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Transient electrohydrodynamics of a liquid drop
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The transient behavior of a leaky dielectric liquid drop under a uniform electric field of small strength is
investigated. It is shown that for small distortion from a spherical shape, the drop deforms to an ellipsoid, and the
deformation time history is represented by D = D[l — exp(—1/7)], where D, is the steady-state deformation
and T = (ap,/y)(19 + 16)(2ix + 3)/(40 + 40) is the characteristic time, a, y, [, and I being the drop radius,
the surface tension, the viscosity of ambient fluid, and ratio of the drop viscosity to that of the ambient fluid,
respectively. The contributions of the net normal and tangential electrical stresses in the degree of deformation

and fluid flow strength are also determined.
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I. INTRODUCTION

When a droplet of a fluid is suspended in another fluid
and is subjected to an electric field, the mismatch between
the dielectric properties of the fluids results in “net” normal
and tangential electrical stresses at the drop surface, which
sets the fluids in motion and leads to deformation and possible
burst of the drop. The theoretical model that describes the
phenomenon fairly well is the so-called “leaky-dielectric
theory,” pioneered by Taylor [1] and extensively used by
Melcher to develop the electrohydrodynamic theory. See, for
example, Refs. [2-5]. The essence of the model is to assume
that fluids have finite electric conductivities and that the time
scale of charge relaxation due to electric conduction from
the bulk to the drop surface to be much shorter than the
convective time scale. The first assumption allows for the
accumulation of free charges at the interface and, therefore,
the possibility of net electrical shear forces at the interface.
The second assumption leads to a substantial simplification
of the mathematical formulation as the electric field equations
will be decoupled from the momentum equation and reduce to
quasi-steady-state laws [2]. Taylor [1] solved the steady-state
electrohydrodynamic equations for the fluid inside and outside
a spherical liquid drop in the creeping flow limit using
axisymmetric spherical coordinates (Fig. 1) and showed that
the relative importance of the ratios of electric conductivities
(R = 0;/0,) and permittivities (S = ¢;/¢,) of the fluids is a
key parameter in setting the senses of drop deformation and
fluid circulation. Specifically, he showed that the electric field
establishes a circulatory flow in the drop, consisting of four
vortices of equal strengths that are matched by counterpart
vortices in the ambient fluid. For R < S, the direction of the
ambient flow is from the poles to the equator, while for R > §
the flow direction is the opposite. He also found a characteristic
function

3 +2
m4+17
which he used to predict the sense of the drop deformation.

For @ < 0, the drop deforms to an oblate spheroid (i.e., an
ellipsoid with its major axis perpendicular to the direction of

3
©=R2+1—28+§(R—S) (1)
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the electric field), while for @ > 0 it deforms to a prolate
spheroid (i.e., an ellipsoid with its major axis parallel to the
direction of the electric field). Here ® = 0 represents a zero
deformation state, which is a possibility for leaky dielectric
fluids, where the Coulomb forces and polarization forces can
act in the opposite directions. Vizika and Saville [6] used
Taylor’s solution and found an estimate for the steady-state
deformation of the drop:

9Ca o )
FT16 (R+27 @
by balancing the normal stresses at the drop surface posteri-
orly. In Eq. (2), the deformation is defined as D = (zmax —
Fmax)/(Zmax + "max)> Where zZmax and rmax are the end-to-end
length of the drop in the direction of electric field and
the maximum breadth in the traverse direction, respectively.
Ca = p,us/y is a capillary number, u; = €,E2 a/u, is a
velocity scale, and E, is the unperturbed strength of the
electric field. This equation suggests that Dy, ~ E2, at low
electric field strength, a fact that has been verified by various
experimental and numerical studies [7].

While steady-state electrohydrodynamics of a liquid drop
in a uniform electric field is reasonably well understood (see,
for example, Ref. [8] and the references therein), not much is
known about the fluid flow evolution toward the steady state
and the deformation time history of a leaky dielectric drop.
Such an understanding finds relevance in a host of microfluidic
applications such as enhancement of mixing by electric forces
[9], where information about the relative importance of the
pertinent time scales of the phenomena compared to the time
scale of the process of interest, and the manner in which
the flow develops is a key to the optimum design and
performance of the device. In what follows, we refer to a
few studies that have focused on the transient dynamics and
are particularly relevant to our work.

Sozou [10] was the first to investigate the evolution of the
flow field in and around a leaky dielectric drop. He solved the
creeping flow equations analytically, while retaining the local
fluid acceleration term d'V/d¢. He followed the evolution of the
flow field for a case where R < S; however, he did not present
the streamlines for the actual flow field; rather, he showed the
flow fields due to the net electrical shear and normal stresses
individually. For the shear-stress-driven flow and at an early
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FIG. 1. (Color online) The geometric setup depicting a liquid
drop surrounded by a pool of another liquid of infinite extension.

time, two sets of closed vortices were formed near the surface
of the drop in each quadrant, inside and outside the drop. As
time passed, the centers of the outer vortices gradually moved
outward, pushing the outer fluid toward the drop surface and
as a result, diminishing the inner vortices. This state of affairs
continued until the drop deformation started to decelerate,
whereby the inner vortices started to expand. The flow field
eventually settled to the Taylor’s steady-state result [1]. On
the other hand, the flow driven by normal stresses at an early
time showed only one set of vortices in each quadrant, with the
streamlines that crossed the drop surface. The cores gradually
moved outward, and the flow eventually diminished once the
drop deformation reached a steady state. Since the authors
did not present a closed-form solution, it was not possible to
discern about the details of the evolution of the actual flow
field and the deformation time history of the drop.

