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Numerical simulation of the electrically induced
deformation of a water-oil interface

J.-L. Reboud, J. Raisin and P. Atten

Abstract— As a part of a study of electrocoalescence of water chemical or biological analyses on very small anmsuof

droplets in oil, the electrically induced deformatons of water-oil
interfaces are studied. Cases of large deformation®f the
interfaces involve the strong coupling of hydrodynenics and
electrostatics, in which cases numerical simulatiois needed. The
paper presents different numerical simulations perdrmed using
the commercial software COMSOL MULTIPHYSICS™ in cases
of water-air or water-oil configurations with axial symmetry.
Electrohydrodynamics problems are solved using ALEapproach
in deforming meshes. Comparisons are presented withe results
of analytical developments, asymptotic approaches roexpe-
riments.

Index Terms- Electrohydrodynamics, fluid-fluid interfaces,
drop deformation, coalescence, numerical simulation

I. INTRODUCTION

Electrocoalescence is the phenomenon of merginglets
of conducting liquid suspended in an insulatingiiig(or gas),
under the action of an electric field [1]. This pbenenon is
important for the petroleum industry as it is usedncrease
the size of water droplets suspended in crude aiisl,
therefore, to drastically reduce the time requitedseparate
water and oil phases under the gravity effect. Noempact
electrocoalescers that promote electrocoalescemca very
limited time are often used [2]. But the controtlancrease of
their efficiency are sometimes very difficult agthumerous
processes involved in electrocoalescence are fam foeing
fully understood. Other cases where this phenomehainops
merging under the action of an electric field migbtused are
observed in the lab-on-a-chip domain devoted toiouar
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The action of an electric field on a water-in-aih@sion is,
first, to polarise the conducting water droplets &m promote
an attraction between them. For nearly contactingpldts
pairs the attraction force is strong; it inducesdeormation of
the droplets facing parts and often results inrthegrging. It is
therefore necessary to distinguish the stage ofdfuo of
drops pairs by the fluid motion (during which so®plets
are brought in very close proximity), from the sedcstage,
the coalescence itself, during which the interfagdeform and
disrupt [3]. The determination of the probabiliyomalescence
of two nearly colliding droplets as a function dfet main
parameters of the problem (electric field, dropszesi
distribution, water volume fraction and flow propes) is a
difficult problem. A pre-requisite is a good degtion of the
interfaces disruption mechanism and the deterntnatif the
electrocoalescence critical conditions.

Cases of large deformations of the interfaces wevdhe
strong coupling of hydrodynamics and electrostatinssuch
cases numerical simulation is needed. Thereforfferdnt
approaches have recently been developed, as dlledtrfor
example in [4-6]:

- Boundary element methods which allow exact dedoript
and adapted discretization of the interfaces. M&gbnly
the boundaries is worthwhile but restricts in piacthe
model to inviscid fluid flows. Merging or splitting
interfaces remains challenging.

- Arbitrary Lagrangian-Eulerian (ALE) methods which
associate deformation of interfaces and resolutidn
electrostatics and fluid dynamics equations in mgvi
meshes. Treatment of merging or splitting interface
impossible and simulations should be stopped before

- Volume of Fluid / Level set methods which involverit
tracking of interfaces across fixed meshes, allgwime
simulation of complete sequences including topaalgi
changes in the interface. Accuracy of interfacestion
and curvature strongly depends of the initial masd
surface forces should be transformed in volumegerm

This paper presents different numerical simulatiamsing
2D axysimmetric geometries, performed with the caroial
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and water-oil configurations. Electrohydrodynamgsblems
are solved by using an ALE approach for mesh dedtion
that allows tracking and parameterization (surfieresion and
electrostatic pressure) of the fluid-fluid interéac



In the first part, basic validations of the moded presented:
free oscillations of an initially elongated dropletd transient
elongation of a conducting droplet in an electrieldf are
compared with analytical results: respectively freacy and
damping of oscillations, and final electrically uwkd
elongation.

The second part concerns the deformation and iititsyadsf
a horizontal interface between water and an insgafiuid,
electrically influenced by a metallic sphere lochjest above
it. Comparisons with results of experiments perfednin our
laboratory in the case of water-air interfacespesented.

