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The effect of a uniform electric field on the motion of a drop in an unbounded plane
Poiseuille flow is studied analytically. The drop and suspending media are considered
to be Newtonian and leaky dielectric. We solve for the two-way coupled electric
and flow fields analytically by using a double asymptotic expansion for small charge
convection and small shape deformation. We obtain two important mechanisms of
cross-stream migration of the drop: (i) shape deformation and (ii) charge convection.
The second one is a new source of cross-stream migration of the drop in plane
Poiseuille flow which is due to an asymmetric charge distribution on the drop surface.
Our study reveals that charge convection can cause a spherical non-deformable drop
to migrate in the cross-stream direction. The combined effect of charge convection
and shape deformation significantly alters the drop velocity, drop trajectory and steady
state transverse position of the drop. We predict that, depending on the orientation of
the applied uniform electric field and the relevant drop/medium electrohydrodynamic
parameters, the drop may migrate either towards the centreline of the flow or away
from it. We obtain that the final steady state transverse position of the drop is
independent of its initial transverse position in the flow field. Most interestingly, we
show that the drop can settle in an off-centreline steady state transverse position.
Two-dimensional numerical simulations are also performed to study the drop motion
in the combined presence of plane Poiseuille flow and a tilted electric field. The drop
trajectory and steady state transverse position of the drop obtained from numerical
simulations are in qualitative agreement with the analytical results.
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1. Introduction

Drops play a central role in interdisciplinary microfluidic and nanofluidic research
(Teh et al. 2008; Casadevall i Solvas & deMello 2011; Seemann et al. 2012). They
form a convenient means for rapid analytic detection and screening of chemicals
(Zheng, Tice & Ismagilov 2004; Zhu & Fang 2013), protein crystallization (Zhu et al.
2014), medium for cell/particle encapsulation (Bhagat et al. 2010), reagent mixing
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(Bringer et al. 2004), and biological assays (Guo et al. 2012). Precise control and
manipulation of drops is of the utmost importance for realizing optimal functionalities
in these concerned applications. Towards this, the effective manipulation of drops by
various means such as thermocapillary (Baroud et al. 2007; Basu & Gianchandani
2008), acoustic streaming (Franke et al. 2009; Ding et al. 2013), electric field (Ahn
et al. 2006; Link et al. 2006) and magnetic field (Pamme 2012) are of great practical
importance. The above processes typically involve low Reynolds numbers based on
the drop size and velocity. The cross-stream migration of a non-deforming spherical
drop with a clean fluid—fluid interface, solely due to such a creeping flow field, is not
possible, since the governing equations and boundary conditions are linear in nature
(Leal 2007; Hanna & Vlahovska 2010). This linearity satisfies symmetry under flow
reversal (Leal 2007; Hanna & Vlahovska 2010; Mukherjee & Sarkar 2013). The
various mechanisms which lead to cross-stream migration of a drop include (i) drop
deformation in shear flow near a solid wall (Chaffey, Brenner & Mason 1965; Karnis
& Mason 1967; Chan & Leal 1979), (ii) drop deformation in the presence of flow
curvature (Haber & Hetsroni 1971; Wohl & Rubinow 1974; Chan & Leal 1979; Wang
& Dimitrakopoulos 2011; Mandal, Bandopadhyay & Chakraborty 2015; Stan et al
2011), (iii) fluid inertia (Mortazavi & Tryggvason 2000; Magnaudet 2003; Khalili
& Mortazavi 2012; Chen et al. 2014) (iv) flow-induced surfactant redistribution on
the drop surface (Hanna & Vlahovska 2010; Pak, Feng & Stone 2014), (v) interface
viscoelasticity (Schwalbe et al. 2011), (vi) fluid viscoelasticity (Chan & Leal 1979;
Mukherjee & Sarkar 2013, 2014) etc. The underpinning nonlinearity in either the
boundary conditions or the governing equations is the common tie between the
aforementioned mechanisms which breaks the reversibility of the flow and causes
cross-stream migration of drops. Previous studies have revealed several interesting
aspects of drop dynamics in the presence of flow curvature, which is the focus of
the present work. Chan & Leal (1979) have shown the pivotal role of flow curvature
towards dictating the cross-stream migration of a deformable drop. They have shown
that, depending on the viscosity of the drop and suspending medium, the drop may
migrate either towards the centre of the Poiseuille flow or away from it. In two recent
studies, Hanna & Vlahovska (2010) and Pak et al. (2014) have shown the non-trivial
effect of surfactants at the drop surface which leads to cross-stream migration of a
spherical drop towards the centre of the imposed Poiseuille flow.