The deformation time history of adrop, D — ¢, was found by
Haywood et al. [11], who built on a quasi-steady state analysis
developed by Moriya ef al. [12] and a heuristic modification
of the results of Ref. [12] by Nishiwaki et al. [13], and showed
that D — ¢ for a perfectly conducting liquid drop immersed in a
perfect dielectric (PD) liquid is governed by Dpp = Do, [1 —
exp(—t/1)], where

9¢,aE%

D =
ocrp 16y

3)
is the steady-state deformation derived by Ref. [14] in the con-
text of the electrostatic theory by determining the drop shape
that minimizes the total energy, and t = (ou; + Buo)a/y
is the characteristic time; o = (38 + 47)/(40ix + 40) and
B = (4211 + 48)/(401x + 40) are the weighting functions. The
authors reported excellent agreement between their numerical
and analytical D — ¢ for D, < 0.025 and Oh > 20, Oh =
w/+/pay being the Ohnesorge number based on the properties
of the outer fluid. Supeene et al. [15] performed numerical
simulations using the commercial software package FEMLAB
(comsoL) and studied the transient deformation of a perfect
dielectric liquid drop for several perfect dielectric fluid systems
at low to moderate electric field strength. The deformation
time history curves collapsed to a single curve for all the
electric field strengths, once the deformation was scaled by the
steady-state deformation predicted from the linear theory [14]
and time was scaled by the natural frequency of oscillation of
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an inviscid drop in an AC electric field [16]. The deformation
showed an oscillatory behavior, with a large initial peak that
was followed by a couple of smaller dips and peaks as it settled
to steady state. Supeene et al. [17] observed a similar behavior
for leaky dielectric systems at low electric field strength.

The goal of this study is to present a simple closed-form
solution for the transient dynamics of a leaky dielectric liquid
drop under a uniform electric field of small strength and to
investigate the contributions of the net normal and tangential
electric stresses in the flow field and drop deformation.
The “leaky dielectric framework™ used here gives a realistic
picture of the electrohydrodynamics of a drop (see Ref. [18]
and the references therein), whereas the “perfect dielectric
model” used by the authors of Ref. [11] will not do so in
general. Briefly, the perfect dielectric model is based on the
“electrostatic” theory, and as such it predicts that no fluid flow
exists at steady state and that the drop would always deform
to a prolate ellipsoid. Both of these predictions, however, have
been ruled out by experiments (see, for example, Refs. [1,19]).
The simple closed-form solution presented here makes it
extremely easy to discern about the individual contribution of
the electrical stresses in the various parameters of interest such
as interfacial velocities. This is not the case with the solution
of Sozou [10], while we acknowledge that Sozou’s analysis
was more general. Furthermore, the formalism introduced here
provides a methodological basis for the study of this problem
and the similar ones.

II. GOVERNING EQUATIONS AND THEIR SOLUTIONS

The problem setup is shown in Fig. 1, depicting a spherical
coordinate system (r,6,¢). Here the positive z axis is in the
same direction as the electric potential gradient V¢, and since
the problem is axisymmetric, the azimuth angle ¢ does not
come to the picture. As shown by Refs. [2,20], for leaky
dielectric fluids the electric field equation is decoupled from
the momentum equation, however, the momentum equation is
coupled to the electric field equation.

The electric field equation for both fluids is

V¢ =0, 4)

where ¢ is the electric potential. This equation is the same
as the one used by Ref. [1] and is derived from the charge
conservation equation using the scaling arguments, which
suggest that for leaky dielectric liquids, for small dynamic
electrical currents, and in the absence of external magnetic
field, the electric field intensity E is both irrotational, V x E =
0, and divergence free, V - E = 0. The first expression suggests
that E can be written as a gradient of a scalar, E = —V ¢, and
substitution for E in terms of ¢ in the second expression leads
to Eq. (4).
The Navier-Stokes equation for both fluids is

vV
p(g +V. VV) =—VP + V3V, 3)

where we have used the usual notation. To account for the effect
of electric field on the flow, an electric force density F, [Nm ™3]
should be generally added to the right-hand side of Eq. (5) as a
body force. However, for leaky dielectric fluids with constant
dielectric properties F, is zero in the bulk and the contribution
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of electric stresses appears only at the phase boundary, where
these stresses are not zero (see, for example, Ref. [18]). To
examine the appropriate form of the Navier-Stokes equation,
we cast this equation in a nondimensional form, where we use
U; = eEf,oa /1 as the velocity scale, I; = a as the length scale,
t, = pa/y as the time scale, and P; = pu,/a as the pressure
scale to nondimensionalize the terms. Here u; is constructed
by balancing of the electric force and the viscous shear stress
at the drop surface, and #, is the process time of interest, which
is the time required for relaxation of the drop to an equilibrium
shape. This yields
!/
Re <ll +V .V V/) — VP +V*, (6
Ca ot

where primed variables are dimensionless, and Re = pu a/u
and Ca = puu,/y are the Reynolds and capillary numbers,
respectively. For sufficiently small electric field strength,
Re « 1, and, therefore, the convective term V - VV can be
ignored. If we further assume that Re/Ca « 1, the inertia
term 0V /0t can also be ignored. Therefore, the Navier-Stokes
equation reduces to —V P + V2V = 0, which can be cast to
a biharmonic equation for the streamfunction:

D'y =0, (7)

where D* = D*(D?), and D? = 82/8r + (sin 9/r2){8/89

[(1/sin6)d/06]} resembles the Laplacian. The veloci-
ties are related to the streamfunction through u, =
[1/(r?sin6)](dv/86) and ug = —[1/(r sin0)](dy/dr).

