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Abstract

Polymer flooding is widely used in petroleum industry to enhance oil recovery
However, presence of polymer molecules in produced kquah influence the
droplet coalescence at -ewvater interface in electric dehydration separators. In this
study, the influence of hydrolyzed polyacrylamide (HPAM) on drepiétrface
coalescence was examined through high-speed recording and observation.

Deformation of dropletsof aqueous polymer solution under electric fields was


mailto:yangdonghai12@163.com

experimentally observed he images showed droplets collapsed to filament without
pinch-off due to viscoelasticity. Meanwhile, fine secondary droplets erupted from the
summit of filament, which was detrimental to dehydration efficiemycritical
electric field strength (&) beyond which partial coalescence occurred was identified.
The effects of the initial droplet size, HPAM concentration, electric field waveform
and frequency were explored. The results sthivat Erit increased with the decrease

in initial droplet radius or the increase in HPAM concentration. Four kinds of AC or
pulsatile electric fields (PEFs) were used including sinusoidal AC (sine AC), square,
pulsed DC (PUDC) and pulsed AC (PUAC) waveforms. The increase in frequency
suppressed the electro-induced stretching of droplets in the vertical direction
inhibiting partial coalescence. For these different electric fields, the incre&se

with elevated frequencies followed different wa@verall, Erir of square waveform

was larger than those of other waveforms; however, & PUAC and sine AC
waveforms may exceed that of square waveform at high frequenciese fifftengs

are useful for the development of electro-dehydration separators for oils containing

dissolved polymers in the dispersed aqueous phase.

Keywords: Oil-Water Separation; Droplet-Interface CoalescenCeitical Electric

Field Strength; Hydrolyzed Polyacrylamidélectric Waveform; Frequency

Nomenclature

Abbreviation

EOR Enhanced Oil Recovery
HPAM  Hydrolyzed polyacrylamide

PEF Pulsatile electric field



PUAC Pulsed AC
PUDC Pulsed DC
RMS Root mean square

Sine AC Sinusoidal AC

Greek symbols

p Density,kg- m3

V1 Viscosity,Pa s

o Interfacial tension, N-rh

€ Relative permittivity

€0 Permittivity of free space F-m?*
K Conductivity, S- it

Roman symbols

A The projected area of the drople m

Cq Drag coefficient

E Electric field strength, kV-h

Ecrit Critical electric field strength, kV-th

fo Natural frequency of polymer droplets, Hz
Fs Buoyancy force, N

Fo Drag force, N

Fe Electric force, N

g Gravitational acceleration, n?s

H Thickness of Phase layer, m

Hpeak Characteristic height of the droplgin

G Gravity force, N

k Slope of Eit and R®, v-m°®

AP Difference in the additional pressure, N
R Radius, m

Applied voltage, V

% Relative velocity of a droplet falling in oil, m*s



\V Volume of the droplet, i
Super/subscripts
1 Aqueous phase

2 Oil phase

1. Introduction

1.1 EOR additive HPAM may affect the electro-dehydration of emulsion

Polymer flooding is an important chemical enhanced-oil-recovery technique, the
first field-test of which was conducted in USA as early as 1964. In recent years, with
oil price recovery worldwide, improvement of polymer flooding technology, and
reduction of its cost, the focus on polymer flooding is renewed [1]. According to
statistics, polymer flooding could improve the recovery ates%-30% [1-5].0Il
trapped in dead ends of pores in oil rocks could be pulled out by aqueous polymer
solutions. In particular, polymers could increase the volumetric sweep and
displacement efficiency of injected water due to enhanced viscosity and reduced
water/oil mobility ratio [1, 6] Some studies also reported that the viscoelastic nature
of the polymers can elevate displacement efficiency [1, 4]. Kamal et al. [1]
summarized the polymer types used in nearly 20 oil fields, including Daging, Pelican,
and West Khiel. Due to relatively low-temperature and low-salinity properties of most
of these reservoirs, HPAM is widely employed in oil fields [1, 4]. HPAM belongs to
anionic polymers. The negative charge induced by hydrolysis would increase
repulsion between the HPAM chains and yield HPAM solutions with increased
viscosities [1]. In addition, aqueous HPAM solutions also exhibit significant

viscoelasticity [4, 7].