The ease of integration and flexibility of operation renders an external electric
field as a convenient means for drop manipulation in modern microfluidic devices.
Studies on the response of drops towards an externally applied electric field have
been carried out since the seminal work of Taylor (1966). Taylor (1966) introduced
the leaky dielectric model, which considers small electrical conductivity of the liquids.
Consideration of small electrical conductivity leads to the accumulation of charges
at the drop interface. Taylor (1966) assumed that the interfacial charge distribution
is solely governed by the Ohmic conduction. Since then, neglecting the convection
of charges at the drop interface, several researchers have employed this model and
studied the deformation of neutrally buoyant drops in the presence of uniform or
non-uniform electric fields, and unbounded or bounded domains in an otherwise
quiescent medium (Torza, Cox & Mason 1971; Im & Kang 2003; Vizika & Saville
2006; Lac & Homsy 2007; Supeene, Koch & Bhattacharjee 2008; Thaokar 2012;
Deshmukh & Thaokar 2013; Lanauze, Walker & Khair 2013; Mandal, Chaudhury
& Chakraborty 2014; Mandal, Bandopadhyay & Chakraborty 2016a). Most of these
studies considered one-way coupled electrohydrodynamics — the applied electric
field affects the flow field via the generation of Maxwell stress at the fluid—fluid
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interface, while the electric field remains unaffected by the flow field. The electric
field and flow field are coupled by the surface charge convection (i.e. interfacial
convection of charges due to fluid flow). The effect of surface charge convection
on the deformation of a drop in the presence of a uniform electric field in an
otherwise quiescent medium is analysed by several studies (Feng 1999; Lanauze,
Walker & Khair 2015; Das & Saintillan 2016). Another way in which the electric
field and flow field are coupled is through shape deformation of the drop. Shape
deformation can take place due to electrical and/or hydrodynamic stress at the drop
interface. Very recently, Mandal, Bandopadhyay & Chakraborty (20165) have studied
the combined effect of charge convection and shape deformation on the motion of a
drop in a non-uniform electric field (Mandal et al. 2016b). However, there appears
to be scant literature which considers the two-way coupled effect of an electric field
and an externally imposed background flow field in the combined presence of charge
convection and shape deformation towards dictating the motion and deformation of
drops (Ha & Yang 2000b; Xu & Homsy 2006; Vlahovska 2011; Bandopadhyay
et al. 2016; Yariv & Almog 2016). The presence of a background flow field has
been shown to markedly alter the charge distribution on the drop surface, which
further alters the drop motion and deformation. Xu & Homsy (2006) considered the
sedimentation of a non-neutrally buoyant drop in the presence of an axial uniform
electric field. They concluded that the effect of charge convection has a profound
impact on the settling velocity of the drop. Bandopadhyay er al. (2016) extended
this study to include the effect of a tilted electric field on the sedimentation of the
drop, and found lateral migration of the drop due to charge convection and shape
deformation. Very recently, Yariv & Almog (2016) have obtained the effect of surface
charge convection on drop sedimentation considering weak applied electric field. The
effect of background linear flow in the presence of a uniform electric field on the
deformation and orientation of drops has been studied both experimentally (Ha &
Yang 2000b) and theoretically (Ferndndez 2008, 2009; Mahlmann & Papageorgiou
2009; Vlahovska 2011). Ha & Yang (2000b) have performed experiments on the
effect of a uniform electric field on the rheological behaviour of a suspension of
drops in shear flow and obtained that, depending on the relative strength of electric
field and shear flow, the apparent viscosity of the suspension may increase or decrease.
In a recent study, Vlahovska (2011) has performed a perturbation analysis to study
the drop deformation, orientation characteristics and shear rheology of highly viscous
drops in a uniform electric field in the presence of background linear flows. This
study shows the pivotal role of shape deformation and charge convection on the
rotation rate of the drop, effective shear viscosity and normal stress difference.

In many practical scenarios, suspended drops are transported by the application of
a pressure gradient using syringe pumps. In such situations, it is quite expected that
the drops encounter flow curvature. Despite the importance of flow curvature, there is
no study present in the literature to the best of our knowledge which considers the
effect of an external electric field on the drop motion in the presence of flow curvature.
Motivated by this consideration, here we analyse the non-trivial implication of the
curvature of the background plane Poiseuille flow field in the presence of a uniform
electric field on a neutrally buoyant, Newtonian, leaky dielectric drop suspended in
another immiscible Newtonian, leaky dielectric medium. Our results emphasize that
the combined effect of uniform electric field and plane Poiseuille flow on the drop
velocity is not a mere linear combination of drop velocities obtained in electric field
and plane Poiseuille flow separately. This is due to the coupling between the electric
potential and flow fields — the background flow field alters the distribution of charges
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due to fluid flow at the drop surface, whereas the applied electric field alters the
fluid flow via the generation of Maxwell stress at the drop interface. Considering the
electric Reynolds number Reg (given by the ratio of the charge-relaxation time scale
to the convective time scale) and capillary number Ca (which signifies the relative
strength of viscous stress as compared with surface tension or capillary stress) as
the perturbation parameters, we arrive at analytical expressions for the drop velocity.
Our major finding in the present study is that application of a uniform electric field
not only alters the axial velocity of the drop but also dramatically affects the nature
of the cross-stream migration of the drop. We identify two important mechanisms of
cross-stream migration velocity: (i) shape deformation and (ii) charge convection. The
presence of a tilted electric field makes the drop shape asymmetric with respect to
the flow centreline, which leads to shape-deformation-induced cross-stream motion of
the drop. Charge-convection-induced cross-stream migration is due to the asymmetric
charge distribution on the drop surface. This component of cross-stream migration
is present also for a non-deformable spherical drop. The combined effect of charge
convection and shape deformation leads to cross-stream motion of a drop towards or
away from the centreline of the imposed flow. In sharp contrast to the case of plane
Poiseuille flow without any electric field, the presence of a tilted electric field leads
to settling of the drop not only at the centreline but also below/above the centreline,
depending on the orientation of the applied uniform electric field, the magnitude of
the pertinent electrohydrodynamic property ratios of the drop and medium, and the
associated non-dimensional numbers. Most surprisingly, the combined effect of a tilted
uniform electric field and plane Poiseuille flow may lead to motion of a drop away
from the centreline of the flow even if the drop is initially placed at the centreline of
the flow. To validate these non-intuitive analytical results, we perform two-dimensional
numerical simulations. The numerically obtained drop trajectory compares qualitatively
with the analytical solution.

