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Abstract

For the separation of disperesed water drops from oils an electric field may be used to enhance their
coalescence. However, this process could cause some undesirable phenomena such as secondary
droplets formation, reducing the separation efficiency. Here the effect of pulsatile electric fields (PEF)
on the secondary droplets formation has been investigated. In the presence of a very low frequency
PEF or DC electric field three distinct drop-drop and drop-interface interaction patterns are observed:
complete coalescence, partial coalescence and rebound without coalescence. The first is the ideal
pattern not leaving any secondary droplets. It has previously been shown that an increase in the
electric field strength and/or a decrease in the interfacial tension result in non-ideal patterns in drop-
interface coalescence. The application of PEF shifts the coalscence pattern from a non-ideal to an
ideal one in both drop-drop and drop-interface coalescences. Three waveform types, i.e. square,
sinusoidal and sawtooth waves have been applied to the coalescence process. It is shown that the
sawtooth waveform is the most effective in reducing the secondary droplets formation in drop-
interface coalescence, followed closely by the sinusoidal one. The observation of videos sequences
suggests that a threshold frequency exists above which a non-ideal pattern switches to an ideal one.
For drop-drop coalescence this threshold frequency depends on the PEF amplitude and the size of
primary drop pairs, as for bigger primary drop pairs and larger amplitudes of PEF the threshold
frequency would be higher. When using pulsatile electric fields higher field strengths can be applied
for systems having a high water content without causing field breakdown, as compared to constant
DC field. This is useful in optimizing the electro-coalescence process.

Keywords: electro-coalescence, secondary droplets, pulsatile electric field, drop-drop coalescence,
drop-interface coalescence, coalescence patterns, surfactant, threshold frequency.

1. Introduction

Dispersed water drops in organic liquids, such as water-in-crude oil emulsions, are
commonly encountered in the oil, chemical and biochemical industries [1-3]. The formation of
water-in-crude oil emulsion during oil production is undesirable from both a process and product
quality point of view. Natural coalescence of drops in such emulsion is constrained because of a
thin film of oil between drops not allowing their spontaneous coalescence, and consequently
water-in-crude oil emulsions, despite being thermodynamically unstable, can be kinetically very
stable for long periods of time [4, 5]. The emulsion stability can be due to the presence of
naturally occurring surfactants in the crude oil, such as asphaltenes, resins, waxes, and
naphthenic acids [6-8]. Asphaltenes and resins are the heaviest and the most polar fraction of the



crude oil and are believed to be the major components responsible for emulsion stabilization [9-
11]. When the asphaltenes accumulate at water-in-crude oil interfaces they tend to form a rigid
film surrounding the water drop, thereby preventing them to coalesce during drop-drop collisions
[6]. This constraint will be increasingly crucial in future since the amount of water produced will
be increasing in mature fields. These emulsions have to be separated into their constituent phases
before the subsequent operations, due to process requirements, environmental regulations and
customer specifications, as in the case of crude oil industry [3].

Water droplets can be removed from a continuous oil phase by several methods [12],
such as chemical demulsifiers [13, 14], gravity or centrifugal separation [15, 16], pH adjustment
and heating treatment [12, 17] and membrane filtration separation [12, 15]. However, nowadays
one of the most effective and utilized method from viewpoint of energy efficiency is electrostatic
demulsification. The combination of high energy efficiency, since it permits a reduction of the
use of heat, and also the fact that it avoids the use of chemical demulsifiers makes this technique
environmentally friendly [18-20].

The utilization of electrical methods for dehydrating crude oil emulsions is not new and
has been well reviewed [3, 21-25]. In the petroleum industry, the first work on electro-
coalescence dates from the work of Cottrell in applying external electric fields to crude-oil
emulsions [26, 27]. Electro-coalescence is a process to assist approach, contact and finally
coalescence of water droplets in oils with a low dielectric permittivity in order to increase their
size, thus accelerating their settling velocity and reducing their separation time. The electrostatic
effects arise from differences in properties of oil and water, where water has dielectric
permittivity and conductivity values much higher than those of the oil, leading to polarization
effects in water drops [10]. The amount of dispersed aqueous phase is a key feature to choose the
type of electric field. Historically the alternative current (AC) electric field is the oldest and
commonest configuration used extensively in crude oil emulsion treatment, as it can tolerate high
water contents [3]. In contrast, the direct current (DC) electric field has been less common in the
past and has been used more in the treatment of refinery emulsions with low water content in
order to reduce electrolytic corrosion. Generally, the presence of an electric field promotes
contacts between drops, enhancing drop—drop and drop—interface coalescence [3, 23, 28]. Hence,
research has been carried out on the application of various types of electric fields in the electro-
coalescence at a micro-scale level [22, 29-36].