In Daqing oilfield, 30%~50% of injected polymer would be re-extracted to the
ground with the produced liquid after polymer flooding [6]. Due to a series of
shearing during oil extraction and gathering processes, the produced liquid would
form a stable emulsion, which needs to be dehydrated to meet the requirement of
water content of commercial crude oil [8, 9]. Commonly, the dehydration methods
include natural sedimentation, centrifugal settling, chemical demulsification,
electrostatic dehydrationand membrane demulsification, etc. [1L0Of them,
electro-dehydration method used for separating watir-oil emulsions during oil
processing, and can effectively reduce the water content of oil to below 0.3%. [8,
However, it is reported that produced liquids containing polymer molecules are
difficult to be treated in many oilfields [12, 13]. In view of this, the macroscopic
background of this study is to investigate the impacts of polymers on the
electro-dehydration of emulsion.

1.2 An important pattern of electro-dehydration: droplet—interface coalescence

Horizontal electric dehydration separator is the dewatering facility generally
used in oilfield gathering and transportation system. Whateit emulsions entering
the electrostatic separator would stay for some time depending on the designed
throughput. During this time, part of water will settle to the bottom, forming an oil
water interface [14] Then, the subsequent settled water droplets will stay at the
interface for a while and eventually merge into the underlying bulk phase through
dropletinterface coalescence. Microscopically, droglgerface coalescence can be

divided into several steps: thinning and rupture of bietween droplets and interface



and coalescence [15-17].
1.2.1 Partial coalescence isundesirable for electro-dehydration

The application of external electric fields affects dropigerface coalescence.
Due to the difference in permittivity between the oil and aqueous phases, polarisation
of the aqueous phase becomes possible [18]. Therefore, droplets are subjected to
electrostatic forces in an electric field. On one hand, the electrostatic force between
the droplets and interface accelerates the rupture of the oil film, promoting the
occurrence of coalescence [8, 14, 19, 20]; on the other hand, it stretches the droplets
following the charge transfer when the droplet touches the interface, which may retard
the coalescence and help to pull away of the droplets from the interface [16, 21]. At
high electric field strengths, the upward stretching force can cause the breakage of the
droplets. The droplets split and leave fine secondary droplets, a phenomenon known
as partial coalescence. Obviously, partial coalescence is undesirable for electrostatic
dehydration as it makes the remove of smaller droptetg challenging. Therefore,
prevention of partial coalescence merits further studies.
1.2.2 Research status of factorsinfluencing partial coalescence

The literature search revealed that both electric field and physical factors of
liquids influence the occurrence of partial coalescence [16, 22-28]. In particular,
higher electric field strengths are conducive to form larger secondary droplets [25, 26]
The increase in radii of initial droplets may promote the occurrence of partial
coalescence [16, 23, 2&ryafar et al. [23] found that the use of a high viscosity oil

or coalescing droplet with a low permittivitg not conducive to induce partial



coalescence. Impurities in the aqueous phase also affect the coalescence results. This
was simulated by addition of relevant chemicals. Mousavichoubeh et al. [16] noted
that hydrophilic surfactants significantly reduced the-wdlter interfacial tension,
thus promoting the formation of larger secondary droplets. Vivacqua et al. [27]
suggested that increasing conductivity of water to a certain range through addition of
salts could suppress partial coalescence. Harbottle et al. [29] presented that the
increment of nanoparticle concentration in the water droplets transforms the
coalescence from partial to complete.

AC or pulsatile electric fields are used in electric dehydrators to avoid short
circuits between electrodes, especially when processing imabdremulsions with
high water content. The effects of electric field waveforms and frequencies on
dropletinterface coalescence are studied. For instance, Mousavi et al. [25]
investigated the influence of square, sawtooth and half-sinusoidal waveforms on
dropletinterface coalescence, and reported sawtooth wavedsthre most effective
waveform in reducing secondary droplets volumes. Vivacqua et al. [30] studied the
influence of the same waveforms on electrocoalescence of water drop trains and
obtained similar results. Elevated frequencies suppressed the formation of secondary
droplets [25].
1.3 Research status of the coalescence of polymer-containing droplets

Research works on the electro-coalescence of polymer-containing droplets have
hitherto focused on the motion and deformation of single droplets, or the coalescence

between binary droplets. Luo et 1] studied the natural floating motion of oil



droplets in HPAM solutions in the buoyancy field, and noticed that cross-link
structures formed by HPAM molecules and increased water viscosity were
responsible for decreasing oil droplets floating velocities. Yan §32jlinvestigated
the deformation of HPAM-containing droplets under electric fields. Their
experimental results illustrated that the interfacial tension and the elasfiditye
non-Newtonian fluid are pronounced for deforming polymer droplets. Vef8&3r
explored the coalescence of polymer droplets under the influence of van der Waals
forces only to determine the relationship between various combinations of droplets
viscosities and characteristic time of coalescence. However, diopdetace
electro-coalescence containing polymers has not been addressed widely. Yang et al.
[28] preliminarily investigated the effect of polymers on the coalescence of droplets at
oil-water interface subjected to DC electric fields, and observed that adding polymers
to water raised the critical electric field strength for the occurrence of partial
coalescence.