2. Problem formulation

We consider the motion of a drop of radius a in an unbounded domain in
the presence of an imposed plane Poiseuille velocity field (V) and a uniform
electric field (E,). Plane Poiseuille flow is expressed in terms of a Cartesian
coordinate system considering the drop centroid as origin in the following form:
Voo = Vilko + kix + kox?)e., where kg = 4(x,/H)(1 — x4/H), ki = (4/H)(1 — 2x,/H)
and k, = —4/H?. This choice of imposed velocity field represents a pressure-driven
flow between two parallel plates (infinite in the y and z directions) which are distance
H apart in the transverse direction (x-direction). Here x, is the transverse position
of the drop centroid measured from the bottom wall. The imposed electric field
is of the form E, = E.(E.e, + E.e;) with E; + E2 = 1. Here V. and E, are the
characteristic velocity and characteristic electric field, respectively. The imposed
velocity acts in the z-direction (termed as axial direction), whereas the direction of
the applied electric field can be altered by specifying the components of the imposed
electric field along the axial (E,) and transverse (E,) directions. The drop liquid
is considered to be Newtonian with a viscosity wu;, density p;, and leaky dielectric
with an electrical conductivity o; and permittivity &;. The suspending fluid is also
considered as Newtonian and leaky dielectric, with the hydrodynamic and electrical
properties represented by the same symbols, except using the subscript ‘e’. The drop
interface is clean and the surface tension y is constant. The spherical coordinate
system (r, 8, ¢) is attached at the centroid of the drop and moves with the drop at a
velocity U, which is yet to be determined (refer to figure 1). Here, we assume that
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Imposed electric field
E,= E/:(Exex + Ezez)

H/2

Imposed velocity field
Voo =Ve(A((x +x0)/H)(1 — (x + xg)/H))e;

FIGURE 1. (Colour online) Schematic of a typical drop trajectory (dashed path) in an
imposed plane Poiseuille flow field V, in the presence of an imposed uniform electric
field E,. A spherical coordinate system (r, 0, ¢) is considered which is attached to the
drop centroid. The velocity field is imposed in the axial direction (z-direction), whereas
the imposed electric field is tilted at an angle 6, (termed as tilt angle) with respect to the
axial direction. Initially, the drop is placed at a transverse position x,o and eventually the
drop settles to some other transverse position x, ., at steady state. Transverse positions
are measured from the bottom wall.

the Reynolds number based on drop radius (i.e. Re = p,V.a/u.) is very small so that
the fluid inertia is completely negligible (Chan & Leal 1979; Pak et al. 2014). We
consider the drop as neutrally buoyant (i.e. p; = p,) so that gravity has no effect on
the motion of the drop.

We non-dimensionalize length by the radius of the spherical drop a while the
velocity scale is taken as V.. The characteristic viscous stresses and electrical stresses
are taken as t//=pu,V,/a and tf =¢,E?, respectively. Here we consider the properties
of the external liquid as the characteristic quantities which yield the following
property ratios (Bandopadhyay et al. 2016): viscosity ratio A4 = w,;/i., conductivity
ratio R = 0;/0, and permittivity ratio S = ¢;/¢,. Using this non-dimensional scheme
we obtain the following important non-dimensional numbers: capillary number
Ca = p,V./y, electric Reynolds number Rep = ¢,V./aoc, and Mason number
M = ag,E*/11,V.. The capillary number signifies the relative strength of the viscous
stress in deforming the drop as compared with the force due to surface tension which
resists the shape deformation. The electric Reynolds number signifies the relative
importance of the charge-relaxation time scale as compared with the charge-convection
time scale, whereas the Mason number signifies the relative importance of the
electrical stress as compared with the viscous stress. Henceforth, all quantities will
be represented non-dimensionally.

