However, Galvin [23] dismissed claims by Bailes and Williams et al. [38] and Urdahl et al. [88] found that even
Larkai [9] regarding the use of insulated electrodes to without an applied voltage the volume median diameter of
increase the separation efficiency, arguing that insulation suspended droplets increased at the coalescer outlet due to
serves just to prevent short-circuiting, and only increases turbulent mixing (typically from 7 to 1Qum with their sys-
the applied potential required to effect the same coalescencdem). Droplet volume median diameter increased with the
rate. Galvin [23] also recommended that if short-circuiting applied potential. However, at very high applied potential,
is a major problem, a current-limiting device should be the droplet size decreased as droplets broke up under elec-
applied so that electrode insulation is not required. How- trostatic and hydrodynamic stresses [38].
ever, according to Bailes and Larkai [9] and Bailes [80] the  Chen et al. [43] studied the coalescence time distribu-
importance of electrode insulation is that, should bridging tion of aqueous NaCl drops in-heptane, and found that
occur between the electrodes, the charge is only locally the average coalescence time was in the order of seconds
reduced at an insulated electrode surface. With bare elecfor 3.60 mm diameter droplets. With the application of an
trodes, such bridging would discharge the full stored energy electric field, the coalescence time could be reduced to well
of the capacitor at the point of short-circuiting, and the below 1s. To predict the evolution of the drop-size distribu-
whole electrostatic field would diminish. Both the thickness tion during a separation process, Zhang et al. [52] reported
and material of the coating will influence the frequency for a population balance dynamics equation describing this dis-
maximum charge density. The insulation coating should be tribution due to drop coalescence, provided by a mass con-
chosen with a relaxation time sufficiently similar to that of servation balance
the continuous phase, so that any disturbance to coalescenc%n‘ = n
will be minimum. The insulation also virtually cuts out all ! — Z]f—j’j — ZJ'?J' (7.2)

j=1 j=1

the field across the water—oil dispersion when d.c. is ap- at 24
plied. Consequently, pulsed or a.c. fields must be used [23]. ] o ]
Practically, the coalescer depends for its application on the WhereJi ; is the rate of collision per unit volume of drops

fact that even the best insulators are not totally devoid of Of Sizéi with drops of size;. _ _
conducting power [70]. The first term on the right-hand side of Eq. (7.2) is the

formation rate of drops of sizeby collisions of two smaller
drops (the factor o% is to avoid double counting), and the
7. Drop sizes second term is the loss rate of drops of sizgue to their
collisions with other drops. This is restricted to binary in-
The size of droplets in emulsions may vary considerably teractions and coalescence in a homogenous suspension of
in view of: (i) variation of interfacial properties (surfactant conducting, spherical drops in an immiscible fluid. Changes
effects); (ii) variation in the water hold-up; (iii) variation in  In drop sizes are due to drop coalescence only, neglect-
the level of shear to which the emulsion is subjected. Goto INg other effects such as drop dissolution, diffusion and
et al. [4] observed that the demulsification rate was appar- Préak-up. The collision rate is given by Eqg. (7.3):
ently proportional to the square of the Sggter. mean diame- Jj = minjm(ri + rj)zlgfo) _ Q(-O)IKC (7.3)
ter. Hano et al. [33] reported the demulsification rate to be J
proportional tod§~25 for a Span 80-kerosene organic phase. whereK¢ is defined as the ratio of the actual collision rate
Williams and Bailey [10] used a laser light-scattering tech- to that for rectilinear drop motion due to gravity alone in the
nique to look at the size distributions of water droplets in absence of drop—drop interactions. The collision efficiency
emulsions leaving an electrocoalescer. The volume mediandescribes effects of electric-field-induced forces, van der
diameter was observed to increase with time, showing thatWaals attraction, and hydrodynamic interactions on drop
drop—drop coalescence occurred in the emulsion. At low collision and coalescence [52].
electric field strength, the drop size increase was small. Un-
der a strong applied electric field, it increased very fast ini-
tially, but relatively slow after that. Therefore, coalescence 8. Residence time of a liquid mixture in an
effects attributed to sedimentation and Brownian motion are electrostatic coalescer
relatively insignificant compared to dipole and migratory
coalescence produced in strong electric fields [10]. Bailes and Larkai [85] showed a relationship between lin-
However, a water drop can be stretched in the direction of ear emulsion velocity, electrode area and residence time of a
the applied field. The frequency of drop oscillation is twice liquid mixture for a constant coalescence parameter of 90%.
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The residence time reduces linearly with increasing mixture Solving Eg. (8.1) yields Eqg. (8.2):