Overall, HPAM can vyield compleaqueous phase behaviofhe stuy of its
effect on dropletinterface coalescence, especially en for the occurrence of partial
coalescence, is ongoing but not sufficient. In this study, the effects of initial droplet
size, HPAM concentration, electric field waveform and frequency en &e
experimentally determined for the occurrence of drepi&trface partial coalescence.
The outcomes of the current work would be useful for optimizing the application of

electro-dehydration separator for polymer-containing oil-water emulsions.



2. Experimental methodol ogy

2.1 Experimental set-up and procedure
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Fig. 1 Schematic of the test cell used in the experiment

The experimental cell was the same as that used by Mousavichoubeh et al. [16,
26]. As shown in Fig. 1, two polished brass plates with dimensions of 90 mm x 25
mm, as the electrodes, were placed parallel in the experimental cell. The high voltage
electrode was attached to an insulating slider. A hole with a diameter of 1 mm at the
center of the slider and the high voltage electrode enabled the injection of droplets
into the continuous oil phase. The ground electrode was attached to the insulating
base. The distance between the electrodes could be adjustable by moving the slider up
or down.

Two layers of immiscible liquisiwere added to the experimental cell to simulate
the planar oitwater interface in the horizontal electric dehydration separator. The
bottom half of the cell was filled with HPAM aqueous solutions and the top half was
filled with silicon oil. Then, droplets were injected into the cell through the hole, by

using a hypodermic needle attached to a syringe (Hamilton micro-liter syringe). The



needle was grounded in the absence of any electric field to ensure droplets are
uncharged. The injected dropletlfdown slowly untilit rested at the interfac®y
applying anelectric field, the coalescence would occur rapidly. This process was
recorded by high-speed digital video recording using Photron FASTCAM SA5
camera equipped with a micro lens (NAVITAR 12x Zoom Lens). A halogen cold lamp
(Dedolight DLHM4-300) with four flexible fibre optic heads was used for lighting to
high speed recording. The images taken were analyzed by the image processing
software Image J and PFV (Photron Fastcam Viewer ver. 320) software.

2.2 Types of electric signal used in experiments
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Fig. 2 The sketch of different types of AC or pulsed waveforms used in the experiment: (a) Square
waveform, (b) PUDC waveform, (c) PUAC waveform, angSihe AC waveform. The bold solid
lines show the periodic characteristics of different waveforms (one period) and the dotted line
represents the axis wherasgequalto 0.

Five different electric waveforms were generated by a signal generator
(Tektronix AFG1022), including DC, square, PUDC, PUAC, and sine AC waveforms.
Fig. 2 shows the periodic characteristics of AC or pulsed waveforms used in
experiments. Electric signals were amplified 2000 times by the high voltage power
amplifier (TREK 20/20C), with a maximum output voltage of 20,000 V. To express

the effectiveness of the different waveforms, the RMS value of the field strength is



commonly used, which corresponds to the value of a DC voltage giving the same
electrical power [30, 34, 35]. The RMS value was also used in this work. In addition,
due to the discontinuity of the dielectric constant of oil and water, the electric field

strength E in oils given by[36]:

U

Ezm 1)
2.3 Preparation of experimental liquids

HPAM can be prepared by a commonly manufacturing procesgalysis of
polyacrylamide (PAM). The reaction is shown in Fig. 3. In this work, commercial
HPAM was provided by PetroChina DaQing Refining & Chemical Company, with a
relative molecular weight of 300 x 4@ 500 x 10 and a degree of hydrolysis of less
than 30 %. The silicon oil was purchased from Sigma-Aldrich. According to Sheng et
al. [4] review, the amount of polymer injected from all the surveyed polymer projects
with available data was in the range of 0 ~ 900 ppm-PV. Based on this, the range of
HPAM concentrations was from 0 ppm to 600 ppm used in the experiments in this
work. The properties of the silicon oil and HPAM solutions are given in Table 1. The
conductivity of polymer solutions was measured by using a conductivity indicator
(Model 4310, Jenway Products Inc), and the conductivity of oil was measured by an
oil conductivity meter (GD29YX1154B). The viscosities of oil and polymer aqueous
solution were measured using the Bohlin CVO rheometer (Malvern Instruments Inc).
Moreover, density was measured by using a volumetric flask and interfacial tension

was measured using the contact-angle measuring instrument EasyDrop (Kruss GmbH

Inc).
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Fig. 3 Molecular structure of PAM and HPAM [|36