2.1. Governing equations and boundary conditions

The drop and the suspending medium are considered as weakly conducting liquids
under the paradigm of the leaky dielectric model (Taylor 1966; Melcher & Taylor
1969; Saville 1997). The leaky dielectric model assumes the bulk liquids as charge-
free, and the mismatch between the conductivity and permittivity of the two liquids
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manifests in terms of the interfacial charge at the drop surface only. Hence, the electric
potentials inside and outside the drop (v;.) satisfy the Laplace equation

V23, =0,
vy, =0} 2.1)

The electric potentials inside and outside the drop satisfy the following boundary
conditions (Bandopadhyay et al. 2016):

(el) the electric potential inside the drop ; is bounded at the origin of the spherical
coordinate system;

(e2) the electric potential outside the drop i, approaches the specified potential at
infinity, ¥, which is given in terms of the electric field as: Vi, = —E;

(e3) the electric potential is continuous at the surface of the drop: at r=r,, ¥; =,

(e4) the charges present at the drop surface satisfy the following conservation
equation: at r = r;,, n « (RVYy; —Vy,) = —RegV; « (q;V,), where ¢, is the
surface charge given as g, =n - (SVy; — V{,)|,—., V, is the fluid velocity at
the drop surface and V; = [V —n(n - V)] represents the surface divergence
operator. One thing to note here is that the drop surface r; is given by
re =1 4+ f(0, ¢), where f(6, ¢) represents the deviation of the drop shape
from sphericity. The outward unit normal vector n is related to the drop
shape through n =V (r—ry)/|V(r —ry)|. It is important to note that the fourth
boundary condition (e4) is valid under the quasi-steady-state approximation in
which the surface charges adjust to the background spatially varying flow field
instantaneously.

Under the quasi-steady-state approximation, the velocity and pressure fields inside
and outside the drop (u;., p;.) satisfy the Stokes equation and the condition of
incompressibility of the form

Vpi:/lvzui, v -ui:O,

Vp.=Vu,, V-u,=0,
where (u;, p;) and (u., p.) represent the velocity and the pressure fields inside and
outside the drop, respectively.

The flow fields inside and outside the drop satisfy the following boundary conditions
(Bandopadhyay et al. 2016):

(f1) the velocity (u;) and pressure (p;) inside the drop are bounded at the origin of
the spherical coordinate system;

2.2)

(f2) the velocity outside the drop, u,., approaches the specified imposed plane
Poiseuille flow velocity at infinity, which in a reference frame attached to the
drop centroid (moving at a velocity of U,) is given by: u,|, .00 = Vo — Uy

(f3) the velocity is continuous at the drop surface, and at steady state the normal
component of the velocity at the drop surface is zero: at r =r,, u; = u, and
u-n=u,-n=0;

(f4) the tangential component of the total stress (hydrodynamic and electrical
Maxwell stresses) is continuous at the drop surface: at r=r;, n+1;« (I —nn) =
n-t,-(l—nn);

(fS) the normal component of the total stress is balanced by the capillary stress at
the drop surface: at r=r, n-7,-n—n-t,-n=(1/Ca)(V - n),
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where T;, is the total stress tensor with contributions from hydrodynamic and electrical
effects, and I —nn represents the surface projection operator. The total stress tensor
is given by 7, = 7/, + Mz, where 7/} is the viscous stress tensor and z/, is the

electrical Maxwell stress tensor of the followmg form
o/ = [—pd + A{Vu; + (Vu)"}], /' =[-pd+{Vu,+ (Vue)T}],} 23)

=S [E(E)" = SIEPI],  ©f = [E.E)" —3|E.1].

2.2. Expansion in perturbation of Reg and Ca

One important thing to note here is that the analytical solution of the present
electrohydrodynamic problem is not straightforward, due to the nonlinearity associated
with the charge convection (see boundary condition e4) at the drop surface even in
the limit of a non-deforming spherical drop (Feng 1999; Vlahovska 2011). Another
nonlinearity which is commonly present in problems having a fluid—fluid interface is
associated with the unknown shape of the interface (Leal 2007; Mandal, Ghosh &
Chakraborty 2016). In the present problem the drop shape is not known a priori, but
the drop shape should be known beforehand to implement the boundary conditions at
the drop interface. Towards further analytical development, we first identify different
physical systems depending on the relative magnitude of the dimensionless numbers
(Reg, Ca and M). System with Reg, Ca < 1, M ~ 1: physical systems of this kind
can be solved analytically by considering the electric Reynolds number Rer and the
capillary number Ca as the perturbation parameters (Xu & Homsy 2006). A typical
example of this kind of droplet-based microfluidic system is one in which a silicone
oil (with p; =970 kg m™3, & =2.655), 0;=0.8 x 10712 S m~!, ; =0.34 Pa s, where
& is permittivity of free space) drop of radius a =4 mm is suspended in castor oil
(with p, =960 kg m~3, &, =4.7¢), 0,=4 x 107" S m~!, u,=0.78 Pa s) (Mhatre &
Thaokar 2013). In the presence of a uniform electric field of strength E.=10° V m™!,
background Poiseuille flow of centreline velocity V., =1 mm s~! and surface tension
y =4 x 1073 N m~!, we obtain the dimensionless numbers as Rep = 0.26, Ca=0.2
and M = 2.1. System with M < 1, Reg ~ 1: this kind of system for the case of
settling of drop in uniform electric field has been solved analytically considering M
as the perturbation parameter by Yariv & Almog (2016) and is valid even for Ca ~ 1.
System with Ca <« 1, Rep, M ~ 1: this kind of system can be solved analytically
considering Ca as the perturbation parameter. Very recently, Das & Saintillan (2016)
have obtained drop deformation in this limit semi-analytically. Here we focus on the
solution of the physical systems of the first kind by employing a double asymptotic
expansion considering 1> Reg, Ca>> Rek, RezCa, Ca’> and M ~ 1. Thus we seek a
regular domain perturbation solution for the electric potential, velocity, pressure and
stress fields of the following form

w w(o) +R€ 1ﬂ(Rf-’E) +Ca1ﬂ(cu)
u,=u) + Regu~® + CauS" + -

1 (1/Ca)

