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Abstract- As a part of a study of electrocoalescence of water

droplets in oil, the controlled generation of smalldrops (diameter
~ 100 um) is considered. The technique used consist applying
a voltage pulse promoting the deformation of a mestus at the
end of a capillary tube through the action of electc forces. For
pulses of short enough duration, the transient defonation can
lead to the ejection of a small drop electrically autral.
The experimental results of water drops extractionin oil are
presented. Using capillary tubes of outer tip diameer varying
from 0.5 mm to 1 mm, it is possible to obtain in aeproducible
way drops of diameter ranging from 50 um to 200 umFor a
given meniscus shape, the diameter of the extractedroplet
depends on the voltage amplitud® and on the pulse durationAt.
Order of magnitude considerations on the meniscuseflormation
process suggest that the main parameter which det@ines the
size of the generated droplet is the product V? At. The
experimental results support this guess for pulse wtations low
enough so that there is no electrical field (and,herefore, no
surface charge) during the last stage of meniscusoagation and
break-up. The possible use of this technique of dpon-demand
generation is discussed, taking into account the dnsient oil flow
around the meniscus which most often brings the dpet off the
system axis.

|. INTRODUCTION

Electrocoalescence is the phenomenon of coalescef
droplets, suspended in an insulating liquid or s, gader the
action of an electric field. In the petroleum intlys
electrocoalescence has been used for over 100 yeard
treatment: elimination of suspended particles ssalater and
some compounds from the crude oil. The introductbthis
technique allowed considerable gains in terms oflpctivity
as electrocoalescence is used to increase thefsszspended
water droplets, which results in a dramatic de@eaf the
time required for gravitational sedimentation [B]2)n recent
compact electrocoalescers, the water in oil emulglows
between two coaxial electrodes [4]. In these device
coalescence of water droplets occurs in two diffephases:
first, there is a build-up of drop pairs by theidlishear flow
bringing some droplets in close proximity; in a aed stage,
the coalescence itself is promoted by the fielduosti
attraction, deformation and break-up of their ifgees [5].
The basic phenomenon has been described in mawiopse
papers [5-8]. Nevertheless usable criteria to ptedhe
coalescence of two water droplets in crude oil,aurile effect
of a given electric field, should still be formwddtand widely
validated. Establishing such criteria remains qdifécult, as
it involves many parameters (fluids densities armtosities,

surface tension, flow velocity and shear, presarfqearticles
and chemical species ...).

To identify the governing parameters, we intendaaoy out
an experimental study of the electrocoalescendsvofwater
droplets in an oil shear flow. It will consist imjécting
electrically neutral drop pairs of controlled volemat given
locations in an oil shear flow, and in analyzingeith
coalescence under varying electric fields. A crucia
requirement for this study is to generate watempkhts in a
controlled way and we examine here a technique chase
pulsed electric field applied to a water-oil menisc

II. PRINCIPLE OF DROP EJECTION

A. Background

The ability of electric forces to draw liquid frosurfaces
has been known for many years but its applicatmtiquid
ejection is more recent. Devices such as ink penteere for
example mainly based on the use of pressure p[8sew/ith
pressure ejection, the drop size is closely tiedht orifice
size, so that drops of a few microliters would riegsmall
capillaries and orifices, difficult to manufactused prone to
clogging. Electric spraying, on the other hand, parduce a
wide range of drop sizes, including drops much tamahan
the orifice.

Electrohydrodynamic (EHD) spraying has been thgemib
of many papers in recent years [10,11] and mangnigaes
have been developed that can basically be clagdsifietwo
categories [9]: those based on cone-jet mode, laogktbased
on “drop periodic”. Cone-jet refers to the conicaltapering
meniscus with the fine jet issuing from the tip amadhot ideal
for droplet generation. “Drop periodic” means angda in
which drops are pulled one by one such as dripgind
spindle mode [11,12]. All these techniques prodakarged
droplets that are not suitable for tests on water oil
electrocoalescence.