Table 1 Properties of silicon oil and HPAM solution used in experiments

o Conductivity Viscosity Density Interfacial tension
Hauids (uS-cm™) (mPa-s) (kg-nt) (MmN-nt)
Silicon oil 2.32x10 56.99 950
Distill ed water 1 1.27 998 39.81
HPAM 50ppm 18.88 5.93 998.24 31.01
HPAM 100ppm 31.4 9.48 998.52 30.56
HPAM 200ppm 67.4 17.45 998.68 29.71
HPAM 400ppm 109.2 28.31 999.94 28.33
HPAM 600ppm 1454 36.81 1000.92 27.34

3. Results and discussion

When the droplet coalesces at an interface under an electric field, the
coalescence form is determined by the forces exerted on the coalescing droplet. Due
to the dynamic change in droplet shape during coalescence, it would be difficult to
give the magnitude of the forces at each moment. However, at the very beginning of
the coalescence when the droplet can be considered to remain spherical, the forces can
be analyzed. The difference in the additional presaitebetween the coalescing
droplet and bulk phase mainly drives the coalescing droplet to discharge its liquids

into the bulk [16, 26, 38]. In general, the additional pressure of bulk phase could be



neglected because the radius of curvature of the interface tends to infinity. Miénce,
is approximately equal to the addition pressure of a spherical droplet, given by
Young-Laplace equatioldP = %7- An electric field force E will pull the droplet
upward to hinder the droplet from merging completely into the bulk phase gaoahF
be calculated a$;=6.587¢,6,R*E> [18, 39, 40]. For a spherical droplet falling in the
surrounding oil, the drag forcepHs given by Chiesa et al. [41ED=%p2CdAv2.
Futhermorethe difference between the gravity force G and buoyancy fay@aifr be
expressed as-&s= (p,-p,)gVy. Therefore, all the physical factors (includingoRp,
etc.) and electric field factors (including E, etc.) can affect the coalescence. In the
practical application of electric dehydration separator, the adjustable factor is usually
the applied electric field strength E. With the change in E, different coalescence forms
can be achieved, as analyzed below for the influence of the presence of dissolved
polymer in the aqueous phase.
3.1 Coalescence behaviors of the polymer-containing droplet
3.1.1 Different forms of droplet-interface coalescence

Fig. 4 (a) indicates that in the absence otlautric field or in the presence of
low electric field strengths, the coalescing droplet could fully merge into the bulk,
inducing complete coalescence. As the field strength is increased, the liquid bridge
breaks up before reaching complete coalescence, leading to partial coalescence. This
leaves the main secondary droplet and a train of fine droplets above the interface (Fig.

4 (b). Some of fine droplets are not visible in print. Both observed patterns are



conventional in dropleinterface coalescence, not only for polymer droplets as used

here but also for droplets containing surfactants, ions, among others.

(b)

Fig. 4 Conventional patterns of dropletterface coalescence. (a) Complete coalescence of a

droplet with radius of 640m subjected to a DC electric field with amplitude of 310.6 k¥-m
(concentration of HPAM solution is 600 ppm), and (b) Partial coalescence of a droplet with radius
of 640pum subjected to a DC electric field with amplitude of 483 kV{soncentration of HPAM
solutions is 50 ppm).

Polymer solutions usually exhibit the viscoelastic properties under severe
stretching and deformation, as it is the case of the droplet during coalescence, which
influences the formation of secondary droplets. It has been reported that the
viscoelasticity of polymer soluti@suppresss partial coalescence in the absence of
electric fields[42]. In fact, viscoelastic effects would only be triggered when the
polymers are extensively stretch@tB]. In our experiments, the polymer droplet
brought out interesting viscoelastic effects at relatively high field strengths. As shown
in Fig. 5 (a), the shape of the coalescing droplet is stretched from initial sphere to a

liquid column by the upward electric field force. A short filament is pulled out from



top of the liquid column, disintegrating into fine droplets and getting dispersed into

the surrounding oil. As the liquid column gradually collapses, the filament becomes
longer; meanwhile, the filament continues stretching and discharging its liqufds

form of fine droplets. Its height eventually starts decreasing due to the eruption of fine
droplets.As the height decrease to a certain size, the filament breaks up into several
droplets from the bottom and thinnest positions along the filament, very similar to

breakup of ‘beads-on-strirg’ structures (Fig. 6) for viscoelastic jets. As shown in Fig.