In 1986, Bailes [37] introduced the use of pulsed DC electric fields with insulated
electrodes for the treatment of high aqueous content emulsions [23, 38]. Drelich et al. [39]
studied emulsions containing 0.08-0.2 wt% dispersed water with droplet diameters below 20 um
in a continuous flow electrostatic coalescer and reported a separation efficiency of about 63%,
when the pulse electric field strength was 140 kV/m for three frequencies 5, 10 and 15 Hz.
According to their experiments, the frequency of pulsed DC electric field exerted no significant
influence on the demulsification yield in the range studied (5 to 25 Hz). Nevertheless, a
maximum in separation efficiency was observed for pulsation frequencies between 8 Hz and 11
Hz. Less et al. [40] considered the influence of several operational variables including shear rate,
temperature, emulsion water content, electric field strength, and application time on the electro-
coalescence of water-in-oil emulsions under the influence of an AC electric field and showed all
play a prominent role in the process. They reported the electric field strength is beneficial only
up to a limiting value, above which the probability of droplet break up increases. Bailes et al.
[41, 42] reported that a better efficiency of electro-coalescence can be gained by pulsed DC
electric fields in comparison with constant DC or AC fields.
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Bailes and Dowling [43] established that pulsed unidirectional voltages applied to
electrodes insulated from the liquids is an efficient means of promoting phase disengagement
particularly for dispersions with a high conducting phase content. They also showed that the rate
of coalescence was not only a function of pulse amplitude but also of its shape, mark to space
ratio and frequency; all of these parameters having physical optimum values. Lesaint et al. [19]
studied the efficiency of removal of water drops with AC electric fields using model oil
emulsions and indicated that not only the application time, waveform, strength and frequency of
the applied electric field, but also the temperature all play a notable role in the process.

Zhang et al. [44] investigated the influence of several operational variables on the
electrostatic separation of water-in-oil emulsions subjected to a high-frequency pulsed DC
electric field (higher than 1 kHz) using conductivity technique. They reported that the
dehydration efficiency (DE) for a given inter-electrode distance increases with decreasing
frequency. Moreover, they found that pulse duration also affected the dehydration ability. At a
given inter-electrode distance and pulse interval, DE increased with increasing pulse duration.
Also Zhang et al. [45] investigated the dehydration efficiency of pulsed DC electric field as a
function of frequency. Their results showed that at an appropriate range of frequencies, the
dehydration efficiency of the pulsed DC electric field could be improved significantly. Eow and
Ghadiri [22] observed when a pulsed electric field was applied to a drop, it vibrated with the
same frequency as the applied pulse frequency until a limit, above which the drop vibrated at a
lower frequency than the applied pulse frequency. The limit depended on the continuous liquid
phase. In addition, they showed above this limit, the drop had smaller amplitude of vibration.

Midtgard [46] presented a mathematical analysis of the electric field and interfacial free
charge experienced by the emulsion in an electrostatic coalescer that was subjected to a pulsed
DC voltage. He presented a novel analysis of the system giving valuable physical insight and
showed that there must be a limited range of frequencies that are effective in a pulsed DC
scheme.

Mousavichoubeh et al. [33, 34] studied the partial coalescence process and established
that the strength of a DC field and interfacial tension affected the tendency of secondary droplet
formation. They showed that the volume fraction of secondary droplets could be described by
coupling the Weber number with the Ohnesorge number. Two competing processes of necking
and pumping were distinguished as a result of electrostatic and surface tension forces,
respectively, which determined whether secondary droplets formed or not. The necking process
attempts to separate the secondary droplets and the pumping process drains the content of drop
into the homophase under interface, leading to a complete coalescence. The droplet deformation
and necking due to the electric field is described by the Weber number (We = 2re,; e0EZ /0,
where 7 is drop radius, ¢,; is dielectric constant of continuous phase, &, is permittivity of
vacuum, E is background electric field strength and o is interfacial tension), whilst the pumping
of water drop content into the homophase under interface in the process of coalescence is
described by the Ohnesorge number (Oh = pu/(pro)®°, where u and p are viscosity and density
of drop phase). Mousavichoubeh et al. [33, 34] showed that the product of these two
dimensionless groups WO = We X Oh describes well the volume fraction of secondary droplets
that are formed. WO Number represents the ratio of the electrical stress energy that causes
necking over the energy required for pumping the viscous fluid out of the droplets. For a wide



range of interfacial tensions, brought about by the use of non-ionic and anionic surfactants and
electric field strengths, a good unification of data was reported.