We note that Re/Ca = Oh™2, where Oh = w//pay is
the Ohnesorge number and that Re/Ca <« 1 implies that the
time scale of momentum diffusion by viscosity 7, = a®/v
is much smaller than the time scale of surface deformation
7y = pna/y. In summary, using the properties of the ambient
fluid, Oh = w,/./poay and Ca = €,E* a/y are the primary
nondimensional numbers of our problem, while R = o, /0,,
S =¢€;/€,, and [L = u;/u, provide us with a set of secondary
nondimensional numbers.

There are two main differences between the current mathe-
matical development and that of Ref. [1]; the phase boundary
is assumed to be

E(t) = all 4+ (2/3)D(1)(3 cos® 6 — 1], ®)

at the outset and also some of the interfacial jump conditions
used to solve Eq. (7) will be different. The form of & is
suggested by the (anticipated) form of the net normal electrical
stresses. We note that variants of Eq. (8) have been used by
others in a posteriori calculation of drop deformation [6] or
to account for drop deformation a priori (see, for example,
Refs. [10,21,22]). In particular, the authors of Ref. [6] used
the same form of Eq. (8) to find steady state deformation of a
drop (2) using Taylor’s [1] solution. Here we assume that the
drop deformation, D, is very small (i.e., Ca < 1); therefore,
the interfacial jump conditions are imposed at » = a rather
than r = &. This assumption implies that the »r — 6 coordinates
is a tangent-normal coordinate system; i.e., r =n and 0 = ¢.
Application of the boundary conditions at the undeformed
surface has precedent in fluid flow analysis and has been
done, for example, by Refs. [10,21,22], among others. The
justification for doing so and the associated order of the error
is discussed in Appendix A.
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Equation (4) is decoupled from Eq. (7). However, Eq. (7)
is coupled to Eq. (4) through the balances of the interfacial
tangential and the normal stresses. Here the solution of Eq. (4)
is the same as that of Ref. [1], and therefore the jump in the
normal electrical stresses

9¢,E

2 R*+1-28)cos’0 +S—1] (9
[z ] = 2(R+2)2[( + )cos?6 + S —1]  (9)
and the tangential electrical stresses
9¢,E> .
[z%] = 2(R—+°2‘32(S — R)sin26 (10)

remain the same, where the jump in a physical quantity such as
Q across the interface is defined as [ Q] = Q, — Q;. Note that
in Egs. (9) and (10) Taylor’s [1] results have been transformed
to the notations used in Ref. [18] and here.

To solve Eq. (7), the following eight boundary conditions
are used: (1) u,, and uy should be bounded at r =0,
2) ug =uy at r=a, 3) u, =u, =d&/dt at r =a,
@) [<),0 + Iz 1 = 0, (5) —[PT + [z + [z, 1 = y«, and
(6) u,,,ug, ~ 0, as r — oo. Notice that the boundary condi-
tions 1, 3, and 6 each provides two boundary conditions. In the
above equations, « is twice the mean curvature of the drop and
I[rrhg]] and [[rrhr]] are jump in the tangential and normal stresses,
respectively.

Boundary condition 4 suggests a solution of the form
VY (r,0) = r" sin? 0 cos 6 for Eq. (7), where n is a real constant
to be determined. Substitution for ¢ using this expression
into Eq. (7) results in an algebraic equation for n, the
solution of which leads to n = 0, —2, 3, and 5. This yields
VY, =(A+ Br 2+ Cr®+ Dr’)sin?0cos6 and v; = (E +
Fr24+Gri+ Hr5) sin? 6 cos 0, where A—H are constants
to be determined. Application of boundary conditions 1 and 6
resultsin £ = G =0, C = D = 0, respectively. Therefore,

Y, = (Br_2 + A)sin2 6 cos 0 (11

and

Vi = (Fr’ + Hr)sin” 6 cos 6. (12)

Before the application of the rest of the boundary condi-
tions, we need to compute «, [ P]], [[‘L' 1, and [T 9]] Curvature
is calculated from Eq. (B4) (see Appendlx B for details),
and to find [P], the velocity fields are computed from the
streamfunctions and are supplied to the momentum equation
V P = uV?V, which s then integrated in terms of the pressure.
This results in

[Pl = QuoAa—> — Tu; Ha*)(3cos’ 6 — 1) + I, — I1;,
13)
where I1, and I1; are the integration constants. Similarly, the

jump in hydrodynamic stresses are found by computing their
pertinent terms using the velocity fields:

[[rrr]] [2p0(— 2Aa* 436175) —2u;(F + 3H(12)]
X(3COS 6—1) (14)
and
[[trhﬁ]] = [MU(—SBa_j — 3Aa_3) — le'(—SHa2 —3F)]
X Sin29. (15)
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Application of boundary conditions 2, 3, 4, and 5, respec-
tively, results in