—pi" 4+ pi” + Regp® + Cap(c‘” -

pi=
Ca . (2.4)
De = (0) + Re p( e) + Cap(ca) + .
1 )
T, = C—r,-(l/ca) + r,-(o) + ReET,-(R“) + Car,»(c") + -
a

7, =1 + Rept*®) + Cat/“ + - - -,
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where p,fl/ ) and T are required to balance the pressure jump across the drop in

the absence of any flow field (Chan & Leal 1979).
The unknown drop velocity U, is also expanded in the following form

(1/Ca)

U,=UY +ReUS® + CaU™ +- - -, (2.5)

where Uﬁ,o) is the leading-order drop velocity representing the drop velocity in the

absence of charge convection and shape deformation, UfiREE) denotes the first correction
to drop velocity due to charge convection when the shape deformation is absent, and

Uff”) denotes the first correction to drop velocity due to shape deformation when the
charge convection is absent. At this order of approximation, the linear combination
of these two effects gives the simultaneous effect of charge convection and shape
deformation (refer to appendix A of Mandal er al. (2016b) for detail justification).

The unknown drop shape is also expanded in the following perturbation form
(Bandopadhyay et al. 2016)

re=1+£0, ) =1+ Caf“ + CaReg fCF + Ca*fC ..., (2.6)

where f(C_ f(CaRer) and € are the corrections in drop shape from sphericity. The
outward unit normal (r) and curvature of the drop interface (V - n) can be expressed
in terms of the drop shape (Bandopadhyay er al. 2016).

(0)

The leading-order electric potentials inside and outside the drop (v;,) satisfy the
Laplace equation of the form

2.1.(0) __
VZWi =0, (2.7)
Vg0 =0.

The boundary conditions (el—e4) at the leading order transform to the following:
]/Ig(O)Ir—N)O - w(x‘n
1//,-(0) bounded for r < 1,

VO =0,
e, - RVY” —Vy©®)|,_, =0,

(2.8)

where the generic notation £|,—; is used to denote that the quantity & is evaluated at
r=1.

The leading-order inner and outer flow fields (u,g), pff?) satisfy the Stokes equation
and the condition of incompressibility of the form

1

vp” =aviu®, Vv.u? =0
VpO =v2©®,  V.u® =0, } (2.9

The boundary conditions (f1-f4) at the leading order are

0 (0)
u£0)|r—>oo - (Véo) - Ud )a
§©

1

is bounded for r < 1,
0 0)

ué )lrzl =u; |r:17 (2 10)
(0) () =0 ’

ue |r:1 'er—ui |r:1 e, =0,

0
e (TK(O) - Ti( ))|r:l * (I - erer) = 0’

e - (te(O) _ t[(O))|r:l ‘e, = _(Zf(Ca) 4 VZf(Ca))‘
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At O(Reg), which brings the first effect of charge convection, the electric potentials
inside and outside the drop (wiffeE)) satisfy the Laplace equation of the form

2.y (Rep) __
Vz‘”"R =0, (2.11)
V2 (Ree) = (),

Quite naturally, the boundary conditions for electric potential at this order are not the
same as that of the leading order. At O(Reg) the effect of charge convection plays
a big role in determining the electric potential distribution. The boundary conditions
(el—e4) take the following form
YO = 0,
¥ bounded for r <1,
U =P
e RVY — VyF)| = —(V, - ¢V =,

2.12)

where the surface charge distribution of the leading order is given by ¢ =
e, - (SVY” — Vy©@)|,_;, and the velocity at the drop surface VI =u!”|,_,.
At O(Reg), the velocity and pressure fields inside and outside the drop (ufi‘?ﬁ), p;’i“') )

satisfy the Stokes equation and the condition of incompressibility of the form

1

Vp(-ReE) — /lvzugReE) V. u(ReE) -0
Vp(ReE) — Vzu(REE), V. u(ReE) _ 0’ (213)

which are subject to the following boundary conditions

R
ufeReE)|r»oo - (_Ufj eE)),
u®? is bounded for r < 1,

R
ufer)|,_y =u?|,_,, (2.14)
(Reg) __ ., (Reg) =0 '
u, =1+ € =u; lr=1-€,=0,

) (Rek)
€, (Te(REb) - T °* )|r=1 * (I - erer) - 07
(Reg)
e, - (.[e(ReE) _ Ti eE )|r=1 ‘e, = _(zf(CaReE) + V2f(CaReE))'