In agreement with Mousavichoubeh et al. [33, 34], Hamlin et al. [47] reported that the
extent of coalescence between dissimilarly sized water drops in oil can be tuned from complete
coalescence at low DC electric field strengths to complete noncoalescence at high field strengths.
They investigated the effect of conductivity on the coalescence of oppositely charged drops in

the presence of a DC electric field and showed the charge transfer between primary and daughter
droplets and the size of daughter droplets are unexpectedly independent of the ionic conductivity.
To make prediction about daughter droplets formation, they presented evidence suggesting the
charge transfer is strongly influenced by convection associated with the capillary-driven
penetration of a vortex into the larger drop rather than conductivity.

In this paper we report our investigations on the effect of pulsed electric fields on
suppressing the secondary droplets formation for both drop-drop and drop-interface coalescence
processes.

2. Experimental set-up and procedures

The experimental cell is the same as used in our previous work [33, 34]. The cell is made of
Perspex to facilitate visualisation of the coalescence phenomenon. The electrodes are polished
brass plates with dimensions of 90 mm x 25 mm. The high voltage electrode is attached to the
upper part of the cell, which is movable to set the distance to create the required electric field
strength. There is a small hole through the mid-point of the upper part of the cell and brass plate
to allow a hypodermic needle to pass through it. The needle, attached to a syringe (Hamilton
micro-liter syringe) is used to introduce small aqueous droplets in the cell on the interface or
falling on the second primary drop in the case of drop-drop coalescence. The needle is grounded
in order to ensure that uncharged drops are produced. The high voltage electrode is connected to
a positive polarity high voltage direct current power amplifier (TREK 20/20C) and the bottom
electrode 1s grounded. A high-speed digital video camera (Photron FASTCAM SAS), equipped
with a micro lens (NAVITAR 12x Zoom Lens) was used to observe the phenomena within the
cell and it was focused either on the centre of the water-oil interface or on the area limited to
coalescing drop pairs. This camera was used with a framing rate of 20000 fps. In drop-drop
experiments, the grounded electrode was coated with a thin layer of Perspex so that charging of
the primary drops settling on the bottom of the cell was avoided. The strength of the electric field
can be affected as a result of Perspex insulator stuck on the grounded electrode [39].
Nevertheless, the decrease of the electric field strength is less than 1%, since the insulator is
1 mm in thickness in comparison with the large inter-electrodes distance.

In this work the electro-coalescence cell is used in two ways: either the cell is entierly filled
with a dielectric oil to conduct the drop-drop coalescence experiments or the bottom half of the
cell is filled with water and the top half with the oil to form an interface of two phases and
proceed with the drop-interface coalescence experiments. In the experiments reported here
sunflower oil was used. A halogen cold lamp (Dedolight DLHM4-300) with four flexible fibre
optic heads was used for lighting; the intensity of the lighting could be accurately adjusted to



facilitate focusing. De-ionized water either on its own or contaning a surfactant was used as the
dispersed phase, while the continuous phase was pure sunflower oil (obtained from Morrisons
Ltd, UK). The properties of the liquids used in this research and interfacial tension values for
solutions are given in Tables 1 and 2, respectively, and are exactly the same as those used in our
previous work [36], where further details of the experimental procedure are given.

Table 1. The properties of the liquid used in the experiments [36]

.. Conductivity (uSm'l) Viscosity (mPa.s) Density (kgm“‘) . .
Liquids (£5%) (£5%) (£5%) Dielectric constant
De-ionised water 5.49 1.00 1000 80
-5
Sunflower oil 7.62x10 46.5 922 4.9
De-ionised water 242 ~1.00 ~1000 ~80

including 1g/1 SDS

Table 2. Interfacial tensions [36]

Liquids Interfacial tension” (mNm™)
De-ionised water-Sunflower oil 25
1 ¢/1 SDS in dispersed phase- pure Sunflower oil 10

a . .
Interfacial tension measured at 21 °C and 1 atm.