3Fa+5Ha> +2Ba~* =0, (16)
F+Had* = %Q’ (17)
3 dt
Aa"?+ Ba* = %aQ, (18)
3 dt

—6p,a*A — 16,0 B + 16p;a*H + 6 F
9¢,E* (S — R
2ol R, (19)
(R +2)?
and
—18upa A — 24u,a>B — 6 F + 3uia*H
9,EL 8yD
—= (R 1-28)=——
Tawaop I
Notice that since the jump conditions should be valid at any
point at the drop surface, only the coefficients of cos® 6 terms
in the normal stress balance are retained. Equations (16)—(20)
constitute five equations for the unknowns A, B, F, H, and D.
Evaluation of A, B, F, and H in terms of D from Egs. (16)—
(19) and substitution in Eq. (20) results in

(20)

dD
— +D —-Dy =0, 21
rdt + 2D
where
. (190 +16)2m + 3
I ( u+~)( n+ ), 22)
4 40(m + 1)

7 is the time scale that governs the dynamics, Dy, is the steady-
state deformation defined earlier (2), Ca = u,u,/y, and uy; =
eoEgoa /1,. Solution of Eq. (21) results in the deformation
time history

D = Doo[1 — exp(—t/1)], (23)

which suggests that the drop deformation settles monotoni-
cally to its steady-state value. Having found D, the rest of
unknowns are readily determined:

A= —Uppa 4> s’ !
ax 2l (R+2)2 |28 +3

x ®exp(—t/7), (24)
4 ~
B = Ut = 3 e N[ 2]
2L (R+2)2 || (191 + 16)21 + 3)
x @ exp(—t/T1), (25)
F_Umax g[ U M 16j + 19 }
T a 2 (R+2)%a || (191 + 16)(2[ + 3)
x ®exp(—t/1), (26)
and
Umax 9 Ug 1
H==5" E[(R n 2)2a3:| [ 197 + 16}%@(_””’
27
where
= O B (28)

~ 10 + D(R + 272

is the maximum surface velocity.
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A few comments about this solution are in order. In the
limit of t — o0, the solution is the same as that of Ref. [1].
The deformation depends on the capillary number and to the
lesser extent the viscosity ratio. The characteristic time t is the
same as the one derived by Ref. [11] for a perfectly conducting
drop immersed in a perfect dielectric liquid and is also the same
as the relaxation time of a liquid drop in a general linear flow
(see, for example, Refs. [23,24]). This is because the restoring
forces in all of these problem are all the same, regardless of the
driving forces that are different. For a relatively inviscid drop
(@ « 1), T is controlled by the viscosity of the external flow
o On the other hand, for a drop that is much more viscous
than the ambient (& 3> 1), t is controlled by the viscosity
of the drop u;. Here t is independent of the electric field
strength as E., is assumed to be sufficiently small. We note
that our solution will converge to that of Ref. [11] if we set
R = S (i.e., perfect dielectric model) and evaluate the terms
in Egs. (24)—-(27) when § — oo (i.e., a perfectly conducting
drop). Setting R = S results in Upx = 0, which implies that
no fluid flow will exist at steady state, and taking the limit of
Do (2) when S — oo will lead to Dy, (3). This suggests that
the drop will always deform to a prolate, as D, is always
positive.

In passing, we point out that the decomposition used by
Ref. [11] (i.e., values of @ and B used in their formulation
for 7) is quite arbitrary. To see this, one can rewrite their T =
(xp; + Buo)a/y in a slightly different form by substitution
for [T = w;/u,. This yields

o = LG8l + 4T1o) + 1o (4214 + 4811,)]a
40y (i + o)

’

where the term in the bracket can be simplified to Q =
38ui2 + 89w, + 48;/%. The characteristic time t can be
decomposed in many different ways according to the de-
composition of Q. For instance, if Q = ©;(38u; + 32u1,) +
o(5711; + 48u,), then o = (3811 + 32)/(401x + 40) and B =
(571 + 48)/(4051 + 40), which is different than the weighting
functions that they used.

Detailed understanding of the individual contribution of the
net normal and tangential electric stresses ([t ]l and [t5]],
respectively) in the dynamic is very insightful, since these
stresses are the driving forces behind the fluid flow and the drop
deformation. To evaluate the individual contribution of [z,
we set [z, ]| = Oinboundary condition 5 and solve Eq. (7) with
the rest of the boundary conditions intact. To do so, we consider
a solution of the form v, = (B;r~%2 4+ A,)sin? 0 cos O and
Vi, = (F;r® + H,r>)sin? @ cos @, where subscript ¢ refers to
the fact the flow is solely driven by the net tangential electrical
stresses. Setting [t ]] = 0 is tantamount to setting E,, = 0 in
the last term of Eq. (20) as this term is the 6-dependent part of
[z 1 according to Eq. (9). We then solve Egs. (16)—(19) along
with the modified Eq. (20), and unknowns A, B, F, H, and D
replaced by A;, B;, F;, H;, and D;, respectively. This yields

Dy = Do, [1 — exp(—t/7)], (29)
9Ca @,
P =g Ry 2p 30)
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TABLEI Physical properties of the fluids used. Here y = 5.5 x 1073 [Nm~!]and ¢y = 8.854 x 10~'2 [Fm~']. Systems A and B correspond,
respectively, to a silicon oil drop surrounded by oxidized castor oil and the phase-reversed system. System A corresponds to system (17) of

Ref. [22].