Finally, we investigate the deformation and coaese of
two closely spaced drops of conducting liquid susieel in an
insulating fluid under the action of an electrieldi. The initial
case deals with two facing drops anchored on eapitubes at
different electric potential. The critical conditi®, corres-
ponding to the maximum potential difference thah dae
applied before coalescence for a given spacing dewthe
drops, are widely studied and compared with thelre®f an
asymptotic approach in the common range of apjpicat

Il. MODEL

We study the deformation of the interface between a

perfectly conducting liquid (water) and a dielectone (air or
oil), under the effects of an electric field. Fromn
electrostatics point of view, the Laplace equati@as to be
solved to obtain the electric potential in the domaccupied
by the dielectric fluid. A perfect conductivity essumed for
the conducting fluid and is implemented by presogba
uniform potential at the interface. Electrostatiegsure acting
at the interface is then equal 4%/ 2 (¢ : fluid permittivity,
E : electric field magnitude)elocity fields are computed by
solving the time dependent Navier-Stokes equationshe
water (NS1) and in the dielectric fluid (NS2) mediecause
the two fluids are incompressible, the volume of tosed
domains (droplets) is automatically conserved. €héaid

dynamics equations are solved taking into accoum t

boundary conditions at the fluid-fluid interfacedosing the
continuity of the velocity fields and the pressadrep due to
electrostatic pressure and surface tension effects:

1,1) 1, W
R R
hereR; andR, are the principal radii of curvature afdthe

2
surface tension.
Cases of large deformations of the fluid-fluid nfaee

Pin ~ E?

coupled with the successive solutions of the Lapleguation

when the interface is deformed, the electrostatiesgure

serving as coupling variable.

To obtain static solutions for the deformed inteefathe
voltage applied as boundary condition of the etestatics
problem should be varied very slowly in time sottliae
inertial and viscous terms of the hydrodynamicsbpems
remain in practice negligibly small. On the othand transient
problems can be studied by starting with non badnforce
fields or by imposing very fast rise of the appliezltage. All
the test cases were computed considering axial grgmand,
in the particular cases of two droplets of sameusadaking
into account the plane of symmetry between the grop
Computing more than one drop on the same axisssilple by
solving the Navier-Stokes equations in each suppteany
domain. The main modification of the standard safev
COMSOL MULTIPHYSICS™ concerns the computation of
the interfacial forces performed through a weakniglation of
the fluid dynamics equation [7] adapted to the lasyenmetry
conditions.

In water-oil test cases, boundary conditions impofar
Navier Stokes equations in the two liquid domaires a
i) Static pressure is imposed at external boundarhefoil
domain. The pressure computed in oil (NS2 equatamns
fig. 1), modified by electrostatic pressiRg..=- £ E*/ 2, is
applied as boundary condition at the interfacettierwater
domain. Interfacial tensiom and local curvature involved
in equation (1) are implemented indirectly throutite
weak formulation.

) The velocity field computed within the water domain
(NS1), ensuring the volume conservation in the cafse
drops, is, in turn, applied as boundary conditidnthe
interface for the oil domain.

iii) Liquid velocity at the water-oil interface is apdi in a
Lagrangian way to move the boundary.

In water-air test cases, the model was simplifigdntpposing a

constant pressure in the air domain and negledfieg air

flows.

A. Free oscillations of liquid drop in air

As first test of the hydrodynamic model includinget
implementation of surface tension, we studied thmet
dependent relaxation of an initially elongated ikbjdrop, in
air. Under the effects of surface tension, trartserolution
toward spherical shape is observed, with dampeitlaigms.

TESTCASES

involve  the strong coupling of hydrodynamics andrhe frequency and damping characteristic time ofs¢h

electrostatics. The accurate location of the wdielectric
fluid interface, and mainly the resulting curvatunas a major
influence on the local electric field and resultielgctrostatic
forces, and on surface tension effects.