Water droplets of different sizes were produced using hypodermic needles in droplet
diameter range between 576 um to 1196 um. The diameter of the droplets was measured by the
use of Image-Pro and PFV (Photron Fastcam Viewer ver. 320) software. The standard deviations
were in the range from 1-4 pm. The diameter of the needle was measured by a microscope and
was used for the in-situ calibration of the droplet size and measurements on the drop(s) plane.
Three waveforms were used to consider the effect of waveform on the formation of secondary
droplets. The fast charging capability of the high voltage unit ensured that the rise time was
much less than the period of the wave (by one order of magnitude). The experiments were
performed at 22+1 °C.

3. Results and discussion
3.1. Drop-Interface coalescence

To investigate the effect of PEF on drop-interface coalescence, time sequences of
coalescence of a drop with a diameter of 984 + 2 PIm under a square waveform PEF with an
amplitude of 292 V/mm and pulse frequencies of 3, 40, and 110 Hz are shown in Figs 1, 2 and 3,
respectively. In all these experiments the distance of the camera lense and drop plane was kept
constant. Hence the size of the secondary droplets is truly comparable in three figures.
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Fig. 1. Drop-interface coalescence of a drop with a diameter of 984 + 2 under square waveform pulsed
electric field with amplitude of 292 V/mm and frequency of 3 Hz.

As it is clearly seen in Figs 1(h), 2(p) and 3(r), by increasing the pulse frequency, the

volume of the secondary droplets (mostly a main droplet and a tail following it which finally
breaks into some very fine droplets) decreases, an undesirable trend in water-in-oil emulsions

treatment.
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Fig. 2. Drop-interface coalescence of a drop with a diameter of 984 + 2 PIm under square waveform pulsed
electric field with amplitude of 292 V/mm and pulse frequency of 40 Hz.

A similar behaviour is observed for the sinusoidal and sawtooth waveforms
(Supplementary movie #1). To quantify the extent of secondary droplets formation and to show

the suppressing effect of PEF, the volume ratio of secondary droplets over the initial drop was
determined by image analysis and is given in Fig. 4 for frequencies up to 500 Hz.

(a) t=0 ms (b) t=0.4 ms (c) t=1.0 ms (d) t=1.6 ms (e) t=2.2 ms (f) t=2.8 ms

g)t=3.4ms (h) t=4.0 ms (i) t=4.6 ms (j) t=5.2 ms (k) t=5.8 ms () t=6.4 ms

, ? ° ° ° °
, | ; : ;
_ I R B A E—
(m)t=7.0ms (n) t=7.6 ms (o) t=8.2 ms (p) t=8.8 ms (q) t=9.4 ms (r) t=10.0 ms

Fig. 3. Drop-interface coalescence of a drop with a diameter of 984 + 2 under square waveform pulsed
electric field with amplitude of 292 V/mm and pulse frequency of 110 Hz.

Initially the volume ratio decreases rapidly for all waveforms, but thereafter it gradually
approaches an asymptotic value close to zero around 30 Hz for the sinusoidal and sawtooth wave
forms, but for the square wave form the asymptotic approach is oscillatory and does not get to
zero within the range tested.
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Fig. 4. Normalized volume of secondary droplets resulted from the application of a PEF with amplitude of 292
V/mm with different waveforms to a drop with diameter of 984+2 pm

