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Abstract

The combination of an electric field and a moderate turbulent flow is a promising technique for separating stable water—oil
emulsions. Field-induced charges on the water droplets will cause adjacent droplets to align with the field and attract each other.
The present work describes the forces that influence the kinematics of droplets falling in oil when exposed to an electric field.
Mathematical models for these forces are presented and discussed with respect to a possible implementation in a multi-droplet
Lagrangian framework. The droplet motion is mainly due to buoyancy, drag, film-drainage, and dipole—dipole forces. Attention
is paid to internal circulations, non-ideal dipoles, and the effects of surface tension gradients.

Experiments are performed to observe the behavior of a droplet falling onto a stationary one. The droplet is exposed to an
electric field parallel to the direction of the droplet motion. The behavior of two falling water droplets exposed to an electric
field perpendicular to the direction of their motion is also investigated until droplet coalescence. The droplet motion is recorded
with a high-speed CMOS camera. The optical observations are compared with the results from numerical simulations where
the governing equations for the droplet motion are solved by the RK45 (Runge Kutta) Fehlberg method with step-size control
and low tolerances. Results, using different models, are compared and discussed in detail. A framework is otlined to describe
the kinematics of both a falling rigid spherical particle and a fluid droplet under the influence of an electric field.
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1. Introduction

The oil extracted from offshore reservoirs will normally contain a large and, during the reservoir lifetime, increasing per-
centage of water in the oil. When the water—oil mixture is passed through the pressure-relief valve, an emulsion with a high
percentage of small water drops is formed. Before the oil is pumped on-shore or into tankers, it is desirable to extract the
water from this emulsion. Today the separation tanks are mainly built or operated as gravity separators with low flow rates
and long residence times, lasting from minutes to tens of minutes. The residence time mainly depends on the sedimentation
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Nomenclature
A, Ay particle surface rp radius of stationary particle
a reduced radius Rey particle Reynolds number
b slip length, see Fig. 1 u continuous phase velocity vector
Cyg drag coefficient v particle velocity vector
d separation vector v; velocity vector of particle
E,Eq electric field vector vr relative particle velocity vector
er rglanve motion yector Vy particle volume
Fe (tj)le(;ecftrophoretlc force vector xi particle position vector
gb f'|o 3t/h_orc_e victor ¢ v1 magnitude of the surface tension
f 1m thinning force vector ¢ potential function
Fym virtual mass force . .
. £0 vacuum dielectric constant
Fgq inter-droplet force vector . . .
Py drag force vector &d relative dielectric constant of droplet
Fext external-droplet force vector £oil relative dielectric constant for oll
Fiuig  fluid-droplet force vector 0 angle betweet andd
f* correction factor, see Eq. (14) A viscosity ratio § = g/ tc)
h least distance between two particles Id viscosity of droplet
) particlei e viscosity of the continuous phase
rd particle radius od density of the particle phase
r1 radius of falling particle Pc density of the continuous phase

velocity of the smallest droplets (e.d.< 100 um). Electrostatic fields are to some extent used to help smaller drops to coa-
lesce into larger drops that sediment quicker (Eow et al. [1]). The combination of an electric field and a moderate turbulent
flow is a promising and compact technique for separating stable water—oil emulsions, see Atten [2]. Charges induced on the
water droplets will cause adjacent droplets to align with the field, attract each other and eventually coalesce. The sedimentatior
velocity increases proportionally to the square of the diameter, and therefore one wishes to get the smallest water droplets tc
coalesce into larger droplets. The present work describes the forces that influence the kinematics of falling spherical droplets
exposed to an electric field. Mathematical models for these forces are presented and discussed with respect to the implementsz
tion in a multi-droplet Lagrangian framework. The spherical droplet motion is mainly due to buoyancy, drag, film-drainage, and
dipole—dipole forces. General and physically meaningful models for these forces are needed in order to predict the behavior of
water—oil emulsion.