Reference [13] presents a recent method for norgelda

droplets generation. It relies on the use of aloaihg outer
fluid that pulls a liquid drop formed at the tip of tube.
However, drops of a few micro liters can not beaaixd
without the apparition of a jet.
In 1993, Wright et al. [9], have considered usiioifage pulse
in addition to pressure pulse to generate singdpldts. They
developed a numerical model simulating droplet te&ac
They showed that applying only a voltage pulseresult in a
drop ejection. We focus here on this particular Ima@ism of
drop ejection and present results of an experinhehidy.



B. Surface deformation, elongation and break-up

The injection of a single and non charged watepldtoin
oil is obtained by applying a voltage pulse on adative
liquid meniscus that will deform and finally break- The
major difference with the work of Wright et al. 9] is that
the only pressure acting on the meniscus is thetreltatic
pressuréPes = %2 ¢ E.2, whereE, is the normal component of
the electric field and: is the oil permittivity. We apply a
voltage pulse defined by a temporal shape, as eqaar
possible (to reduce lead and trail times), an aonghdi and a
duration.
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Fig. 1. Main geometrical parameters of a menisouslved in critical field
estimation.

Concerning the pulse amplitudé a lower bound can be
defined by the balance on the meniscus surfacteofrestatic
pressurdP.sand capillary pressur@.,,

P. =P, = = 1)
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whereT is the interfacial tension coefficient afly, is the
meniscus radius of curvature. The instability tleauses
break-up and drop ejection appears in the highelst fegion
located, in the configuration described on Figord the axis at
the tip of the meniscus. An approximation of thexmmam

field intensity, calculated for a hyperbolical agé having the
same radius of curvature, is given by:
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wherep is the density of the liquid flowing in the capity
(here water). Typicallyzap~ 1.6 ms
[ll. EXPERIMENTAL SETUP AND PROCEDURES

A. Experimental Setup

A cell for injection tests has been designed (Rip.and
built: it is a cube made of PVC and Plexiglas ttowal
visualization in two directions. It includes a temcroliters
syringe mounted on a metallic needle and a circellectrode
fixed at the bottom. A water meniscus is formed vadly at
the tip of the needle, electrically grounded, aighlvoltage is
provided to the electrode during the ejection psscdhe cell
is filled with synthetic oil (polybutene). Injectattoplets are
collected in a small hole at the top of the eled#roThe

distance between the electrode and the meniscusbean
adjusted.
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Fig. 2. Injection cell

where L is the distance between the meniscus and the Figure 3 presents the experimental setup. Theraaitcuit

electrode. The typical voltage can then be caledlaby
replacingE in (1) by Emax With the typical value&.,, = 0.4
mm,L = 2 cm,e = 2 10" F/m andT = 25 mN/m, one obtains
V=3750 V.

Concerning the pulse duration, the ejecting oflantgcally
neutral drop implies that electric pulse is finidhgefore the
last stage of meniscus elongation and break up, the
appearance of a liquid filament between the drog Hre
meniscus. Pulse duratiomt should be less than the

characteristic capillary timetcap [14]:

is composed of a High Voltage Pulse Soureel MQ
resistanceand the cell placed in series. Pulses are created b
an arbitrary wave generator and multiplied (x20@3) a
TREK high voltage amplifier. An oscilloscope is ds¢o
control the pulse shape. The setup also includescameras:
the first one is a CCD camera linked to a compatet is used

to take screenshots and visualize meniscus ancttéde
droplets with high magnification; the second canlatked to

a monitor is used to estimate the fall velocity infected
droplets.
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Fig. 3. Experimental setup

B. Tests and methods for estimation of drop diame

Preliminary tests have been conducted on the infleieof
the needles shape. An important parameter of fleetian is
the anchorage of the water meniscus on the neiédiies been
noticed during injection with usual needles tha #imchorage
point was moving from the inner diameter to the eout
diameter resulting in non-reproducible drop ejawdioThis
problem is avoided by reducing the needle thickmessmply
by using conical needles, as illustrated in Fig. 1.