The above observations can be interpreted by taking into account the constituent parts of
a typical wave. An exagerated schematic diagram of a typical wave is shown in Fig. 5,
identifying four sections of the period, t,,t,,,t; and t,;;. When a conductive drop is exposed to
such a pulsed electric field, the drop starts elongating in the direction of the electric field and
takes an elongated shape (ellipsoidal) during the on-time period and it starts to return to its
unstressed form, i.e. spherical shape, in the fall time period, depending on the mechanical and
electrical relaxation time constants. In all these stages the surface tension, inertia and viscous
effects resist drop deformation, whilst the charge separation/polarisation acts in the opposite.
However for very low frequencies the mechanical forces are smaller in comparison with the
electrostatic force, which is responsible for drop deformation. This results in the oscillation
frequency of drop following the field frequency. Increasing the pulse frequency makes the inertia
effect grow; when the inertia forces become of the same order as the capillary and electrostatic
force, the frequency of drop oscillation can no longer follow the field frequency. When the
primary drop comes into contact with the interface at very low frequencies the competition
between the necking process (brought about by the drop now having the same polarity as the
homophase) and pumping process (due to surface tension) is similar to the case of a DC field, as
the electric relaxation time is much faster than that of the mechanical pumping process.
Therefore the drop sees the low frequency pulse electric field essentially the same as a DC field,
hence promoting secondary droplets formation. So the results in the case of a low frequency are
the same as that of the DC field regardless of the waveform type. In the presence of PEF the off-
period mitigates necking and allows the process of drainage of the primary drop content into
bulk homophase without being adversely affected by the electric field. As shown in Fig. 4, the
sawtooth waveform is the most effective one, as the volume ratio (VR) follows: VRqyare =
VRin = VRgawioor n- As the electrostatic force following the film rupture is mainly responsible
for the necking process and hence responsible for the secondary droplets formation, the more
effective electric field strength (meaning more on-time period and hence exposing the drop to
this period) the stronger the necking process and subsequently the bigger the volume of
secondary droplets detached from primary drop while coalescing. Therefore when the two latter
waveforms are applied to the primary drop coalescing with the interface, the on-time part of



waveform prevails for a considerably shorter time than the square waveform, leading to
weakening of the necking process against the pumping process. Also it is observed in Fig. 4 that
the values of volume ratio under the action of these two waveforms approximately coincide since
the difference between their on-time periods is negligible. At high frequencies the on-time period
for the three waveforms comes close, hence the volume of the secondary droplets formed reaches
a unique value which is close to zero. This is a desirable trend as it suppresses the secondary
droplets formation. Hence an increase in the field frequency is useful up to a certain value,
beyond which further increase is not effective anymore.

Lffective electric field strength

Time

iy ton tf tﬂff

Fig. 5. A schematic typical waveform with four time periods including ¢, t,,, tr and t,sy.

3.2.  Drop-Drop Coalescence

To show the effect of PEF on reducing and suppressing the secondary droplets formation
some qualitative observations on the behaviour of coalescing drop pairs subjected to an electric
field are first presented. Three distinct coalescence patterns are distinguishable in drop-drop
coalescence at low frequency PEF and DC electric field: complete coalescence, partial
coalescence and non-coalescence. Figure 6 shows a complete coalescence pattern
(Supplementary movie #2). In this case the upper drop approaches the stationary lower drop
sitting on the insulated bottom electrode due to gravity and mostly electrostatic forces. The local
electric field strength in the gap between the drop surfaces increases rapidly, causing some drop
elongation, followed by the rupture of the oil film and formation of neck. At this stage the
surface tension merges the two drops completely. This pattern is ideal as it leads to a bigger
resultant drop without producing any secondary droplets.
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Fig. 6. Time sequence of a complete coalescence pattern for drop pair of 829 + 1 um diameter under very low
frequency PEF or DC electric field strength of 150 V/mm

In contrast when a typical partial coalescence takes place the two primary drops do not
merge entirely and the electric field pulls the coalscing drops apart producing secondary droplets
by necking, generally one main droplet and a number of much finer ones. In fact this process
produces several coalescence patterns, ranging from weak partial coalescence (WPC) to strong
partial coalescence (SPC), as shown in Figs 7 and 8 (Supplementary movies #3 and #4). For the
former the volume of secondary droplets produced is low and this in turn reduces the probability
of their disintegration into further fine droplets as a result of the electric field stress. In the latter
case the produced secondary droplets volume is comparable with the volume of any of the two
primary drops. In this case the large secondary droplets experience high electric field strengths
and could break into much finer droplets, as shown in Fig. 8. This is obviously very undesirable
in terms of emulsion separation performance.
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(a) t=-2.5 ms (b) t=0 ms (c) t=2.5ms (d) t=5 ms (e)t=7.5ms  (f)t=10ms
g)t 125m5 (h) t=15 ms )t=17.5 ms (J)t 20 ms (k)t 225ms (1) t=25 ms