At O(Ca), which brings the effect of shape deformation, the electric potentials inside

and outside the drop (wif”)) satisfy the Laplace equation of the form
VZwi(Ca) =0,
Vz'(//(ca> — O7 (215)

which are subject to the following boundary conditions

we(Ca) |r—>oo - 07

1/f,~(ca) bounded for r < 1,

o (2.16)

[we|r:1+Caf(C“)] wi|r=1+Caf(C“)](Ca)y

[ RV — V)| ,—1capca] @ =0,
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where the generic representation [&|,—iic.cw]“ is used to denote the O(Ca)
contribution of any quantity & of the following form (Brenner 1964)

0)
%7 > , 2.17)
r=1

ar
where we have evaluated the quantity & at the deformed drop interface r =1+ Caf“®
by using Taylor series expansion around the spherical drop interface (r=1).
The O(Ca) velocity and pressure fields inside and outside the drop (u(S”, p{”)
satisfy the Stokes equation and the condition of incompressibility of the following

form

[& |14 capea ] = (5 €@y + £

Vp = aviu(, V-uﬁc‘”=0v} (2.18)

Vp(chl) — VZMSCa), V. ugCa) — 0’

which are subject to the following boundary conditions

C
U oo > (—U),

u'“® is bounded for r <1,

€O = [u;] =14 capca] ),

€@ — ),

[ue | r=1+Caf(Ca) ]

(@ = [uil,=1+capco + 0]

(2.19)
[Ue|r=1+cafico - 1]

[l’l * (te - Ti)lr:lJrCaf(C“) ¢ (I - nn)](Ca) = 07

- (-[e — Ti)|r:l+Caf(Cﬂ) . n](Ca) — 2f(Ca) (f(Ca) + VZf(Ca)) _ (Zf(CaZ) + V2f(CaZ)).

3. Asymptotic solution for small charge convection and small shape deformation
3.1. Description of electric potential, velocity and pressure fields

Here we present the solution methodology to obtain the electric potential, velocity and
pressure fields at different orders of perturbation. As the electric potentials inside and
outside the drop satisfy the Laplace equation, we can represent the electric potentials
as (Vlahovska 2011)

v Z Z [a), cos(me) + &, sin(m)1P, .,
o] n (31)
w(j) v/(]) + Z r - b(—]’i Lm COS(m¢) + b(—]l)l I,m Sln(m¢)]Pn,;n7

n= m=

where P,, are the associated Legendre polynomials with argument cos 6, degree n
and order m. In (3.1) we have used the superscript j to represent different orders of
perturbation, which takes the following three forms j=0, Reg, Ca. One thing to note
here is that as the electric potential inside the drop in bounded, the electric potential
inside the drop (1/[,»(])) is represented by the growing spherical solid harmonics. On
the other hand the electric potential outside the drop should match with the applied
external electric potential at infinity, that is why the electric potential outside the
drop (¥) is represented by the unperturbed potential v/ and decaying spherical
solid harmonics. The unperturbed potential which is applied externally exists only at
the leading order (i.e. j =0) of the form ¥¥ = —r(E.P;, cos ¢ + E.P;). Now our
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task is to determine the unknown coefficients (a), @, b | and b _ ) which

are present in the expressions of the electric potentlals (3 1) by invoking appropriate
boundary conditions, with proper use of the orthogonality property of the associated
Legendre polynomials.

The velocity and pressure fields inside and outside the drop satisfy the Stokes
equation and the condition of incompressibility at each order of perturbation. In
spherical coordinates, the general solution of Stokes equation which satisfies the
continuity equation is given by Lamb’s general solution in terms of solid spherical
harmonics (Lamb 1975). The velocity and pressure fields inside and outside the drop

are given by (Hetsroni & Haber 1970; Happel & Brenner 1981)

[ee]

il =3 |V x )+ Ve

n=1

n+3 PVp) — n rp
2(n+1)(2n—|—3)/l " n+1D@2n+3)2 """ |’

(3.2)

(J) Zp(/) (3.3)

0 = VP +a0 =V U+ Y [V x4 90

n=1

) 1 .
S el R L (3.4)
m@2n—1) n@n—1)

P = Zpi’l_l. (3.5)

n=1

The flow field inside the drop is represented in terms of growing solid spherical
harmonics p’, @Y and x” of the form (Bandopadhyay er al. 2016)

n

PP =" " [AD, cosme) + AP, sin(m) 1Py,

m=0

n,m

O — Z [B(/) cos(mg) + BY sin(me) 1P, m, (3.6)

X =r"Y " [C), cos(me) + C), sin(me) 1Py,

m=0

whereas the flow field outside the drop is represented by the unperturbed velocity field

(V(j) — U(j>) and the decaying field v\, which consists of the decaying solid spherical

harmonics pY_,, @Y _ and x_, of the form (Bandopadhyay et al. 2016)

n—1
n

p(j) 1— =r - Z [A(fj:hl,m COS(m¢) +A(7jzzfl,m Sin(m¢)]Pil,m’

m=0

oY =r"' > B, cos(me) + BY), |, sin(m@)IP, ., (3.7)

m=0

n

X9 =r Y ICY,, costmg) + CY_, sin(mg) 1P, .