6, several droplets are connected by the thin filaments between them which will
eventually break at the thinnest positions. As the concentration of the polymer
solution and field strength is further increased, the filament forms earlier and lsecome

longer but more difficult to break (Fig. 5 (b)). In some extreme cases, no breakage of

the filament from the bottons observed during the entire coalescence period.
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(b)

Fig. 5 The formation of a filament by the polymer-solution droplet under DC electric field, for (a)
Ris 598um and E is 578 kvriY; concentration of polymer solution is 200 ppm, and (b) R is 598
um with the same polymer concentration as case(@E is 607 kV ni. (The more detailed

processes are shown in Supplementary materials 1 and 2, respectively)

\J

Fig. 6 A typical beads-on-string structure observed in experiments. (The initial droplet with radius
of 640um subjected to a DC electric field with amplitude of 535 kV; nooncentration of HPAM
solutions is 50 ppm)

3.1.2 Analysis of the breakup mechanism of droplets



The above coalescence phenomena observed in the experiments reflect the
complexity of dropletinterface coalescence containing polymers. For a droplet of a
polymeric solution, there are two coalescence modes: 1) the conventional coalescence
mode, 2) the viscoelastic mode, in which the droplet undergo extensive reversible
stretching and delayed pinch-off [42, 44]. The applied electric field is mainly
responsible for stretching the droplet, and the corresponding reaction of polymer
molecules inside the droplet should play a role in switching between the two modes.
The deformation and breakup of an extended droplet in an otherwise quiescent fluid
was attributed to the Rayleigh instability [45]. This mechanism described that the
droplet would be unstable due to a natural growth of finite-amplitude capillary
disturbances [45 46, 47]. However, capillary-wave instabilities at the fluid-fluid
interface have been observed only for highly elongated drops [48]. For the
conventional coalescence process, the finite interfacial tension of the interface should
drive the motion leading to breakup [16, 28], which occurs on a much shorter
timescale than the growth of capillary waves [47, 48, 49. I3tone et al. [48 49]
simulated the pressure distribution in the extended droplets with a bulbous end. As
shown in Fig. 7 (a), due to the change of interface curvature, the capillary pressure
gradient induces flow both from the end of the drop and from the central cylindrical
region. The high initial curvature at the bulbous end tend to cause large velocities near
the end and a reduction in droplet length [49]. The end gradually bulb up which
lowers the pressure in this region. Meanwhile, the pressure-driven flow away from the

cylindrical region leads to the development of a neck and, consequently, a local



pressure maximum, which will eventually result in droplet breakup via the capillary
pinch-off process [48, 49].

For the viscoelastic mode, as the polymer molecules are strongly stretched,
tensile strength will be developed in the droplet filament to suppress the capillary
pinch-off. Simulations performed by Li et al. [43] showed that variations in axial
elastic forces in the filament is roughly four times larger than those of capillary forces
with opposite sign. As the filament becomes longer and thinner, the rapid growth of
axial elastic stress prevents the filament from further necking. Other experiments also
depicted that the time of the breakup of viscoelastic jets is several orders of magnitude
longer than that of Newtonian jets [43, 50, 51]. However, in the end of the filament,
the filament is strongly stretched to form thminted end. The strong electric filed
force may break the original balance between internal and external forces on the
filament, and the capillary pinch-off occurs. Ttmointed end quickly retracts, thus
transforming the end into a bulbous shape (Fig. 7 (b)). The subsequent multiple
satellite formation is self-repeating in the sense that every pinch-off is always
associated with the formation of a neck, the neck undergoes an additional pinch-off,
and the process repeats at smaller scales [46]. It is worth noting that in the final stage
of filament fracture, an abrupt appearance of finite-amplitude waves on the remaining
thread leads to simultaneous breakup into a line of small drops (Fig. 6). This abrupt
occurrence of capillary-wave instabilities indicates that the prolongation of time
required for droplet breakup provides sufficient time for the growth of capillary

disturbances. At present, the behavior of polymer-containing droplets in coalescence



cannot be fully explained, and in-depth breakup mechanism of the viscoelastic thread

under electric fields requires further studies.