In the present work, models for the forces that are believed to determine the motion of droplets falling in oil under the
influence of an electric field are reviewed and discussed in detail. A modeling framework that properly accounts for the effect
of the different forces on the droplet motion is proposed. Experiments are performed to observe the behavior of a falling
droplet exposed to an electrical field and a comparison between observations and predictions is presented in order to assess tl
performance of the proposed modeling framework. The experiments are designed to isolate the effect of the different forces
influencing the kinematics of the droplet.

A first series of experiments is carried out releasing a rigid spherical particle in oil. The released particle has a density and
permittivity similar to water. The electric field is parallel to the direction of the particle motion and the velocity of the particle
is recorded by a high-speed CMOS camera. The field magnitude is varied.

A second series of experiments is performed releasing water droplets and observing their motion when electric fields of
different magnitudes are applied. The effect of internal circulation induced in the droplet becomes important and needs to be
taken into account in the proposed modeling framework. The numerical predictions show good agreement when all the effects
influencing the droplet kinematics are taken into account.

Further the modeling framework outlined for the single droplet falling towards a stationary one under the influence of an
electric field, is applied to predict the kinematics of two water droplets simultaneously released in oil. The electrical field, that
is applied perpendicularly to the direction of the motion, induces charges in the water droplets. This causes adjacent droplets
to align with the field and to attract each other. The behavior of the two water droplets falling in oil under the influence of an
electric field is well predicted by the modeling framework proposed in this work.
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2. Theoretical background

The trajectory of a spherical dropletis calculated by integrating Newton’s second law. The law equates the change in
momentum per change in time of the droplet with the forces acting on it, and reads:

dx:

dtl =i, (3
dvi N )

i = Fiiuid + Fext+ Fg-d, (2)

wherem;, x;, andv; are the mass, position, and velocity of the dropl&jig represents the vector of forces acting from the

fluid on the dropletF eyt is the external force vector, arftly-g represents the inter-droplet force vector. Droplet tracking with
droplet-droplet interaction has a high computational cost. It is therefore important to keep the computational work necessary to
calculate the particle forces as low as possible, since the forces have to be calculated for each particle. Finally, models should
be easily implementable in a numerical code.

In the following sections, a modeling framework that properly accounts for the effect of the different forces on the droplet
motion is proposed. The electric force between the particle and the droplet is modeled with either the analytical expression
obtained by Davis [3], the DID model of Siu et al. [4] or the point-dipole model, see for instance Klingenberg et al. [5]. When
describing the motion of a falling water droplet, we have to take into account the effect of internal circulation induced in the
droplet. Internal circulation reduces the viscous part of the drag force and therefore the drag coefficient needs to be corrected
in order to account for this reduction, as outlined by Happel and Brenner [6]. Furthermore, the surface tension varies over the
droplet surface by the effect of surfactants on the interface and by elongation of the droplet, caused by the electric field. This
leads to interfacial stresses that inhibit the creation of internal circulation. LeVan [7] suggested how to take into account the
effect of surface tension gradient in a numerical framework. Barnocky and Davis [8] showed that the drainage between fluid
spheres with arbitrary viscosity is different from rigid particles. The model proposed by Vinogradova [9] is shown in the present
work to be useful in order to model the film-thinning between droplets with almost immobile surfaces.

3. Modeling the fluid-droplet and body forces

Fluid droplet forces are transferred from the fluid to the droplets through friction and pressure difference. These forces are
expressed by the following surface integral:

Fiid = /(—Psnd +td-ng)dA 3
Aqd
whereps is the pressure at the droplet surfagg represents the unit outward-pointing normal vector agqds the shear stress
tensor at the droplet surface. The pressure and the tension on the interface are unknown and Eq. (3) has to be modeled. In
the Lagrangian framework, the models for the surface integral attempt to provide particular physical meanings. In this work,
the fluid droplet forceFyig is modeled by summing up the drag forEg, the virtual mass forc&ym, and the buoyancy or
external body forcd,.