ML

(m)t=27.5ms  (n)t=30ms  (0)t=32.5ms  (p)t=35ms  (q)t=37.5ms (r) t=40 ms

Fig. 7. Time sequence of a typical weak partial coalescence (WPC) pattern for drop pair of 1196 + 4 um
diameter under very low frequency PEF or DC electric field strength of 450 V/mm
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Fig. 8. Time sequence of a typical strong partial coalescence (SPC) pattern for drp pair of 1196 + 4 um
diameter under very low frequency PEF or DC electric field strength of 551 V/mm

A non-coalscence pattern is shown in Fig. 9. This pattern is observed under various
conditions, such as in the presence of surfactants, affecting the interfacial tension. The surfactant
presence also affects the partial coalescence quality. For example for a given electric filed
strength and sizes of a drop pair, the WPC may change into SPC because of the surfactant
presence. As natural surfactants are usually present in water-in-oil emulsions, therefore, it is of
crucial importance to control and manipulate the effect of their presence in emulsions. To
examine the effect of interfacial tension on appearance of various patterns of coalescence, an
anionic surfactant SDS with concentration of 1 g/l was used which is soluble in the dispersed
water phase. When a water drop pair of 829 + 1 um diameter containing SDS is subjected to the
electric field strength range from 150 V/mm to 551 V/mm several different behaviours are
observed as described below. For a drop pair subjected to 150 V/mm electric field strength, a

12



complete coalescence pattern is observed, whilst under a higher electric field strength (higher
than 250 V/mm) a non-coalescence pattern prevails as illustrated in Fig. 9.

22242

(a) t=-0.5ms b) t=0 ms (c) t=0.5 ms (d) t=1 ms (e) t=1.5ms

00000
20000

(f) t=2 ms (g) t=2.5ms (h) t=3 ms (i) t=3.5ms (j) t=4 ms

Fig. 9. Time sequence of a typical non-coalescence pattern occurence for a drop pair of 829 + 1 um diameter
containg 1 g/1 SDS under very low frequency PEF or DC electric field strength of 350 V/mm.

Here when the upper falling drop reaches a critical distance from the lower drop the local
electric field in the gap between the two drops increases rapidly and a narrow bridge (Fig. 9 (b))
forms and connects the drops together. However, within a short period following rupture (about
1.5 ms) the bridge thickness reduces to 9 um (Fig. 9 (e)) and the drops are pulled apart. This
behaviour is a result of the surface tension force inability to overcome the electrostatic force, as
for the same size drop pair in the absence of surfactants a complete coalescence is observed. In
the absence of an electric field, the non-polar tail of SDS surfactant covers the drops surfaces,
especially in the area of approaching drop faces and prevents the two drops from direct contact
which is necessary for coalescence [48]. In the presence of an electric field, as soon as an
electrical contact is established the two drops experience charge transfer and polarisation,
subjecting the drops to a pull off force, breaking the formed bridge after a very short time leading
to a non-coalescence pattern. The SDS presence reduces the interfacial tension to 10 mN/m,
which leads to less rigidity in comparison with a de-ionized drop pair. This weakens the surface
tension force in competing with the electrostatic force (Supplementary movie #5). Finally as
shown in Fig. 10 for higher strengths from 350 V/mm to 551 V/mm, drops after a very fast
contact (Fig. 10 (b)) are pulled apart from each other and the upper drop bounces and move up
towards the positive electrode. The feature formed in Fig. 10 (d) is interesting and requires an
analysis to find out what processes give rise to to this strange shape. Finally the drop rising up is
stretched and breaks into fine droplets because of the electrostatic pressure (Supplementary
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movie #6). As seen in this figure, this pattern is undesirable and if a considerable percentage of
drop-drop coalescences occur like this the separation performance will be adversely affected.

-

QXIA----‘!A‘;

a)t=-7.5 (b)t=0ms (c)t=7.5ms (d)t=14.55ms (e)t=22.5ms ) t=30 ms (g) t=37.5ms (h) t=45 ms (i) t=52.5 ms (J) t=60 ms (k) t=67.5 ms (1) t=75ms

Fig. 10. Time sequence of a coalescence pattern of a drop pair of 829 + 1 um diameter containg 1 g/1 SDS
under very low frequency PEF or DC electric field strength of 551 V/mm.