Fluid o [Sm™]

€ [Fm™]

wlkgm™ s p kg m™3]

3.33 x 1071
1.11 x 1072

Silicon oil
Oxidized castor oil

2.77 € 12 980
6.3 ¢ 6.5 980

2

3 s
Ay =— maxa2+_ d
2 _(R+2)2_

i| D, exp(—1/1),
3D

1
20 +3

By gt O wat [ 3E+2 ]
CT e T LR+ 22 L (9% + 16)27 + 3) |

x @, exp(—t/1),

~ Unax | 3 us T 1671 + 19
T oa 2| (R +2)%a || (1971 + 16)(21i + 3) |
x @, exp(—t/7),

(32)

(33)

Unmax 9 Ug 1 ®, exp(—1/7)
- = xp(—1/7),
@ 2|R+2a || 19n 16| P
34
where

®, =R—S. 35)

To determine the contribution of [z}, ]l, we consider

Dy = Do, [1 — exp(—1/7)], (36)

Vo, = (B,r 2+ A,)sin? O cos6, and v, = (F,r’ + H,r?)
sin? 6 cos 6. However, since the problem is linear, D,, A,,
B,, F,, and H, can be readily determined by subtracting D;,
A;, By, Fy, and H; from D, A, B, F, and H, respectively. This
yields

9Ca o,

Do, = — — | 37
16 (R +2)2 37)
_ 3|: usa?

1
An=3 (R+2)2M2ﬁ+3}<1>nexp(—t/r), (38)
B __2[ uga* :||: 3 +2
" 2L (R+22]LU9E + 16)2E + 3)

}% exp(—t/7),

(39)
3 . 16/ + 19
Fo=2| " _ORE Do, exp(—1/7),
2 (R4 2)%a | (19 + 16)21 + 3)
(40)
and
H 0 s ®, exp(—1/7),  (41)
n = —= = n €Xp(—1/7),
2| (R+22a || 19+ 16 P
where
3 3 +2
&, =R*+1—-R—-—S+=(R—95= ) 42
+ + 5( )M+1 (42)

III. RESULTS AND DISCUSSION

To investigate the transient electrohydrodynamics of leaky
dielectric drops, we consider two fluid systems, a system where
the drop fluid is less conductive than the surrounding fluid (i.e.,
R < 1 and R < §), and a phase-reversed system (i.e., R > 1
and R > S). The first system consists of a silicon oil drop
of radius a = 10 [mm], surrounded by an oxidized castor oil,
and exposed to an electric field of strength E,, = 10 [kV/m].
The fluid properties in this fluid system correspond to those
of system (17) of Ref. [22] and are listed in Table I. Here
the resulting nondimensional numbers are Oh = 51.69, Ca =
0.0187, R = 0.033,5 =2.27,p = 1,and it = 0.542. Figure 2
shows a few equispaced streamlines contours at an early time
(t/T = 0.001), an intermediate time (/T = 2), and a steady
state (¢/t = 5). Atthe early time, the flow consists of four open
vortices in each quadrant, and the direction of the flow is from
the poles to the equator. The streamlines cross the interface,
reflecting the fact that the drop surface is deforming (frame 1).
As time passes, the flow retreats outside and the streamlines
open up, leaving behind four vortices inside the drop (frame 2).
The drop surface is still deforming as is evidenced from a set of
streamlines that cross the interface. The inner vortices become
stronger as the time passes, and at steady state they occupy the
inner space (frame 3). The coordinates of the cores of the inner
vortices can be determined by finding the points where both u,
and uy are zero. This results in 6, = £0.9553, +2.5261 and
r. = +/—3F/5H, which suggests that the angular positions of
the vortices are fixed, but their radial positions change with the
time. Note that . is only acceptable if itisreal and 0 < r, < a.
The cores initially appear at 7. ~ 0.34a and gradually shift to
re ~0.77a.

To explore the contribution of the electrical stresses in the
structure of the flow field, in Fig. 3 we compare the flow due
to [t (left frame) and [[z;.] (right frame), corresponding
to the middle frame of Fig. 2. This figure clearly shows that
the net electrical shear stresses are solely responsible for the
formation of the inner vortices. Notice that the flow strengths
cannot be discerned from the figure as the information about
the level contours are not given. While the general features of
the flow as depicted here are similar to that of Ref. [10], the
evolution of the two flows is not exactly the same. Here the
flow is established impulsively since we assume 7, = a’/v <
T4 = pa/y. This is not the case for Ref. [10], which considers
7, and 74 to be of the same order.

To examine the contribution of [t/ ] and [[t/,] to the
degree of deformation and the strength of the flow field, in
Fig. 4 we plot D, u,,, = u,(a,0), and uy,, = ug(a,w/4)asa
function of time. For this fluid system, & = —6.6951 < 0 and
therefore, D < 0, which implies that the drop becomes oblate.
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FIG. 2. (Color online) Evolution of velocity streamlines for a
silicon oil drop in an oxidized castor oil. The nondimensional numbers
are Oh = 51.69,Ca = 0.0187,R = 0.033,S =2.27,p = l,and 1 =
0.542. The times are 7 = 0.001, 2, and 5, respectively, and proceed
from the top to the bottom. Here the fluid inside is less conductive
than the fluid outside (i.e., R < 1, R < §), and the ambient fluid flows
from the poles to the equator.