P-Po P-To A reduction in length
Cylindrical region \ )
Bulbous end Pointed end T e—

(a) (b)
Fig. 7 (a) Velocity and pressure fields for an extended droplet during the breakup process. The
pressure field P Py shown is the droplet pressure along the centerline aisciire pressure at the
droplet center [49]. (b) Sketch of the formation of multiple satellites from the droplet filament
[46].

Overall, the existence of polymer in the aqueous phase during diofgdiace
coalescence may extend the coalescence time and also form a large amount of fine
secondary droplets. Whether partial coalescence would proceed in viscoelastic mode
or just in conventional mode may depend on many factors, such as concentration of
polymer solutions and applied electric field strength. However, partial coalescence
would always be detrimental to electric dehydration, and therefore its mitigation is
highly desirable when using electro-dehydrators to process imaddremulsions in
oil industry. In the experiments, partial coalescence only initiated above a critical
electric field (Erit). To determine Ei, the output voltage between the electrodes was
adjusted under the minimum adjustment range allowed by the experimental
equipment (£ 2 V). As the applied electric field strength gradually approached E
only a short filament is pulled up before the coalescing droplet completely merge into

the bulk phase, and therefore the secondary droplet formed in partial coalescence



would be very small (Fig. 8). Once the coalescence just transformed from partial to
complete (Fig. 4 (a)), the voltage was recorded and the corresponding electric field
strength was taken ascE In the following, the effects of initial droplet radius,
concentration of HPAM polymer solution, electric waveform and frequencyc@n E

are all discussed.

0 1 2 3 4 5 6 7 8 9 10 11ms

Fig. 8 The state of the coalescence when the applied electric field strength appreacfidseE
initial droplet with radius of 546 um subjected to a DC electric field with amplitude of 723 kV-m™;
concentration of HPAM solutions is 600 ppm)

3.2 Influences of initial droplet radius and HPAM concentration on Ecit

In Fig. 9 (a) Eciit decreasess initial coalescing droplet sizes increased. As
analyzed above, the increase in R redutBs thereby reducing the initial kinetic
energy that drives the liquids in the droplet into the bulk. Furthermore, large initial
droplets are subjected to large electric field forcesab well as drag forcesFwhich
are conducive to the occurrence of partial coalescence. Therefore, the synergistic
effect of these will lead to the decrease et.E

Several formulas have been proposed to calculatefde breaking, such as

E = / co for single conducting droplet [40], anél.,;, = /L for a liquid jet
g0e2R o(e1-e2)R

[52]. Exit of both is proportional to B, indicating possible similarities between

different patterns of liquids breakup. In our experiments, fEllows a nearly linear

trend with the reverse of square root of droplet radids®(RFig. 9 (a)). Fig. 9 (b)



shows that the slope k, given by the ratigi( ER®9), increases with the increase of

HPAM concentration.
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Fig. 9 (a) the effect of R onckz under square electric fields with a frequency of 1 Hz, and (b)
the relationship between the sldpef the lines given by (& / R and the concentration of
polymer solution.

As HPAM concentration increasesgiEbecomes larger and sensitivethe size
of initial droplet. As reported in our previous studies, polymer molecules could form
cross-link structures in aqueous phase with tighter structures at higher concentrations
[31]. Therefore, such structures could enhance viscoelasticity of the droplet. The
tensile strength due to viscoelasticity can delay pinch-off of the droplet [53]
Stretching of the polymer chains along the axis can teddng extension of the
droplet without breaking (Fig. 5). Once the electric field is turned off, the surface of
droplet will quickly shrink to recovery its shapehe experimental findings by Chen
et al.[42] also reveals that polymer drops tend to generate smaller secondary droplets
in the absence of electric fields. Therefore, the addition of HPAM may inhibit the

occurrence of partial coalescence, resulting in increasgd Eurthermore, the



conductivity and viscosity of aqueous phase increases as HPAM concenisation
increased; in contrast, the-eNater interfacial tension only slightly reduces (€b).
It has been reported that the formation of secondary droplets can be avoided if the
water conductivity is increased witha certain range [27]; moreovergiEalso
increasesat elevated conductivities [28]. The increase in droplet viscogify oan
lead to two competing effects: damping of the rate of drainage of the aqueous liquid
into the continuous aqueous phase and prolonging the coalescence time [53]. The
simulations of Yue et al. [53] shows that the volume ratio between secondary droplets
and the initial droplet increases and then declines as the droplet viscosity increases.
The effect of the increased droplet viscosity on partial coalescence is difficult to
discern from our experiments.
3.3 Influence of electric frequency on Ecit for different electric waveforms