m=0
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In (3.2) and (3.4), r represents the dimensionless position vector and r = |r| represents
the magnitude of r. Now our task is to determine the unknown coefficients present in
the velocity and pressure fields AY), B, ¢ AY | BY | c Afﬁn BY,
é',(l’zn, 121(_’2,_1,,”, E(_jl)l_m and C(_j,),_l’m by invoking proper boundary conditions at each
order of perturbation. Our aim is to determine the drop velocity at each order of
perturbation, with proper use of the orthogonality property of the surface harmonics.
Towards this we use the velocity boundary conditions (except the condition of normal
stress balance) to obtain the unknown coefficients present in the solid spherical
harmonics (3.6) and (3.7). Then we apply the force-free condition to obtain the drop
velocity Uff). The shape of the drop can be determined by using the normal stress
balance condition. This method has been previously used by several authors (Hetsroni

& Haber 1970; Bandopadhyay et al. 2016) to obtain the drop velocity and shape.

3.2. Leading-order solution

The electric potential distribution at the leading order is obtained by substituting the

electric potentials given in (3.1) in the boundary conditions (2.8). The leading-order

electric potentials inside and outside the drop (w,-(g)) are obtained as (Bandopadhyay

et al. 2016)
3E, 3E, cos ¢
) z X
L P P
v <2+R>r ho ( 2+R )r b

E.(R- 1)) 1 Pro+ <EX(R —1)cos ¢> 1

72

O = _pHEP, co E.P .
V. r(ExPy1cos ¢ + E.Py o) + 2+R) TR 2l

(3.8)

Consequently, the leading-order surface charge distribution is obtained as ¢» =
(B(R—S8))/(R+2))[E.P1o+ E.Py cos @].

Proceeding further, the velocity and pressure fields inside and outside the drop
in terms of spherical solid harmonics are substituted in (2.10) (first five boundary
conditions) to obtain the leading-order flow field in the following form

Vx rx” +rp”) + V(@ + o + o)

(]
=] gt ) (it o8
3.9
PO =4 4 3.10)
o |V xS+ V@G + 0% + o) + (%V”g N ivp@‘) G.11)
e +r <2pg + %pg + 14*517@;) ’
PO =%+ +57, 6.12)

where complete expressions of the growing and decaying spherical solid harmonics
are given in appendix A.
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The drop velocity is determined from the force-free condition. The total force acting
on the drop is given by (Im & Kang 2003; Bandopadhyay et al. 2016)

F=F"4+MF" = /(rf.e,)dAJrM/(rf-e,)dA
A A
= —4nV(r3p2)+M/(rf-e,)dA, (3.13)
A

where the integration is performed on the drop surface (i.e. dA =r?sin 6 d6 d¢). Now,
using the perturbation expansion (2.4), at the leading order of approximation we obtain

FO =F1O 4 MFFO = _47v (*p°) + M / (t7© . ¢,) dA. (3.14)
A

At the leading order of approximation, the net electrical force on the drop (F®)
is identically zero, as the drop is electrically neutral and the applied electric field is
uniform at far field. Therefore, the force-free condition at leading order is given by

v(*p) =0, (3.15)

where p ‘Z[A( ) oP1o+ (Ag1 cos ¢ +A(,%,1 sin )P 1]. After substitution of the
expressions for A(_O%,O, Agl and Ag,, the drop velocity at the leading order, Uy =

Uflg)ex + Ufjg)ey + Uf,g)ez, is obtained as

v = U =0,

U® =k, + 4 k
@ =T\ 402)

To determine the deformed drop shape, we express f“® in terms of linear combina-
tions of surface harmonics of the form (Hetsroni & Haber 1970)

(3.16)

FEO=3 "N T ILEY cos(me) + LY sin(mg) 1P (3.17)

n=1 m=0

The unknown coefficients L% and L% are obtained by using the normal stress
balance boundary condition (the last boundary condition of (2.10)) in the following
form

. 3 M(E*—2E) . 3 ( ME,E, 1 /194+16
Lg,%)=_* — =55 | L(zcl)—* : s S2r+ 5\ —— | ks
8\ (R+2) (R+2) 24\ A+1

. 3 [ ME? ’ 1 /1124 10
LS == ) 2p, LG =- —— ) ke,
16 \(R+2) 40\ A+1

o1 [11a+10
LY =—(——— |k,
240 \ A+1

(3.18)
where 2;=R*+1—2S+ (3/5)((R — S)(31+2))/(1+ 1)) is the Taylor discriminating
function (Saville 1997). §27 signifies the fact that the drop will be stretched parallel
to the applied electric field (i.e. prolate shape) if £2r > 0 and the reverse happens
(the drop will be stretched normal to the applied electric field (i.e. oblate shape))
for £2r <0 when the drop is acted upon by a uniform electric field in an otherwise
quiescent medium.
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3.3. O(Reg) solution: effect of surface charge convection