Two methods have been considered to evaluate drop ¢

diameter: one consists in timing the fall of onepglbetween
two marks positioned, on a monitor, according tooester of
magnitude calculation in order to have a fall atamstant
velocity. Diameter is then inferred by replacingstielocity in
Stokes’ formula:
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where Ap is the density difference between the drop and the

surrounding liquid (here water and oif),is the gravitational
accelerationy; is the dynamic viscosity of the surrounding

liquid andRy is the drop radius. The second method relies on

image analysis: a screenshot of an injected drapléaken
(Fig. 4) and, assuming that the diameter of thelleap is
known, drop diameter is deduced from the ratio betwthe
respective numbers of pixels on the image.

Fig. 4. Injected droplet and water meniscus

Reproducibility tests have been performed to evealuhe
strengths and weaknesses of both methods. Imadgsana
offers more consistent results as it has no timeedéent
source of errors (especially natural convection wugradient
of temperature) and was chosen for further measemésn
However, as trajectory of the just ejected dropildih a
random behavior (non axial), the optical focus asnetimes
bad and so the accuracy of the results can stilnpeoved.

IV. RESULTS AND DISCUSSION

The measurements have been carried out with twaaon
needles of different diameters (0.66 mm and 0.587).nfror
each needle, two different shapes of meniscus haga used
(h = Rapandh = % R,p). Figs. 5 and 6 represent the diameter
of ejected droplets as a function of the squaréhefapplied
voltage pulse for different pulse durations (eacmpis the
average of 7 to 10 measured values). As the trebdsrved
with both needles are identical, only the resulitamed with
the needle of 0.66 mm diameter are presented.
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. 5. Variation of the diameter of injected deglas a function of the
square of the voltage pulse amplituble; Reap
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Fig. 6. Variation of the diameter of injected dretglas a function of the

square of the voltage pulse amplitubdes ¥%Rcap



For a meniscus defined By = R.y, (Fig. 5), the results of
ejected drop diameter can be divided into thre@ndisparts:
i) in the first one, drop diameters rise progresisivas the

V. CONCLUSION

The key parameters of the high field pulse basgatiion of

pulse amplitudeV is increased; ii) in the second part, all thewater droplets in oil have been identified as pulaeationAt

curves present a plateau and the pulse amplitusledrg low
influence on ejected drop diameter; iii) in thetlpart, drop
diameter grows abruptly, making it hard to contrBbr a
meniscus defined b = % Ry (Fig. 6), there is a much
smoother variation of drop diameter with voltagepétade,
without any plateau or jump.

In order to explain these differences,
mechanism has to be investigated: as previouslytiored,
two key parameters control the pulse (durationamglitude).
They are linked by the work of the electrostatiocc®oW, ~ S

P.s At whereSis the surface of the meniscus. As the meniscusesearch between the French CNRS and the Consortium

deforms, the radius of curvature and the activa aexrease,
but this decrease is compensated for by the ineretis, (see
(2)). To a rough approximation we obtain for therkvd/:

2
W ~ g| f\i‘rhAt
0
o(*Ir.)
Equation (5) shows that the prodit At is the lead term of
the work of the electrostatic force as the infleraf the
meniscus radius is lowered by the logarithm. Thss |

confirmed by plotting graphs representing the ‘e of
drop diameter as a function ¢t At (Fig.7.).
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Fig. 7. Variation of the diameter of injected dmglas a function of the
productt.V2, h = ¥%Reqp

Fig.7. shows that in the case of a meniscus deflnyeld = %
Reap the phenomenon of drop injection is well-definead
that a wide range of diameter can easily be obdaibg
adjusting the pulse parameters. For a meniscusetkefiyh =
Reap this kind of graph shows two spaced bunch of {soione
representing the two first step of the phenomenbmrop
injection and one representing the jump. This iatis an
important change in the mechanism of injection (mikely
the injection of a charged droplet).

and amplitudeV. A preferred shape of meniscus has been
highlighted and it is now possible to inject, irreproducible
way, drops with a wide range of diameter (betwe@m and
250 um which is much smaller than the capillarynditer).
Future work should focus on injection trajectorgndomly
non axial, probably due to flow disturbances indhie

the ejection
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