To prevent shortcomings of application of DC electric fields, such as short circuit
and corrosion, AC or pulsatile electric fields (PEFs) have been widely employed. The
coalescence under PE$-closely related to the frequency. As shown in Fig. 10, the
coalescence pattern transforms from partial to complete as freqggencseased. Fig.
11 depicts the variation in the characteristic height of the droplet during coalescence
for different frequencies. In droplenterface coalescence, the electric field foree F
stretctes the droplet upward, thereby delaying the merging of the droplet into the
continuous phase. Howevestae frequency increases, the change in droplet hisight
suppressed, reducing and ultimately eliminating the stretching effect of the electric

force on the drogt Therefore, partial coalescence can be inhibited by increasing the



frequency without short-circuiting, agsrddncreases too.
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Fig. 10 Transformation from partial to complete coalescence by increasing frequency, for (a) 15

Hz, (b) 30 Hz, and (cjO Hz. (The initial droplet with a radius of 640 um under a PUDC electric

field with an amplitude of 400 kV- the concentration of HPAM solutions is 50 ppm)
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Fig. 11 (a) Schematic illustration of the distancedig from the highest point of the coalescing
droplet to the undeformed eWater interface, and (b) Variations in the characteristic height of the
droplet during coalescence for different frequesnigiThe initial droplet with a radius of 640 pm

under a PUDC electric field with a amplitude of 345 kW: e concentration of HPAM solutions



is 600 ppm)

As shown in Fig. 12a - d), the pattern of increase otEdepends on the
waveform. In particular, & of square waveform increases rapidly initially as
frequency is increased from low values; howeiaguickly approaches an asymptotic
to the level when the frequency is increased above approknzdtedz. For sine AC
and PUAC waveforms (Fig. 12 & c)), E:it keeps increasing with frequencies, albeit
at different ratesThe change in & of PUDC waveform (Fig. 12 Jilis similar to
those of sine AC waveform, i.e. with a change in the slope around3Hn. These
strange changes intdecould not easily be explained, but maybe related to the natural

frequency of polymer droplet given by [54]:

r=cC 1 o
¢ |(+CaRp,

where G and G, are coefficients (€1 and G~1). For polymer concentrations of 50,

100, 200, 400, and 600 ppm, the natural frequency ranges from 72.7 to 77.5 Hz for
droplet radius of 64Qm. The deformation should increase as the electric frequency
tends to natural frequency of the droplet [54], conducive to breakup of the droplet and
formation of secondary droplets. For square wavefogm hardly changes over a

wide range around the natural frequency. However, for sine AC(Panél PULC
waveforms Eit remains almost unchanged at relatively low frequencies below 20 to
30Hz. These results reveal the complexity of the effects of electric waveforms and
frequencies. Under changing electric fields, the droplieta dynamic stretching

mode, resulting in dynamic changes in the polymer molecules assembly structure. The

behavior of polymer-solution droplets under changing electric fisld®rthy of



further studies with focus on deformation and breakup.
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Fig. 12 Effect of electric field frequency oniEor droplets of polymer- solution of different
concentrations: (a) square waveform, (b) sine AC waveform, (c) PUAC waveform, and (d) PUDC
waveform. The initial droplet hasradius of 640 um.

3.4 Effective waveforms for suppressing droplet—interface partial coalescence

High Ecit values are not conducive to the occurrence of partial coales@esce.
the frequency is increased, the most effective waveform suppressing partial
coalescence may also change. In Fig. 13 (&),dE square waveform has the largest
value of all tested frequencies, and the growth g@f & both sine AC or PUAC

waveforns does not exceed that of square waveform. In Fig. 13)(b&it of square



waveformis the largest at low frequencies; howeveg;: B©f sine AC and PUAC
waveforms exceed that of square waveform at high frequencies. These results indicate
that the most effective waveform may change from square to sine AC and PUAC
waveforms at elevated frequencies. Furthermoge,E PUDC waveforms always

the lowest for different HPAM solution concentrations and frequencies.
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Fig. 13 Comparison of & for different HPAM concentrations: (a) 0 ppm, (b) 50 ppm, (c) 100

2

ppm, (d) 200 ppm, (e) 400 ppm, and (f) 600 ppm. The valuegadfEDC electric fields are



quoted from [28]. For legends;m— represents square waveform, —e— represents DC

waveform,—e— represents sine AG- ¥ — represents PUAC waveformnd— A — represents
PUDC waveform.