3.1. Dragforce

The “steady-state” drag force acts on a droplet in a uniform pressure field when there is no acceleration of the relative
velocity between the droplet and the conveying fluid. The force reads:

1
Fg=5pcCyAllu — vl —v). @
For a droplet Reynolds numbBey below 1, the drag coefficiertiy for a rigid sphere is given by:
24
Cq=—. 5
4= Reg ©)

An internal circulation is induced in fluid spheres, that reduces the viscous part of the drag. For spherical clean bubbles and
droplets, the induced internal circulation is accounted for by the Hadamard—Rybczynski formula [10]:
24 1+2/3

T Req A+1

Cyq (6)
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wherei = ug/uc is the viscosity ratio. Surfactants on the interface and elongation of the droplet, caused by the electric field,
give a variation in the surface tension. The surface tension gradient leads to interfacial stresses that inhibit the creation of internal
circulation. The surface tension gradient is included in the formula by LeVan [7]:

g B2 2 (perd) ™ + 2/3ya(uellu — vl)
Rey 30+ 34 2 (uerg) L

where also the surface dilational viscositys taken into account. However, in the present work surface dilational viscosity is
neglectedx = 0. In Eq. (7) it is assumed that the interfacial tension varies as follows:

. (@)

Y = Y0+ y1C08Y¥ (8)

where the angle/ is measured from the front stagnation point.
3.2. VMirtual massforce

The virtual mass forc#ym is an unsteady force that describes the acceleration of fluid when a particle and the fluid have a
relative acceleration. It reads:

pcVy(Du dv
F = — — — — .
vm ( Dt dr ) ©)

3.3. External body forces

We assume that the droplets have no net charge, hence the electric field as a far-field force can be neglected. On the othe
hand, the electric field gives rise to induced dipole—dipole interactions between the droplets, which are modeled as inter-droplet
forces. Then the gravity is the only external force and the buoyancy force is given by:

Fp = (pd — pc)gVdeg (10)
whereg andeg are the modulus and the direction of the gravity.

3.4. Observations

In the present work, the effects of the pressure gradient, the Basset history force and the lift forces have been neglected. The
pressure difference over a small droplet is negligible due to the size of the droplets. The contribution from the gravity is handled
separately. Lift forces are due to droplet rotation and shear forces, and can therefore be neglected when a rigid sphere or drople
is falling in a stagnant fluid. Due to the small size of the spheres and the high viscosity of the oil, the particle time scale is very
small. Thereby follows that the Stokes number is small and the Basset history force can therefore be neglected, as stated b
Michaelides [11].

4. Modeling droplet-droplet forces

The inter-droplet forces are the film thinning forces, due to the drainage of the fluid between the droplets, and the electric
forces due to polarization of the conductive water droplets.

4.1. Filmthinning force

The film-thinning force is caused by drainage of the liquid film between two approaching droplets. The derivation of the
formulas usually requires that the gap between the particles is $mall;, and that the flow is within Stokes regirReqh < a.
Here,a = (r1rp)/(r1 + rp) is the reduced radius. For rigid spheres the film-thinning force is written as (Davis et al. [12]):

_67Tlica2(vr -er)
h

vy is their relative velocity vector, ang indicates the direction of the relative motion. The size of the droplets is rather small and

the electric field elongates the droplets. The elongation builds up a surface-tension gradient that inhibits internal circulation in
the droplets. Therefore, the droplet surface is assumed to be immobile. However, when the gap between the droplets approache
zero, the shear stresses between the oil film and the water droplet increase rapidly, and the surface of the droplet starts to mowve

Ff = er (11)
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Droplet 1

Droplet 2

Fig. 1. lllustration of the slip lengtlh near a hydrophobic surfaces. The slip lengtfs defined as the length characterizing the amount of
slippages represents the thickness of the ‘slip-layer’ anid the axis between the centres of the droplets.