Here |D,| > |D;|, but |D,| and |D;| are of the same order,
which suggests that the contributions of [z/.]] and [, ] in the
interface deformation are of the same order. This is because the
main difference between D, and D, as given by Egs. (37) and
(30), lies in the difference between @, and ®,,. For this fluid
system, however, &, = —2.2370 and &, = —4.4581, which
are of the same order. Inspection of Eqgs. (31)—(34) shows
that the contribution of [t/ ]] in the fluid flow is through the
hydrodynamic shear stresses (the first term that is proportional
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FIG. 3. (Color online) Streamline contours for the flow driven
by [z, 1 (left frame) and [t/ ]| (right frame), corresponding to the
middle frame of Fig. 2.

to Umax) as well as the instantaneous motion of the interface
(the unsteady term). This can be clearly seen from Fig. 4,
which shows that as the interface deformation stops at steady
state, u,,, which is due to the interface deformation, settle to
zero, however, uy,, which originates from the hydrodynamic
shear stresses, settles to a nonzero value. On the other hand,
inspection of Eqgs. (38)—(41) shows that the contribution of
[z:1 in the fluid flow is solely through the instantaneous
motion of the interface (the unsteady term). This can be clearly
seen from Fig. 4, where both u,, and uy, settle to zero at steady
state as the interface ceases to move.

Figure 5 shows a few equispaced streamlines contours
for the phase-reversed system (i.e., oxidized castor oil in
corn oil) at an early time (¢#/t = 0.001), an intermediate
time (r/t =4.5), and a steady state (#/t = 10). Note that
the drop radius and the electric field strength remain the
same as before. Here, the nondimensional numbers are Oh =
28, Ca=0.0101, R =30, § =0.44, p = 1, and & = 1.846.
Compared to the first system, the overall shape of the
streamline contours is very much similar; however, the flow
directions are opposite; i.e., whereas the outer flow in Fig. 2
was from the poles to the equator, here the direction is reversed.
Similarly, the directions of the corresponding inner vortices
of the two figures are opposite. Figure 6 shows D, u, .,
and ug,, versus time. Here as opposed to the first system,
® =947.096 and therefore, D > 0, which implies that the
interface becomes prolate. Furthermore, the contribution of
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FIG. 4. (Color online) Deformation time history of the drop (top
frame) and the evolutions of the radial (middle frame) and tangential
(bottom frame) interfacial velocities. The frames correspond to the
fluid system of Fig. 2.

[z5]1 in the deformation is negligible as ®;, = 29.56 is much
smaller than ®, = 917.536. Similar to the first system, |u,, | is
larger than |u,, |; however, now the difference between the two
velocities (during the transient) are much larger because of the
much larger difference between D, and D, . Interestingly, |ug, |
is much larger than |ug, | during the transient, which is due
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FIG. 5. (Color online) Evolution of velocity streamlines for
an oxidized castor oil drop in a silicon oil. The nondimensional
numbers are Oh = 28, Ca = 0.0101, R =30, § = 0.44, p = 1, and
/1 = 1.846. The times are 7=0.001, 4.5, and 10, respectively, and
proceed from the top to the bottom. Here the fluid inside is more
conducting than the fluid outside (i.e., R > 1, R > S), and the
ambient fluid flows from the equator to the poles.

to the large difference in &, and ®,. However, as before, ug,
settles to zero at steady state as the drop deformation stops.
In the two case that was just described, the directions of the
streamlines in the ambient fluid implies that the fluid tends to
deform the drop to an oblate ellipsoid in the first system while
it tends to deform it to a prolate one in the second system.
While this is exactly what happened, this observation should
not be treated as a general rule. The tendency of the fluid flow to
deform the drop in a certain direction is not the only factor that
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FIG. 6. (Color online) Deformation time history of the drop (top
frame) and the evolutions of the radial (middle frame) and tangential
(bottom frame) interfacial velocities. The frames correspond to the
fluid system of Fig. 5.

determines the sense of deformation, rather, it is the balance
of the normal stresses that does so. To characterize the effect
of fluid flow on the sense of drop deformation in general, we
construct a circulation-deformation map in S — R coordinates
following Refs. [18,22,25]. From Egs. (1), (2), and (28) it is

PHYSICAL REVIEW E 84, 036308 (2011)

10 .
region 111 o7 Tegion
1
10
Q
S
)
i 10 ¢ |
~
;"
Kd
-1 // .
10 ¢ region | |
region
11
—2
s 0 X 2
10 10 10 0
S = Ei/eo

FIG. 7. (Color online) Circulation-deformation map. In region I,
R < S and ® < 0, the drop deforms to an oblate, and the flow is
from the poles to the equator. In region II, R < S and & > 0, the
drop deforms to a prolate, and the flow is still from the poles to the
equator. Inregion III, R > S and & > 0 the drop deforms to a prolate,
and the flow is from the equator to the poles.