The change of the most effective waveform at high frequencies should be related
to the difference in amplitude and average electric field strength of different
waveforms.At low frequencies, the amplitude of electric field ntegve a greater
influence on dropleinterface coalescence than the average electric field strength
From the periodic characteristics of different waveforms (Fig. 2 ante.Tap the
amplitude of electric field of PUDC, PUAC and sine AC waveformg2stimes that
of DC and square waveforms at the same RMS value. In addition, the amplitude of
sine AC waveform only appears at the peak and trough of the period, duinatien
is much less than that of PUDC and PUAC waveforms. Larger peak strength and
longer duration would indicate that the droplet is subjected to stronger electric forces
during coalescence, which could promote occurrence of partial coalescence. Therefore,
Ecrit values of DC and square waveforms are the largest, followed by sine AC, PUAC,
and PUDC waveformsAs frequency increases, there will be several electric field
periods throughout a whole coalescetioge, so that the effect of average electric
field strength during coalescence may become more significant. In particular, PUDC
waveform electric fields vanish during the second half of one period. The
disappearance of electric fields occurs twice for PUAC waveform in one period.
During thistime, the droplet is not affected by FEluring coalescence, favorable for

occurrence of complete coalescence. At the same RMS valyah& average field



strength in one period for PUDC and PUAC waveforms$vid/2) E,. The average
field strength in one period of sine AC waveform(2s/2/n) E, and that of DC and
square waveforms ispEWhen the frequencig high, E:it values of PUAC and sine
AC follow each other closely and exceed those of the squxteand PUDC
waveforms.

Table 2 Theoretical RM S, peak and aver age strength values of different electric fields used

in experiments [55]

Waveform Erms Epeax |E | average
PUDC E, V2E, (V2/2)E,
PUAC E, V2E, (V2/2)E,
Sine AC E, V2E, (2V2/m)E,
Bipolar Square E, E, E,
Conclusions

In this study, the effect of Hydrolyzed Polyacrylamide (HPAM) polymer on
dropletinterface electro-coalescence was studied using high-speed camera.
Experimental results showed that increasing the applied electric field strength can
transform the coalescence from complete to partial. Due to the viscoelasticity of
droplet containing HPAM molecules, it was observed at relatively strong electric
fields that the coalescing droplet was stretched to form a thin filament without
pinch-off and fine droplets erupted from the summit of the filament. In view of the

partial coalescence only initiates above a critical electric fiejd)(Ehe values of gt



were further determined.

The effects of the initial droplet size, HPAM solution concentration, electric field
waveform and its frequency onrrEwere investigated. It was found that the increment
of the initial droplet radius (Rreduced the values off, and E:it was nearly linear
with R%5, Conversely, the addition of HPAM significantly increaseg, because of
the increased viscoelasticity hindering droplet breakage as well as the change in
physical properties of polymer solution (possibly mainly the increase in conductivity)
In the experiments, the values ofiEcould rise from 198.6 kV-th(the coalescing
droplet witha radius of 640 um had a polymer concentration of 0 ppm) to 844.8
kV-m? (the coalescingroplet with a radius of 470 um had a polymer concentration
of 600 ppm). Moreover, the results revealed that increasing frequetctp an
increasan Egit, which was related to the inhibition of the electro-induced stretching
of droplets in the vertical direction. The maximum value of Eheasured was
approximately 951.6 kV-rh when the droplet with a radius €40 um (the polymer
concentration was 600 ppm) was in a pulsed AC electric field with frequency of 100
Hz. The increase inck followed different ways for various waveforms. For square
waveform, E:it increased rapidly initially as frequency was increased and then
approached an asymptotic to the level. However, for sine AC, PUAC, and PUDC
waveforms, Git kept increasing with frequencies, albeit at different rates. Elevated
values of E:t led to most effective suppression of partial coalescence. In terms of the
optimal waveform, the data revealed changes at elevated electric field frequencies. In

most situations, & of square waveform was the largest, bt #alues of PUAC and



sine AC waveforms exceeded those of square waveform at high frequencies.

Overall, these results would form a good basis for future development of electric
dehydration separators. However, the mechanism of breakage in thread and ejection
of fine droplets from the summit under electric fields require further investigations.
Furthermore, the influences of changes in electric field on the polymer molecules in
agueous solution and the resulting viscoelastic properties of droplets at high
deformation frequencies remain unclear and require further studies.
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