To show the effect of PEF on drop-drop coalescence patterns, the application of PEF to a
drop pair with diameter of 1196 + 4 pm is considered under an electric field of 651 V/mm in
amplitude and different frequencies between 0 (a DC field) to 200 Hz. The selection of such a
relatively large drop pair and field amplitude was intentionally made to produce conditions
conducive to secondary droplets formation, as in the case of SPC occurring under low frequency
PEF of 551 V/mm in Fig. 8. By increasing the frequency up to 50 Hz, coalescence of drops
follows a partial coalescence pattern, beginning with a strong partial coalescence at low
frequencies and gradually ending up with a weak partial coalescence at 50 Hz. The quality of
drop pair coalescence at 50 Hz is shown in Fig. 11.

14



228440

t=0 ms t=0.4 ms t=0.8 ms t=1.2 ms t=1.6 ms t=2.0ms

Electric field direction

Y E

t=2.4 ms t=2.8 ms t=3.2 ms t=3.6 ms t=4.0 ms t=4.4 ms

000000

t=4.8 ms t=5.2 ms t=5.6 ms t=6.0 ms t=6.4 ms t=6.8 ms

Fig. 11. Coalescence of a drop pair with a diameter of 1196 + 4 Bm under a sinusoidal waveform pulsed
electric field with amplitude of 651 V/mm and pulse frequency of 50 Hz.

On further increasing the frequency beyond 50 Hz as shown in Fig. 12 the coalescence
pattern switches from WPC to an ideal (complete) coalescence pattern (Supplementary movie
#7). The experiments were repeated at frequencies higher than 100 Hz and observations of the
video records suggests that the threshold frequency that shifts a non-ideal coalescence pattern
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(WPC and SPC) to an ideal one is dependent on the PEF amplitude and size of primary drop
pairs. For bigger primary drop pairs and larger amplitudes of PEF the threshold frequency would
be higher. Beyond the threshold frequency, as it can be seen in the Fig. 12, the drop pair while
oscillating finally merge and do not leave any secondary droplets behind. Therefore using PEF at
higher than a threshold frequency clearly acts synergistically with the surface tension forces
(helping pumping process) and against the electrostatic force (helping the necking process, as it
attempts to detach drop/droplets and creating a highly unfavorable SPC pattern.

t=0 ms t=0.8 ms t=1.2 ms t=1.6 ms t=2.4 ms t=3.2 ms t=3.6 ms

Electric field direction

&

[TTTTIT)

t=4.0 ms t=4.4 ms t=4.8 ms t=5.2 ms t=5.6 ms t=6.0 ms t=6.4 ms

t=7.2ms t=7.6 ms t=8.4 ms t=9.6 ms t=10.0ms  t=10.8 ms t=11.6 ms

Fig. 12. Coalescence of a drop pair with a diameter of 1196 + 4 Bm under a sinusoidal waveform pulsed
electric field amplitude of 651 V/mm and pulse frequency of 100 Hz.

The use of pulsatile electric fields is clearly advantageous, as it provides potential to apply
higher electric field strengths in comparison with a DC field without concerns about the
unfavorable secondary droplets formation.

4. Conclusions
The effect of three different waveforms of a pulsatile electric field, i.e. square, sinusoidal and
sawtooth, on the coalescence process of an aqueous droplet with a planar aqueous interface as
well as of a drop pair was investigated. It is shown that the secondary droplets produced at very
low frequency PEF or a DC electric field may be suppressed by increasing the frequency of PEF.
By normalizing the total volume of the secondary droplets formed with respect to the initial drop
volume, it is quantitatively shown that the sawtooth waveform is the most efficient shape to
reduce the secondary droplets formation. High speed video observations suggest that the electric
field strength falling to zero as rapidly as possible, once a connection is made between the two
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coalescing entities, is helpful in mitigating the formation of secondary droplets. For the three
waveforms examined, by increasing the frequency there is a threshold frequency above which a
non-ideal patterns (WPC and SPC) shifts to an ideal pattern, depending on the PEF amplitude
and the size of primary drop pairs. For bigger primary drop pairs and larger amplitudes of PEF
the threshold frequency would be higher. Above the threshold frequency the drop pairs oscillate
and finally merge without leaving any secondary droplets behind. The volume ratio of the
secondary droplets approaches an asymptotic value very close to zero. This is an ideal pattern for
the drop-interface and drop pair coalescence in water-in-oil emulsions, as it leads to improving
the emulsion separation performance.
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