10"

— Rigid sphere
- b=10""m

10° .

107" 107° 10
h(m)

Fig. 2. f*/ h versush for different values ob compared with the rigid sphere model, Eq. (11).

Such a behavior at large shear stresses is analogous to the slip near hydrophobic and chemically modified surfaces [9,13]. We
therefore assume that since the surface is almost immobile, the surface can be thought of as a hydrophobic surface.

The amount of slippage for hydrophobic surfaces is given by the legngéie Fig. 1. The slip lengthis defined by the slip
velocity vy and the velocity gradient at slip in the following way:

vep=b— | . (12)
0z 7=8

A correction to the rigid particle model, that was proposed by Vinogradova [9] for hydrophobic surfaces, is adopted. The
formula of Vinogradova reads

. 67T,ucf12(vr - er)

Fi = Tf*er, (13)
where the correction factof* is determined by:
2h h 6b
* —_ — —_— —_— J—
f _6b[<1+6b)|n<1+ h) 1]' (14)

Fig. 2 showsf*/h whenh approaches zero for different valuesigfcompared with the rigid sphere modgl*(= 1). For

large inter-droplet distances there is no difference between the rigid sphere model and the model of Vinogradova. However,
the singularity in the rigid sphere formula when the gappproaches zero is avoided in the model of Vinogradgig;
approaches a fixed value asymptotically wieapproaches zero. This makes the formula of Vinogradova, Eq. (13), attractive
from a numerical point of view. In the present work, the valué &f chosen with respect to the droplet size.



722 M. Chiesa et al. / European Journal of Mechanics B/Fluids 24 (2005) 717-732

E,

Fig. 3. Electric forces between two conductive spheres.
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Fig. 4. Radial and tangential force components between two conductive spheres.

Barnocky and Davis [8] studied the drainage between fluid spheres with arbitrary viscosity, from bubbles to rigid particles.
The influence of surfactant and the surface tension gradient were not paid any attention. In our case, the droplet at rest is covere:
with surfactant and is therefore handled as a rigid sphere. The film force formula of Barnocky and Davis [8] for a fluid sphere
approaching a rigid sphere reads:

6w wea(vr - er) 1+ 0.47¢ + 0.0047%2
h 14+1.13 +0.1%?2

wheret = =1 /@/h).

4.2. Electric forces acting on the spherical droplets

Ff = er, (15)

Consider an uncharged spherical droplet placed in an insulating medium. The droplet is furthermore subjected to an electric
field Eq. The field outside a dielectric sphere of permittivitycorresponds to the electric field of a dipole located at the sphere
center. The value of this dipole momemtepends on the sphere size, permittivity and the strength of the electric field. Due to
the polarization of the droplet, there will be a surface charge distribution preserving zero net charge. In a homogeneous field,
the net force on the droplet is zero. Subjected to an inhomogeneous field, the droplet will experience a stronger field at one side
than at the other, resulting in a net force acting on the droplet in the direction of the field gradient, a phenomenon called dielec-
trophoresis. The resulting force is given By= (p - V) E. If the permittivity of the droplety is higher than the permittivity
of the surrounding mediumy,, the droplet will move towards the high field region. An inhomogeneous electric field may for
instance be set up by a nearby point charge or another dielectric droplet, see Fig. 3. In the latter case, the electrostatic force
attracts the two droplets, given that > &gj| -

(a) Point-dipole model.  For large droplet distanced|/rq >> 1 we can approximate the electrostatic interaction between two
droplets as the force between two dipoles located at the sphere centers, see Fig. 3. This is frequently referregdimias the
dipole approximation. The forces in the radial directipand in the tangential directiof depicted in Fig. 4 is given by (see
for instance Klingenberg et al. [5]):

127 28 | E 2.3.3
_ 1oth ‘l"('l‘|4°| 21 3¢026 — 1), (16)

_ 12np%eil| Eol*r3r}
jaf*

Fi= sin(26), (17)