velocity, while the effective electrode area for coalescence 8 PRN:
is directly proportional to the residence time due to the de- ; = — [Lz] |:<_°) _ 1i| (8.2)
sign of the system, giving the hydrodynamic limits for this 15 | eeoEf 2r

electrocoalescer. Williams et al. [38] measured the effects of
field exposure time on the volume median diameter of wa- . distancelp is given bydo/r = (47 /3¢)Y/3; with the time

f[er droplets _in oil, and conclu_ded tha_lt the drpplet di_ameter 11 depending only on the volume fractign as in Eq. (8.3)
increases with the exposure time until a maximum diameter [42]

is reached.

Williams et al. [38] and Urdahl et al. [88] concluded  _ 8 e (1)5/3_ 1
that turbulent mixing can cause drop—drop coalescence even! ~ 15 ggoEg 6¢
without an applied electric field. Under an electric field, i ] ] )
drop—drop coalescence generally increases with increasingeenerally, the time evolution of a polydisperse emulsion can
applied potential and residence time in the field. For emul- € modelled from Eq. (8.4) [89],

Assuming an initial cubic lattice arrangement of the drops,

(8.3)

sions in turbulent flow, drop—drop coalescence by an applied g (y, 1) 1 (v ) ) ) / /
electric field is effective in just a few seconds. Significant — = = 5/0 KW', w—w)N@', )N(w—w', 1) dw
droplet growth occurs if the residence time is sufficient [63]. oo

Water drops do not coalesce spontaneously with their bulk _/ K(w, w)Nw, )N @', 1) dw’ (8.4)
phase, but rest at the interface for some time, which may 0

vary between 0 and 30 s or more, depending on many factorswhich is equivalent to Eq. (7.2) due to Zhang et al. [52]. The
such as temperature, drop size, the shape of the interfacdirst integral in Eq. (8.4) is the production rate of drops of
and the presence of impurities [59]. However, considerable volume w through coalescence of smaller droplets and the
coalescence occurs when a high potential is applied, and thesecond integral is the rate at which these droplets disappear.
emulsion settles more rapidly.
The primary drop usually coalesces with the bulk phase
causing the formation of a smaller secondary droplet, which 9. Effect of an electric field on the mean rest
exists at the interface for a certain time before coalescing time of drops at an interface
and giving rise to yet another droplet [48]. A thin film of oll
entrapped between the primary drop and its bulk phase is For any given system, the ‘rest time’ (i.e. the interval be-
responsible for the rest-time phenomenon. This film drains tween the arrival of the drop at the interface and its coales-
under gravity to a stage where very small disturbances arecence) has a wide range of values, influenced by temperature
sufficient to cause distortion of the film leading to its rup- fluctuations, vibration and contamination [35,48,57,90]. For
ture. Electric fields have a significant effect in promoting a given concentration of drops, increasing drop size causes
coalescence [59], presumably by creating large disturbancesan increase in the rest time, suggesting that the probability
to the thin film. As the electric field strengffy is increased,  of coalescence falls off continuously with increasing surface
a critical value is reached at which there is an abrupt reduc- separation. However, the mean rest time can be reduced by
tion in the rest time, the rest time being rather insensitive to the increased rate of film thinning due to electrical attraction
drop size changes. Rather surprisingly, the critical value of [90]. Eqg. (9.1) was derived for the approach of a drop to a flat
Eg decreases as the emulsifier concentration increased [58]interface, where-(dh/dr) is the rate of film thinning [58].
Some curious transient effects have also been reported by dh 2
Allan and Mason [58]. s [ ] 3
An estimate of the time for the evolution of the mean
droplet size of an emulsion in an electric field can be Provided the deformed section of an interface is small,
obtained by examining a simple model, dealing with a drainage between the interface and the drop of radiiss
mono-dispersed emulsion which retains its mono-disperseequivalent to drainage between equal drops of radius 2
character by undergoing pairwise coalescence [42]. It con-[58]. The time-determining step of the whole coalescence
sists of passing fronV drops of radius to %N drops of process is the drainage of thin layer [48].
radius (2/3r). The evolution time is then determined by the ~ Several regimes of drainage may be distinguished, de-
solution of the equation governing the relative movement pending on the rigidity and mobility of the interfaces,
of two neighbouring drops. By using Stokes’s formula for with only one permitting an analytic solution namely that
the drag on a spherical drop and the dipolar expressionof rigid immobile interfaces [71]. Important regimes of
(3.19a) for the force between two drops on the same field deformed-drop drainage are those of immobile, partially