That is why we chose the Arbitrary Lagrangian-Ealer
formulation: starting from the initial position olfie interface
the boundary is deformed in a Lagrangian way wétpect to
the velocity fields of the two phases. Hydrodynamis

oscillations are compared with analytical resultsamed for
the first mode of drop surface deformation [8]. l&s are
presented in Table 1 for the following conditiorsurface
tension T = 0.07 N/m ; densify= 1000 kg/m; drop volume
Vol = 30 and 0.3 mrh(corresponding to sphere equivalent
radii Ry = 4.2 and 0.42 mm) and viscosja= 0.01 and 0.001
Pa.s.



TABLE |
Comparison between numerical and analytical resiotfrequency
and damping characteristic time of oscillation afge liquid drop
in air.

Vol H fin | fep | T Tep | ENM | Erth
(mm’) | (Pa.s)| (Hz) | (H2) | (s) (s) % | %

30 | 0.01| 1408 14.09 0.345 0344 0p3 0J21
30 | 0.001] 1409 1400 345 339 002 1551
0.3 | 001| 4431 441.8 0.0034 00082 0P29 7|72
0.3 | 0.001] 4455 4470 0034 0035 036 1|82

The mesh of one half of a circular disk in the mii@m plane
is defined by about 1000 triangular elemernthe initial
amplitude of oscillation was set to 10% which ig thpper
limit for the validity of linear analysis [8]. Odkition
frequencies are found to be in very good agreemtit
analytical results. The viscous damping of the Izg@ns is
quantified by the damping characteristic timrewhich is
compared with the irrotational approximation progasby
Lamb [8]. The damping characteristic time is in doo
agreement with theory, the relative error being lemahan
2%, except for the small drop with large viscosithere the
non dimensional viscosity/(oTRy)*? = 0.06 reaches the limit
of validity of linear irrotational approximation]9

B. Transient elongation of a conductive drop in oil.

The complete model has been tested by computing the

transient evolution and final elongation of a wadeop in oil

Given electric potentia

! P>
Axial
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Fig. 1. Elongation of water drop in oil : boundagnditions for the
two Navier-Stokes and the Laplace problems..

under the influence of an electric field imposedivg parallel
electrodes (the spacing between the electroded isindies
greater than the initial drop diameter). Numerisiahulations
have been performed with water drop in toluene vibeosity
of which is close to that of watet {,ene: 0.0006 Pa.s).

A constant electric potential difference imposetiveen the
electrodes generates an initial uniform electrieldfig,. A
spherical conducting droplet of radiBgis placed between the
electrodes: initially it is in non equilibrium séaand damped
oscillations of the drop are observed up to finklngated
shape.

Assuming an ellipsoidal shape for the deformed di@ylor
related the static elongation of the ellipsait) (a is the large
axis, perpendicular to the electrodess the small one), to the
non dimensional uniform electric fiell, (2 Ry £/ T)*? [9],
and found the static stability limit fd, (2 R, £/ T)¥? = 0.65.
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Fig. 2. Oscillations and final elongation of watkop in oil: effect
of surface tension (conditioRy = 0.279 mm,E, = 0.45 kV/mm).
Horizontal full lines indicate the results of Tagt model (steady
state).
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Fig. 3. Elongation of water drop in oil : compansof final
elongation with Taylor model. The vertical dottédkel illustrates the
numerical stability limit observed for water draptoluene.
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damping of the oscillations, as a result of combliaetion of of free surface oscillations. The final non dimensil
Numerical simulations have been performed using thmurface rise at the axis of symmetfy=h/S, is drawn on
boundary conditions summarized on Fig. 1. The tegul Fig. 6 as a function of the square of the elecpitential
oscillations of the drop are illustrated on Fig.f@ three difference AV2 Stable deformation of the free surface is
different values of the surface tension coefficiéftte water obtained up to a non dimensional level rise zligtinaller than
and oil viscosities, can be quantified by the dampi 50%. This stability limit tends to decrease witrcrigasing

characteristic time. initial spacing . Interface disruption is observed above,
The ALE approach gives results very close to Taglor stopping the computation.

solution when damping of the oscillation is obser{Eig. 3).