M. Chiesa et al. / European Journal of Mechanics B/Fluids 24 (2005) 717-732 723

wheref is the angle between the direction of the electrical fi8fgland the relative droplet position vectdr g is defined as:

ed — &oil
=— 18
ed + 2eil (18)

(b) The Dipole-induced-dipole model (DID). The above point-dipole model is not valid when the droplets are approaching
each other. In the literature there are different approaches to find the dipole—dipole forces beyond the point-dipole approximation
for multiple particles of arbitrary size and position. Clercx and Bossis [14] presented a multi-pole expansion method that gives
good results, but the calculation is complex. A more promising methodmtiieple image method, was presented by Yu
et al. [15]. The two first terms in the multiple image method gives the dipole-induced-dipole model (DID) [4], which is simple
and numerically efficient. Siu et al. [4] show that the DID model is in good agreement with the experimental values obtained by
Klingenberg et al. [5] for /r1 > 0.1 for equally sized conductive particles. It is customary to write the dipole forces on the form:
12725l Eol?r3rs
|d|4
12782 | Eg|2r3r3
Fr=— P <l Eolryry Ko sin(29). (20)
|d|4
For the DID model the coefficient§1 and K, are written as:

Fr= (3K1COL0 — 1), (19)

Brild|® priid®  3p%3r3@1d12 -2 - r3) 21
(d2—rD* "~ (d12-rd)* (d|? —r2 —r§)4
d 3 3d 3 3 2.3
Ky 14 pri|d| L B’ 3B rir3 22)

2d12=r5® 2012 =r)3 (2 =rf-rp?

In the limit |d| — oo the coefficientsk1 and K, approach unity and we recover the point-dipole model given by Eq. (16)
and (17).

(c) Theanalytical solution. Davis [3] derived the potential functighof two conducting spheres by solving Laplace’s equation
in bi-spherical coordinates with the following constraints:

e Ata large distance from the spheres, the potential functions correspond to the background field.
e The spheres are equipotential surfaces and carry an arbitrary net charge.

The forces between two conducting spheres is found by integrating the electrostatic pressure over the sphere surfaces (Maxwell's
stress tensor). The solution for uncharged spheres is given by:

Fy = 4mei | Eol%r2(F1c0€ 0 + F2sin?6), (23)

Fy = 4 e | Eol2r3 F3sin(20), (24)
where the parameterg,, Fp, and F3 are complicated series depending on the raijgro andrq/rp. Unfortunately, the
computational cost required for calculatifig to F3 is high in a multi-droplet situation. However, this solution is excellent for
benchmarking other models in cases with two particles/droplets. For large drop separdtipns 1, the force components

F1, F» and F3 approach the values of the point-dipole, Eq. (16) and (17). For small separafieps 1, F» and F3 takes
constant values whil&; diverges and takes the asymptotic value:

4
3((L+rp/2r1)*(rp/1d)~08)
see Atten [2].

F1= (25)

5. Experimental setup
5.1. General experimental conditions
Experiments have been designed for visual observation of water droplets in oil under the influence of electric field stress,

see Berg et al. [16]. A movable 15 mm electrode-gap arrangement is placed vertically inside a cubic test cell with side
lengths 150 mm. The cell is placed in an optical bench to obtain a shadow-graphic representation of the water droplets as
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Background Light

CMOS Camera  Long Distance Microscope Test Cell

/I
=l

\Translation stages |

Test Cell

Fig. 5. Experimental set-up designed for visual observation of the behavior of water droplets in oil, exposed to the effect of an external electric
field. (a) Sketch of the experimental set-up, (b) the set-up, (c) the test cell.

shown in Fig. 5. Interactions and coalescence of droplets are recorded with a Phantom V4 high-speed CMOS camera, capabl
of 1000 frames per second at 53512 pixels resolution. The position and the velocity of the droplets are digitally extracted
from the sequential frames. The uncertainty in measured droplet diameter is less than 5 um. Distilled wate’5addéd

NaCl and Nyn&s Nytro 10X oil was used, thus facilitating optical transparency. AC28e oil viscosity is 1F x 10-3 Pas,

however some series with rigid spheres were performed at a slightly higher temperature®@pag8 an interpolated viscos-

ity of 12.5 x 10-3 Pas is used for these simulations. Electric fields are vertical and hence parallel to the droplet-droplet impact
vectors.