—1 9.1
3nnerd (1)

line, Eq. (8.1) is obtained. mobile and fully mobile interfaces. The latter regime splits
into two sub-regimes, depending on whether inertial or
4 ner dr’ —4871'330E(2)r6 viscous forces are more significant here. Earlier models as-

dr = ] (8.1) sumed the film to be a parallel-sided layer [71] while later
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models included the effects of interfacial deformation and size [36], and will eventually cause an instantaneous and
film flow, with all the models assuming simple boundary single-staged drop coalescence. Brown and Hanson [59] also
conditions: either constant interaction force or constant ap- observed that increasing temperature produces a decrease in
proach velocity. However, in reality, both of them will vary the rest time, because at higher temperatures the viscosity of
during a collision [71]. the continuous phase will decrease, resulting in more rapid
If the viscosity of the dispersed phase is relatively in- film thinning. The potential drop across the aqueous layer
significant, drainage is controlled by the resistance of the is relatively insignificant. Thus, it is the field strength at the
film to deformation and acceleration as in the partially interface that affects the coalescence rather than any induced
mobile case [71]. The parallel-film model for fully mobile charge on the drop itself [59].
interfaces leads to the drainage relation given by Egs. (9.2a)
and (9.2b) [71]:

dH [ 5 (dH) } o (—1277ct) 5 10. Effect of hold-up fraction of dispersed phase
0

- — (9.2a) and surface-active components on

d Sner \ dr pea? Sner electrostatic coalescence

H= %'”h (9.2b) The influence of the hold-up of dispersed phase on

In the viscous limit(nc — o), this becomes Eq. (9.3): drop—drop coalescence is notable at low applied voltages
a2 [36,40]. At an optimum pulse frequency and applied poten-

= (9.3) tial, the coalescence efficiency increases rapidly up to an
dr 3ner aqueous hold-up of about 25% and then decreases slightly

which represents the viscous resistance to squeezing bewith larger hold-up, possibly due to changes in the mecha-
tween two lubricated bodies. Eq. (9.3) can be integrated to hism of drop coalescence at this threshold value [40]. Bailes

give Eqg. (9.4). and Larkai [40] show that changing the hold-up should
_ s not affect the polarisation/relaxation characteristics of the

h = hg exp(t—> , where  tch = ;’; (9.4) system, which largely determines the optimum frequency.
ch

Since the hold-up affects the size and number of drops in
In the inertia-controlled limit, Eq. (9.2a) reduces to a dispersion, it will also affect the polarisation charge that