seen that the senses of flow circulation and deformation are
determined by the signs of S — R and ®, respectively. Thus,
we plot the ® = 0 curve and R = S line together in § — R
coordinates. Notice that since ® is a weak function of ;t, ® = 0
is plotted only for it = 1. The R = S line and ® = 0 curve
divide the parameter space into three regions (Fig. 7). In region
I, R < S and ® < O; therefore, the drop will be deformed to
an oblate, and the flow will be from the poles to the equator.
In region II, R < S and ® > 0; therefore, the drop will be
deformed to a prolate and the flow will be still from the poles
to the equator. In region III, R > S and & > 0; therefore, the
drop will be deformed to a prolate, and the flow will be from the
equator to the poles. This suggests that for fluid systems where
R > S, the drop would always deform to a prolate, while for
fluid systems where R < S, the drop would either deform to a
prolate or an oblate. For the two fluid systems considered here,
the signs of &, and ®, were the same, which implied that the
net normal and tangential electric stresses tended to deform
the drop in the same direction. This is not true in general as
we can easily envision a case where ®,, and ®, have opposite
signs. Indeed, if the curve &, = 0 is added to Fig. 7 and the
line R = S is treated as ®, = 0 line, the parameter space will
be divided into five regions according to the signs of ®,, ®,,
and ® (Fig. 8). In region I, &, < 0, ¥, <0, and ® < 0; in
region II, &, < 0, ®, > 0, and ® < 0; in region III, ¥, < O,
®, > 0,and ® > 0;inregionlV, ®, > 0, P, > 0,and ® > 0;
and inregion V, ®; < 0, ,, > 0, and & > 0. Note that region
I is the narrow region enclosed by & = 0 and ®,, = 0 curves
and is identified by the diamond symbols. As is evident, in
regions II, III, and V the senses of the deformation induced by
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FIG. 8. (Color online) Deformation map according to the com-
ponents of the electrical stresses. In region I, ®, < 0, &, < 0, and
® < 0; in region II, &, <0, ¥, > 0, and ® < 0; in region III,
b, <0, , >0, and ® > 0; in region IV, &, > 0, &, > 0, and
® > 0;andinregion V, &, < 0, ®, > 0, and ® > 0. Region Il is the
narrow region enclosed by & = 0 and &, = 0 curves and is identified
by the diamond symbols.

the net normal and tangential electrical stresses are opposite,
while they are the same for regions I and IV.

We note that the sense of drop deformation is determined
not only by the local direction (i.e., inward versus outward) of
the sum of the net normal electric and hydrodynamic stresses,
[z 1 + [ 1, but also by the variations of these stresses at
the drop surface. For instance, for perfect dielectric fluids
(R = S) the hydrodynamic stresses vanish at steady state (i.e.,
[[rr/',_]] = [[rf‘e]] = 0), as the net tangential electrical stresses
are zero according to Eq. (10). As a result, the deformation
of these systems are solely determined by the net normal
electric stresses. Furthermore, for these fluid systems it is
known that the net normal electric stresses are directed from the
fluid of higher electric permittivity toward the one with lower
permittivity, i.e., [t/ ]] > Ofor S > land [[z/.]] < OforS < 1.
However, for both S > 1 and § < 1 cases the drop deforms
always to a prolate [18]. As an example, consider two perfect
dielectric systems (i.e., R = §) with § =2 and S = 0.5. The
terms in the bracket in Eq. (9), which represent the distribution
of [z¢ ], are [1 + cos? 8] and [—0.5 + 0.25 cos? 6] for the first
and the second systems, respectively. For the first system, the
net stresses point outward with their maxima at the poles and
minima at the equator, while for the second system the net
stresses are inward with their minima at the poles and maxima
at the equator. However, it can be easily envisioned that the net
results in both cases is the deformation of the drop to a prolate
ellipsoid.

The analysis so far was based on the premise that the viscous
time scale t, = a®/v is vanishingly small. As a result, the flow
started impulsively and the evolution of the flow from the
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quiescent state could not be captured here. Furthermore, the
drop deformation and the velocity developed monotonically
toward the steady state. The fluid inertia can be of importance
in a class of problems where 7, = a?/v is still less than 7, =
pa/y but it cannot be ignored. For this class of problems, we
conjecture that the phenomenon will be governed by two time
scales, i.e., 7, and 4. Here the velocity field (characterized,
for example, by the average kinetic energy of the fluids) would
evolve from the quiescent state to a local peak in a time interval
that is of the order of 7, and then gradually would settle to
a steady state. For the small deformation considered here,
the drop deformation would still monotonically settle to its
steady-state value in a time interval of the order of 7. For larger
deformations, the dynamics becomes more complex, and both
the deformation and the velocity field might settle to their
steady-state values in a nonmonotonic way. The numerical
simulations of Ref. [26] lend some support to these arguments.

IV. CONCLUSIONS

The transient dynamics of a liquid drop surrounded by
another liquid and driven by a uniform electric field was
investigated analytically. It was shown that for small distortion
from a spherical shape and for large Ohnesorge number,
the deformation time history is D = D[l — exp(—t/71)],
where T = (ap,/y)(191 + 16)(211 + 3)/(40 + 40) is the
characteristic time scale. The contributions of the net normal
and tangential electric stresses in the degree of deformation
and fluid flow strength and structure were determined, and it
was shown that the former contributes to the fluid flow through
the instantaneous motion of the phase boundary while the latter
contributes through that effect as well as creation of the net
hydrodynamic shear stresses. It was shown that the net normal
and tangential electrical stresses may tend to deform the drop
in the same direction or in the opposite directions according
to the deformation map that was introduced, comprised of the
line of ®, = 0 and curves of &, =0 and ¥, = 0 drawn in
S — R coordinates.