5.2. Singlerigid spherical particle falling in oil

One metal pellet of 4 mm in diameter is positioned at rest and in direct contact with the lower metallic high-voltage electrode.
Sub-millimeter sized un-deformable rigid particles are released within the upper ground electrode from a glass capillary. The
falling rigid spheres are of Ugelstad type, approximately 150 pm diameter polystyrene base spket650 kgm?) covered
with 400 nm silver coating. Glass capillaries are coated with gold to avoid static charge transfer from glass to the particle.
Electric fields are applied vertically. They are parallel to the impact vectors and in the range 250+400 Bipolar square
voltages with frequencies 10 Hz and 100 Hz are used.

5.3. Snglewater droplet falling in oil

A similar experiment is performed with water droplets. The droplets are released within the upper ground electrode from
a glass capillary. Electric fields are vertical to the drop-drop impact vectors and in the range 250n#00 Bipolar square
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(@) (b) © (d)

Fig. 6. Experimental observations of a small water dropjet 175 um approaching a larger one= 2000 pm at time =), (1o + iAf) s
with i =0, 1, 2, 3. The magnitude of the electric field|iEg| = 400 V/mm. (a)t =tq, (b) t = 19 + At, (C) r =1tg + 2At, (d) r = tg + 3At.

Table 1
Properties of Nytro 10X, water with a small salt content and rigid sphere particle’& 20
Qil Water Rigid sphere

Densityp 875 kg/m3 1022 kg'm3 1206-1210 kgm®
Viscosity u 137 x 103 Pas 098x 1073 Pas 00
Relative permittivitye 2.2 1000 1000

Table 2

Experimental series

Electric field Rigid sphere radius Droplet radius

(V/mm) (nm) (nm)

0 825

250 705 105

300 705 110 and 58

400 72 110

voltages with frequencies 10 Hz and 100 Hz are used. The glass capillaries are made hydrophobic to ease the release of generate
droplets, and coated with gold to avoid static charge transfer from glass to water. Fig. 6 shows a typical collision between a
350 um diameter falling water droplet and a 4 mm diameter stationary drop. Fig. 6(d) is the picture taken before the coalescence
takes place. The gap between the droplets in this case is approxirhate®) um. Such a gap is dependent on the magnitude

of the electric field, but anyway it gives a physical indication of how to interpret the slip lénigtthe model of Vinogradova

for the film-thinning force, Eq. (13). The graphs in Fig. 2 show only minor differences between the rigid sphere model and the
model of Vinogradova fokh > 20 um wherb > 1 um. This means that the correction for almost immobile surfaces, Eq. (14),

has neglictable influence on the results for gaps um. For smaller gaps < um the uncertainties regarding the position of

the droplet surface is large, in particular for high electric fields.

5.4. Two water dropletsfalling in oil

Two sub-millimeter-sized water droplets are released within the upper ground electrode from a glass capillary as previously
explained. The two water droplets fall freely in Nytro 10X oil (see Table 1) and aft€0.56 sec an electric 50 Hz field of
magnitude 280 Ymm is applied. The electric field is perpendicular to the direction of the droplets motion. A sinusoidal voltage
with frequency 50 Hz is used. Droplet interactions and coalescence are recorded with the CMOS camera.