Eq. (9.5a): can be induced on each drop for a given electric field and
s frequency. Hence the hold-up has an effect on the collision

h=ho exp(—) (9.5a) rate of the drops and the coalescence parameter. However,
fch the demulsification rate is retarded after 60—70% demulsifi-
cation, probably because the volume ratio of the continuous

feh = ﬁ (9.5b) phase to that of the aqueous phase increases gradually, result-
8o ing in the decrease in effectiveness of the electric-induced

According to Mohammed et al. [5], the demulsification rate force [36]. The effect of applied voltage decreases with
is greatly influenced by the nature of the emulsion and the higher flow rate as less time is available for the electric field
stage it has reached at some moment in time. In an electricto help bring adjacent droplets into close contact for electro-
field, there is an attractive force between the drop and the in-coalescence to occur [63]. Moreover, Sun et al. [3] reported
terface due to opposite charges which, as the film thins, maythat electric fields are ineffective for emulsions having a high
become much larger than the gravitational force, causing anwater content because it can produce a ‘sponge’ phase which
increase in—(dh/dr) and a decrease in the time required to contains abundant aqueous phase at the water/oil interface.
drain the film to the critical thickness. The attractive force ~ Allan and Mason [58] observed that the addition of small
for a rigid conducting sphere near a grounded plane is givenamounts of surfactant in the heptane layer significantly

by Eq. (9.6). increased the rest time of water drops at a water/heptane in-
A terface. The water drops were observed to have larger defor-
Fe=eV2yy <_) (9.6a) mation at the interface due to decreased interfacial tension.
b The increase in water-to-oil ratio reduces the average dis-

i 1 tance between water drops, and increases interfacial area
_ between the oil and the dispersed phase [91,92], causing a
& (5) N EZCOSGChna)) (cothe —n cothnew) — (9.6b) decrease in density of surfactant at the interface [12]. Gen-
erally, the water/crude oil interfacial film properties signif-
h icantly affect the separation efficiency [5,48]. An increase
w = cosht (Z + 1> (9.6¢) in surfactant concentration will decrease the demulsification
rate [93,94] for several reasons as described below.
Therefore, increasing the field strength at the interface has Emulsion formation can be caused by the surfactant-like
the effect of decreasing the mean rest time for a given drop action of polar compounds such as resins and asphaltenes