The numerical stability limit appears smaller thaaylor's

because of the transient behavior: the amplitud¢heffirst Times1000. Surface tessescon = [/

oscillation observed in Fig. 2 depends on the \@#gof the B

fluids and should not exceed the stability limit.

IV. SPHEREPLANE CONFIGURATION
The problem of instability of a horizontal interéabetween

water and an insulating fluid, electrically infllemd by a
metallic sphere located just above it, is considérere with its
relevance to the basic electrocoalescence phenanaframall
water droplets suspended in an insulating mediuan aemuch
larger drop. Indeed, in that case, the deformatafrithe small
drop are negligible compared to those of the lamge

The used experimental set-up is presented on Fitnital
spacingS, between the sphere and the free surface is varied
the range 0.03 to 3 mm. The sphere diameter isl ¢égis = 8 oo s
mm. The electric potentl_al Is raised progr_essnm‘lyl the quasi Fig.5. Sphere-plane configuration: final rise ofteveree-surface.
steady water surface ride along the axis of symmetry is
measured from visualisation. The results preseherd were
obtained with air as insulating fluid.

Metallic sphere
@: 8mm

Grounded electrode

—6— S0 = 810um '
25 [ |—A— So = 890um

—&— S0 = 970pm .
—%— S0 = 1000pm \

—8— S0 = 1130um

Mineral oil
or ambient
air

6cm

Glass wall High voltage electrode

0,00 0,10 0,20 0,30 0,40 0,50
- . . . relative level rise fo (-)
Fig. 4. Sphere-plane configuration: experimenttiuge

Fig. 6. Sphere-plane configuration: Relative lerisé of the free
. . . . . . surface versus sphere potential squdretifor different values of the
~ Numerical simulations of transient surface risehv8towly jnitial spacings, Dotted line shows the limit of stability of the
increased electric field have been performed (Fig&ing into  computations.
account the gravity effect in the Navier Stokesatipns.
As we only studied the quasi steady surface deftiomahe
water viscosity was artificially raised to incredbe damping



Initial spacing $ and corresponding maximum potential

difference AV,;; are used to build a critical electric Bond
numberBe.;:

Beuit = ¥2& (AVeri/ So)/(T/Ro)

On Fig. 7,Be.; is drawn as a function of Bond numtiza:
Bo = pgSy/(T/Ry).

05 7
04 1
_ 03+
£ A
() L
s} [
0.2 +
[ — — analytical [10]
I O expl
01 P
[ A exp2
r numerical
0 1 i ‘ ‘
0 0.2 0.4 0.6

Bo

Fig. 7. sphere-plane configuration: Be= Y2 € (AV ¢/ So)(T/Ro)
vs Bo =pgS/(T/Ry).

characterises the initial shape of the drop atethe of the
capillary tubes:g,,equals 90° for hemispherical drops afid
is larger than 90° when the drops diameter is latigen the
diameter of capillary tube as illustrated in Fig. 8

~0

Fig. 8. Drops anchored at the end of capillary sube

Asymptotic approach is presented in [11] for= S/Ry<<1
and numerical simulation aims to extend the anslisilarge
deformations and non linear behaviours. Numeridadus
lations presented here have been performed inabe of two
drops of same radius, taking into account the plaife
symmetry. Transient calculations have been perfdrmith a
slow rise of the voltage\V/At = 0.1 V/s.

Fig. 9 illustrates the instantaneous shape of ardefig
droplet and the associated fields, #W very close to the
critical potential differencé\V,; The parameter = /R, is
here much higher than the limit of validity of taeymptotic
case approach, with simple electric field approxioma
Electric field lines are drawn in the oil domainillostrate the
point. A small pressure gradient can be seen insidavater,

Numerical results are compared with measuremenge to increasing electrostatic pressure on treefatte and the

Analytical results obtained by asymptotic appro&mhsmall

subsequent interface deformation and flows of Hqui

values of S/R, [11] are also reported. A general goodvariation of the spacin§is drawn on Fig. 10 as a function of

agreement is found in a large range of Bond nuniber
Numerical and asymptotic results coincide for sniaind
numbers, while experimental Be seems slightly over
estimated.In the case of water-oil experimentdasartension
T is approximately three times smallBr 0.025 N/m. Similar
values of Bond number can be obtained but with emalitial
spacingS, and small influence of non linear effects can b
observed according to the difference of ratitRg