6. Resultsand discussion

6.1. Numerical set-up

Numerically, the governing equations (1) and (2) are solved with a Runge—Kutta Fehlberg 4-5 solver with step-size control,
see for instance Hairer et al. [17]. Accurate solution of the equation system is ensured by using a relative tolerarteraf 10
an absolute tolerance of 18°. The expression for the forces described in Section 3 are used. An ideal bipolar squared voltage
is assumed.
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6.2. Snglerigid spherical particle falling in ail

Fig. 7 shows a comparison between experimental observations and numerical predictions of the kinematics of a rigid
spherical particle falling towards an electrode. No electric field is applied.sTé@nstant in the expression of Vinogradova
equation (13) used in the numerical calculation is 1. The velocity of the rigid sphere is plotted versus the normalized
distance:/rq. The good agreement between observations and predictions shows that drag equation (4), buoyancy equation (10;
and film-drainage equation (13) are well modeled in our numerical framework.

A comparison between observed and predicted velocities versus normalized particle-surface idistaforeigid spheres
under the influence of an electric field is plotted in Fig. 8. The buoyancy, drag and film-drainage are modeled as in the previous
numerical exercise presented in Fig. 7. Fig. 8(a) shows the effect of different electric field magnitudes on the falling velocity
of the particle. The analytical model by Davis, Eq. (23) and (24), is used in the numerical calculations of the particle velocity.
A good agreement between numerical results and experimental observations is obtained. The velocity of the falling droplet
observed when the magnitude of the electric field is greatEgf,= 400 V/mm, is higher than for weaker field magnitudes.

This follows expectations. Fig. 8(b) shows a comparison between observed and predicted velocities obtained using different
models for the induced electrical forces. The magnitude of the applied electric fidiglis= 300 V/mm. The point dipole

model does not provide satisfactory results. The accuracy of the results obtained by using the DID model is high as long as the
droplets are not too close to each other. Therefore, due to its applicability to a multi-droplet system, the DID model is believed
to be the best candidate to model a water-in-oil emulsion.

0.25¢

0 2 1 6 8 10

A}l / 1
Fig. 7. Predicted and observed velocity versus normalized particle surface distance for a falling rigid sphere witly radB@5 pm. No
electric field is applied.

8 —— 400 V/mm sim 5 — Point dipole
O 400 V/mm exp -=- Davis
- -+ 300 V/mm sim +=-= DID model
a 300 V/mm exp 4k o Exp
6 -=+= 250 V/mm sim =}
= A 250 V/mm exp S \
~ '
g 29
4 E |
!wa
= =2 " ~DBog a
2 : *~Iix--%0o
2 ; “2iffee,,
esliis-m
1 ‘ “-:-“.:E?.:gf:_"l R |
0 - ’ 0)
0 2 6 8 10 0 2 4 6 8 10
h / T1 h / 1

(@) (b)

Fig. 8. Observed and predicted velocities versus normalized particle surface disfancir rigid spheres. The radius of the sphere is
r1 ~ 70 pm and the slip length in Eq. (13)4s= 10" m.
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6.3. Sngle water droplet falling in oil

When comparing predictions and the observations of the motion of a falling fluid droplet, we have to take into account the
effect of internal circulation induced in the droplet. Internal circulation reduces the viscous part of the drag force and therefore
the drag coefficient needs to be corrected, as outlined in Section 3.1. Furthermore, the surface tension of the droplet is varied by
the effect of surfactants on the interface and by elongation of the droplet, caused by the electric field. This leads to interfacial
stresses that inhibit the creation of internal circulation. LeVan [7] suggested how to take into account the effect of surface tension
gradients in a numerical framework. Barnocky and Davis [8] derived expressions for the drainage between fluid spheres with
arbitrary viscosity. The model proposed by Vinogradova [9] takes interfacial slip effects into account. Although Vinogradova [9]
proposed a correction for hydrophobic surfaces, the present work shows that Eq. (13) and (14) can be used with good results for
almost stationary surfaces as well. A comparison between observed and predicted velocities versus normalized particle surface
distanceh/r; for fluid droplets under the influence of an electric field is plotted in Fig. 9. The average radius of the droplets
is r1 ~ 110 um. The slip length in the Vinogradova equation (13) is 108 m and the magnitude of the interfacial tension
gradient in Eq. (6) is/, = 107> N/m.