n=0



J.S. Eow et al./Chemical Engineering Journal 84 (2001) 173-192 189

in oil [11,66]. However, the kinetics and energy of emulsions [56,82]. Maximising the interfacial film strength
formation of emulsions are still not clearly understood [95], by increasing surfactant concentration, using low or no salt
as emulsions often form rapidly after the necessary chem-content in the aqueous phase, and/or applying low temper-
ical conditions and wave action or other turbulent energy ature is likely to lead to the formation of more stable w/o
input are achieved [91,94-96]. Crude oil indigenous solids emulsions using Spans 20, 80 and 83 [82].
and interfacially active components, notably wax crystal-
lites, asphaltenes and resins, when present at the oil-water
interface, may impart considerable stability [49,56,97] and 11. Conclusions
rheological property changes to the emulsion [17,58,98,99].
Chen et al. [37] showed that the solid interfacial film is  The major mechanisms of electrocoalescence and sepa-
a key factor for the prevention of coalescence between ration, such as chain formation of droplets, dipole coales-
droplets in an electric field, while Ese et al. [17] observed cence, dielectrophoresis, electrophoresis, random collisions
that stability also depends on the amount of asphaltenes, theand film drainage and rupture have been reviewed. The
degree of aging of asphaltenes and resins, and the ratio bepredominant mechanism in any system depends on elec-
tween asphaltenes and resins. Puskas et al. [97] establishettode design and set-up, and emulsion properties, as well
that a paraffin derivative of higher molar mass and melt- as on the type of electric field employed. For dipole coa-
ing point, containing polar end-groups, can also stabilise lescence to be effective, droplets have to be brought into
water-in-oil emulsions. However, it is not just the presence close contact with each other. When the coalescence pro-
or absence of these solids which determine emulsion stabil-cess is slow due to, e.g. interfacial phenomena, the droplets
ity, but also the size of these solids in relation to that of the may form chains along the electric field direction, depend-
dispersed agueous phase [100]. The effective viscosity ofing on the hydrodynamic conditions. This can produce a
crude oil is also greatly increased following the dispersion low resistance path for the electric current, leading to the
of water to give a stable emulsion [11,36,49,97,101]. Hano electrical clamping at contact points between the droplets
et al. [33] investigated the effect of oil phase viscosity on due to current constriction, which in turn can cause the
demulsification rate, reporting that the demulsification rate rupture of the film between the droplets. In the extreme
is proportional to the-3.2 power of the oil phase viscosity. case, chains of aqueous droplets connecting the electrodes
Goto et al. [4] then suggested that the empirical rate con- will create short-circuits, leading to collapse of the electric
stant for coalescence should depend on the mean drop sizdield. However, the role of electrical clamping phenomenon
and the viscosity of the continuous phase according to thein electrocoalescence has not been widely investigated. The
following form: mechanism of film drainage and rupture is of paramount im-
Ka = k'd3. =32 portance as it governs droplet—droplet and droplet—interface
d = k'd3onc (10.1) : :
coalescence. However, the actual mechanisms underlying
However, many fundamental questions on stability mech- droplet—droplet coalescence are not yet fully understood.
anisms and destabilisation processes are still unresolved Various mathematical models have been highlighted here,
[48,94]. Fordedal et al. [11] and Mohammed et al. [66] who which depend on the mechanism and the type of electric
believed that the emulsion stability in crude oil systems is field applied, such as population balance modelling, random
mainly controlled by the separated asphaltene fraction ascollision/coalescence modelling, and linear condensation
far as the coalescence is concerned, revealed the importancpolymerisation kinetics. Factors influencing the coalescence
of the interaction between asphaltenes and resins, by show-efficiency have also been highlighted and reviewed. The
ing that the resins cannot alone stabilise w/o emulsions several types of electric field which may be applied have
although the resins fraction might be even more interfa- been highlighted such as a.c., d.c. and pulsed d.c., as well as
cially active than the asphaltenes. Stronger interfacial film their combinations. The a.c. electric field is the oldest tech-
structures develop by increased packing and rearrangemenhique, with the current trend moving towards a pulsed d.c.
of asphaltenes. The oil/water interfacial films show low vis- electric field. The concept of an optimum applied frequency
cosity initially. Due to the continuing in the adsorption of has been introduced together with that of a pulsed d.c. elec-
higher molecular weight species, the films build up, attain- tric field, depending on the relaxation time of the various
ing a steady value for the interfacial tension after a period dielectrics, electrical properties of the continuous phase
of hours [5]. and the electrode coating material, and their thicknesses. In
Recently, interfacial properties of lipophilic, non-ionic order to reduce the negative effect of electrode insulation,
surfactants of the sorbitan fatty acid ester type (Spans 20,the dielectric properties of the insulation material should be
80, 83 and 85) have been investigated by Opawale andsimilar to the continuous phase of the emulsion system.
Burgess [82]. These surfactants, except Span 85, formed Finally, the characteristics of the emulsion system itself
viscoelastic films at the water—oil interface, with multilayer determine the practicality of employing a strong electric field
formation for Spans 80 and 83. Surfactants which formed to break the emulsion. Emulsions with high aqueous-phase
relatively strong interfacial films in the presence of com- content will tend to short-circuit bare electrodes and cause
mon salt dissolved in the aqueous phase formed more stablehe applied electric field to collapse, diminishing the
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coalescence efficiency which is one of the reasons for [11] H. Fordedal, Y. Schildberg, J. Sjoblom, J.L. \olle, Crude oil
employing coated electrodes. emulsions in high electric fields as studied by dielectric spectroscopy:
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