V. ANCHOREDDROPLETS

We consider now two water drops of radiBs with a
spacingS immersed in oil (insulating fluid) at the end of
capillary tubes (Fig. 8). The application of a puial
difference AV between the drops induces an electric figld
and an electrostatic pressure at the interfaces.prbblem is
to determine the subsequent deformation of the deoql, in
particular, of the facing zones of the interfacés. in the
sphere-plane case, the critical potential diffeeerdtV,;
corresponds to the stability limit beyond which lesaence of
the two droplets is observed.

For small enough droplets the gravitational force
negligible. Initial spacing of the droplets is. She angled,

potential differencéV

Time=2725

649275 Suface: Pression [Pa] Streamline: Cham p dlectrique

zzzzz

zzzzz

zzzzz

zzzzz

zzzzz

Fig. 9. Deformation of droplet shape in conditiargse to the
critical ones, : electric streamlines in the outmain (oil),
pressure field in the water (full color scale: OR¥). 4, = 150°,R,
=0.28 mm,o=S/R, = 0.7,T = 25 mN/m,e = 21.2 pF/m.



It can be seen that the appearance of the intatfaci The critical spacing. appears to be slightly larger than 0.6
instability corresponds to a very sharp drop of ¢heve that . The difference with the value close to &b obtained by

provides an accurate evaluation/df;.
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Fig. 10. Time-dependent relative spacing (S¥S increasing

voltageAV. 6,,= 90°, R= 0.28 mmo = S/Ry= 0.7, T = 25 mN/m,
€ = 21.2 pF/m ; result gives Be= (/2) AV?/ s (Ry/ T) = 0.512.
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Fig.11. Critical value of the electric Bond numkb®e,; as a
function of the relative initial spacing. Asymptotic and numerical
approaches.

the asymptotic approach [11] (and also in the spipdane
configuration), can be mainly attributed to the nlimear
effects due to the large rati®/R,. Results of the asymptotic
and numerical approaches are plotted on Fig. 14 fasction
of the relative spacing = S/R,. In the rangeo = 0.01 - 0.1,
there is a good agreement between the numerical and
asymptotic models, validating the numerical apphoac
proposed here. As expected, the difference betwesults
given by the two methods increases with The general
numerical method gives critical values slightly Ewthan the
asymptotic ones because the real electric fieltheninterface
is slightly higher than the uniform field retaindd the
asymptotic approach, thus requiring a slightly low@plied
voltage. Finally let us note that the influence refative
spacingo on the critical condition becomes stronger wben
increased.

VI. CONCLUSION

Numerical simulations of electrically induced def@tions
of water-air and water-oil interfaces are presenisihg the
commercial software COMSOL MULTIPHYSICS™ in 2D
axisymmetric cases. Electrohydrodynamics probleme a
solved by using an ALE approach for mesh deformatichis
method allows us to account, with a good accurémynon
linear effects and large deformations.

Results of the numerical simulations are comparéih w
those of analytical developments, asymptotic apgres and
experiments. A good agreement is found between ricate
and theoretical models in the validity range ofeén
approaches. The numerical method proves its atdityxtend
the previous results to a wider range of parameters
Experimental results are well predicted in the oafsephere-
plane configuration. Other experiments are in pgegrand the
accuracy of the numerical model will be analysedrenm
detail in the near future.

As a first case for further work, the interactiof tavo
conducting droplets in a stagnant dielectric flwigs simulated
with an electric field parallel to the axis of symtry. Under
the effect of the electrostatic forces, one colldemve a first
stage where fast deformation of the facing surfamesirs, as
in the case of anchored droplets, and a seconce stdg
progressive drift of the two droplets due to thetiraction. In
that second stage the inertial effects and thenohgiof the oil
film between the drops seem to control the appriogch
velocity and the resulting coalescence.
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