Fig. 9(a) shows the effect of different electric field magnitudes on the falling droplet velocity. The analytical model by Davis,

Eq. (23) and (24), is used in the numerical calculations of the particle velocity and a good agreement between numerical results
and experimental observations is obtained. Fig. 9(b) shows a comparison between observed and predicted velocities obtained
using different models for the induced electrical forces. The magnitude of the applied electric figld s 300 V/mm. The
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Fig. 9. Observed and predicted velocities versus normalized droplet surface disfander water droplets. The radii of the droplets are

r1~ 110 pym. The slip distance in Eq. (13)és= 10-% m and the magnitude of the interfacial tension gradient in Eq. (6} is 107> N/m.

(a) The Davis expressions are used in the numerical calculations. (b) Different models for the induced electrical forces are compared,
|Egl = 300 V/mm. (c) Different drag force models are compar¢Bg| = 300 V/mm. (d) Different drainage models are compared,

|Egl =300 V/mm.
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Fig. 10. Observed and predicted velocities versus normalized droplet surface disfapcier water droplets. (a) Different droplet size
rbig = 110 pm, rsmali = 58 pm. |Eg| = 300 V/mm. The slip distance in the Vinogradova modebis- 108 m for rpig and b = 10" m
for rsmail. Furthermoreyy = 1075 N/m for rpjg andy; = 2 x 107> N/m for rgmay. (b) ‘Simple’ versus ‘best’ modeling aEq| = 300 V/mm.

Droplet sizer = 110 um. The simple modeling strategy includes: point dipole, rigid sphere drag and no film force. The best modeling strategy
employs the models of Davis, LeVan, and Vinogradova.

same trend as previously observed for the rigid spheres is observed. Fig. 9(c) shows the results obtained by different drag
force models. The electric field is constahly| = 300 V/mm. The Davis analytical expressions, the Vinogradova model with
b=10"%m and Eq. (7) withy; = 10~> N/m are used in the calculations. The best agreement is obtained when the equation
proposed by LeVan equation (7) is used in the numerical calculations.

Fig. 9(d) shows the results obtained for different drainage models. The electric field is kept cqigart,300 V/mm.
The Davis analytical expressions and the LeVan drag force model are used in the calculations. In the formula of Vinogradova,
b =10"5m. The best agreement is obtained when the model proposed by Vinogradova equation (13) is used. The viscous
sphere model equation (15), gives a severe overestimation of the velocity, and shows that the surface cannot be handled &
ideal. The results obtained from the hard-sphere model seem to agree well with the experimental observations expect when th
droplets are very close.

Fig. 10 shows a comparison between observed and predicted velocities versus normalized droplet surfacé distance
for water droplets of different radii. In Fig. 10(a), two different droplet sizgg = 110 um,rsma = 58 pm are consid-

ered. The electric field is constanfg| = 300 V/mm. The slip distance in the Vinogradova modebis= 10~6 m for the

biggest droplet and = 10~/ m for the smallest one. Furthermore, the valueypffor the big droplet isy; = 1072 N/m

andy; = 2 x 107> N/m for the small one. The numerical predictions agree very well with the experimental observations.

In Fig. 10(b), numerical predictions obtained with two different approaches are compared to experimental observations. The
“simple approach” adopts point-dipole, rigid-sphere drag and no film-thinning force, while the “best approach” employs the
models of Davis, LeVan, Vinogradova. The agreement between predictions and observations obtained by means of the “simple
approach” is not satisfactory.
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Fig. 11. Contribution of the force components, scaled with the buoyancy force.
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Fig. 12. Experimental observation. Two free falling droplets in oil at tiree0.0 s. (b) At timer = 0.56 s an external field perpendicular to
the direction of the droplet motion is appli¢Hg| = 