APPENDIX A : THE ORDER OF ACCURACY OF THE
SOLUTION

In seeking analytical solution to multifluid flow problems,
one is generally faced with the difficulty of satisfying in-
terfacial boundary conditions at an interface that does not
coincide with the coordinate surfaces. For small interface
deformation, this problem can be addressed by the domain
perturbation theory, a regular perturbation expansion method
that its formalism was introduced by Joseph [27]; however, it
was around long before that (see the comments in page 283
of Ref. [28]). The essence of the method is to define a small
perturbation parameter ¢ and to seek a solution of the form

A(r) = A%(r) + eA(r) + O(e?) (A1)

for the dependent variables A (velocity, electric potential, etc.)
and to replace the exact boundary condition at the interface
with an approximate boundary condition at a coordinate
surface that is asymptotically equivalent for ¢ < 1 using
the Taylor series expansion. Here A” and A' are called the
solutions at the zeroth and the first order of the perturbation
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parameter ¢, respectively, and r represents the position vector
of a point. In the language of domain perturbation theory, our
solution for the field variables is of the zeroth order, while that
for the deformation is of the first order.

To put our solution in perspective, in the following we
outline the major steps that are involved in finding a first-order
solution for the electric field potential ¢. Here we need to solve
Eq. (4) in the domains depicted in Fig. 1 and subject to the
following jump conditions:

Gi(r,)lr=; = ¢o(r.0)l,—¢ (A2)

and

8¢i 3¢o

oi—r0)| =o,——(,0) (A3)
on r=& on r=£

at a phase boundary that is represented by Eq. (8). Note that
the subscripts i and o denote inside and outside, respectively,
and that d/9dn denotes derivative in the direction normal to the
interface. To proceed, we pick the deformation parameter as
our perturbation parameter (i.e., ¢ = D) and rewrite Eq. (8) in
the following form:

£ =a+ef(0). (A4)

where f(0) = (2/3)a(3cos?*@ — 1). We now seck a solution
of the form

¢ = ¢°(r,0) + £¢'(r0) + O(c?) (A5)

for ¢. Substitution of Eq. (AS) in Eq. (4) and grouping the
terms that have the same coefficient in terms of the exponents
of ¢ yield the electric field equations at the zeroth order
V' =0 (A6)
and at the first order
V! = 0. (A7)

To find an appropriate form of boundary condition (A2)
that is applicable at the coordinate surface, we use the Taylor
series expansion of ¢ in the neighborhood of r = a:

0
Blrms = | _+ef©)2 (A8)

and substitute for ¢ from Eq. (A5) in Eq. (A8). This yields
d¢°

or

r=a

Plr—e = ¢°l—a + a<¢1‘r:a+f(9) ,_a) +0(e?). (A9)

Substitution for ¢;|,—¢ and ¢,|,=¢ in boundary condition (A2)
in terms of the expression in the right-hand side of Eq. (A9)
and equating the terms that are of equal order of the exponents
of ¢ in the left-hand side and the right-hand side of the resulting

expression lead to the following expressions for boundary
condition (A2) at the zeroth order

¢P(a,0) = $°(a,0) (A10)
and at the first order
3¢ Ry
ol + f@% 8l + i (ALl
r=a r r=a r=a or r=a

To find the appropriate form of boundary condition (A3),
we need to express the normal derivative in terms of the
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coordinate derivatives. Considering that d¢/dn = V¢ - n,
V¢ = (0¢/0r)e, + (1/r)(0¢/00)es, andn = e, — (¢/r) f'ey
it is seen that

36 3¢ [0

= — Al2
on or ( )

r 06’
where ' = df/d6. We then expand the terms on the right-
hand side of Eq. (A12) in the neighborhood of a using the
Taylor series and substitute for ¢ from Eq. (A5) in the resulting
expression. This leads to

a9 [3¢° (f32¢° ' f 3¢0>}
_r:g: - 4+ - _ L 7

r=a

(A13)

on or or? or a 96

Substitution for d¢; /dn|,— and d¢,/dn|,= in Eq. (A3) in
terms of the expression in the right-hand side of Eq. (A13) and
equating the terms of the same order of exponents of ¢ results
in the following expressions for the boundary condition (A3)
at the zeroth order

Y 9¢?
2 %% (A14)
or r=a or r=a
and at the first order
320 fag)  dg)
o (001000 el
ar? a 90 or B
82¢0 f/ 3¢0 8¢1
=0, —2 %4 9 Al5
G<f8r2 a89+8r> (A15)

In summary we have two sets of equations and boundary
conditions that need to be solved sequentially; namely,
Eq. (A6) with boundary conditions (A10) and (A14), and
Eq. (A7) with boundary conditions (A11) and (A15). In this

study, we are only concerned with the results of a zeroth order

solution for ¢ (see Ref. [1] and appendix of Ref. [18]), so we
solved only for ¢°.

APPENDIX B : CALCULATION OF THE CURVATURE

The local curvature « that is needed in the normal stress
balance is the sum of the principal curvatures x| and x,. While
k1 and K can be found separately, an easier approach would
be to calculate « directly using

K=V -n, (B1)

where n is the (outward) unit normal at the drop surface. For
a general surface of the form F(r,0,¢) = 0, n can be found
using

VF

n= W, (B2)

where V is the gradient operator in the spherical coordinates.
Obviously, here the derivatives of F with respect to ¢ are all
nil. We can further simplify the matter by taking advantage
of the fact that the degree of deformation D is very small.
Equation (8), therefore, can be written as r = a + f(0), where
r=&@1) and f(0)=(2/3)aDBcos’6 — 1) < a. Carrying
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out the calculation and ignoring the terms of order D? and
higher results in

2 1 d (. df
k=="—_——_2 (sinoZl). (B3)
r  r2sinf dé do
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Substitution for » and f(#) in Eq. (B3) and using the Taylor

series expansion in terms of D results in

2 8D(3cos’fH — 1)
e ——

a 3a

(B4)
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