After obtaining the electric and flow fields at the leading order, we now obtain
the solution to (2.11) and (2.13) using the boundary conditions (2.12) and (2.14),
respectively. At O(Reg), the electric field is induced due to charge convection, as
there is no applied electric field at this order. The effect of charge convection
is apparent from the given boundary condition (Bandopadhyay et al. 2016): e, -
RV — vy Ry = —V . (qOV?) applied at r = 1. The leading-order charge
distribution and surface velocity are responsible for the alteration in the O(Reg) charge
conservation equation at the drop surface. To obtain the non-zero surface harmonics
present in the O(Rer) electric potential, we first evaluate the term V, - (¢@V©) at
r=1 in the following form (Kim & Karrila 1991)

1 9 1 9
v, - OyOy —2(,OyO . OyO Oy - (3.19
@V =260V e+ 2 g @OV )+ oo @0V s eg). (319)

Now, we substitute the expressions of the surface velocity field (VEO)) and the surface
charge distribution (¢”) in (3.19). We represent the right-hand side of (3.19) in
terms of various surface harmonics by using the orthogonality of the spherical
surface harmonics as

1 9 1 9
2(qOV9 o) — — L (qOVO g — — T (4qOVO.
@7V re) = G ag @ Ve o) = e Ve o)
=§ § [Zyy.n COS(MB) + Zyy y SIN(MP) Py - (3.20)

n=0 m=0

The non-zero Z,, and Zm terms are obtained by invoking the orthogonality of
associated Legendre polynomial and complete expressions are given in appendix B.
These non-zero surface harmonics suggest that the electric potential at O(Reg) should
be of the form

4 n
wi(ReE) — Z 7 Z af:f) COS(m¢)Pn,m7
\ n=1 m=0 (321)

n
Y& =N "N TP, cos(me) P
m=0

n=I

Now, invoking this form of the electric potential in the boundary conditions (2.12)
we obtain the unknown coefficients present in the O(Reg) electric potential which
are given in appendix C. The charge distribution at the drop interface at O(Reg) is
obtained as

(Rek) (Rek)
S (Sawi oyl )

s or or

4 n
1+S8 1
= Z Z u Zn m cos(md))Pn me
T4 n+R +1J" ’

m=0
(3.22)
At O(Reg), the velocity and pressure fields are generated solely by the Maxwell
stresses present at the drop surface due to the O(Reg) electric field (Bandopadhyay
et al. 2016). The O(Reg) velocity and pressure fields can be expressed in terms
of spherical solid harmonics as outlined in (3.2)—-(3.5). Non-zero spherical solid
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harmonics exist up to n =35 and can be obtained by using the boundary conditions
given in (2.14). Complete expressions for the O(Reg) flow field are too lengthy to be
presented here. However, we have included the method for obtaining the O(Reg) solid
harmonics and also the general expression for these in the supplementary material
available at https://doi.org/10.1017/jfm.2016.677.

The drop velocity can be obtained by using the force-free condition at O(Rer) as

F&P = —4nv (Pp%) =0, (3.23)

where p& = ’Z[Agefﬁ)Pl,o + (A(R”E) cos ¢ +A(R“E) sin )P 1]. The coefficients A(Rf*‘[)),

Agﬁ) and AY*;? are mentioned in appendix D. The O(Reg) drop velocity is obtained
as

[k _ 6 ME.E.(R—S)3R—-S+ 3)(24% + 631 + 45)k,
¥ T35 BA+22A+ DA+ 4R +2)2(B+2R)
6 M(R—S)BR— S+ 3){(364% + 1194+ T5)E* + (84> + 424+ 4O)E2}k2
" 35 (BA4+22(A+ DA+ 4HR+2)*3+2R)

9’

(Rep) _
Udz

(3.24)

3.4. O(Ca) solution: effect of shape deformation

At O(Ca), the electric field is induced due to shape deformation of the drop, as there
is no applied electric field at this order. We obtain the O(Ca) electric potential inside
and outside the drop as

2 n
wi(ca) — Z 7 affrz) COS(m¢)Pn.m7
4 T E— (3.25)

YL =3 ! Z b, cOSMP)Py

where complete expressions of the unknown coefficients are given in appendix E. The
charge distribution at the drop interface at O(Ca) can be obtained as

S { awi(ca) 82 i(O) af awi(o) 1 af awl(o) }
(Ca) _

or +f or? 206 00 sin®6 ¢ d¢

aw(Ca) 32w(0) 3f31,0(0) 1 3faw(0)
_{ o o T o6 a6  sin26 0¢ aqs}

q, i (3.26)

where the complete expression can be easily obtained by substituting the expressions
for w(o) and w(c“) At O(Ca), the velocity and pressure fields are generated due to
shape deformation and also due to the Maxwell stresses present at the drop surface
due to the O(Ca) electric field (Bandopadhyay et al. 2016). The O(Ca) velocity and
pressure fields can be expressed in terms of spherical solid harmonics as outlined in
(3.2)—(3.5). Non-zero spherical solid harmonics exist up to n =6 and can be obtained
by using the boundary conditions given in (2.19). Here also we do not provide
complete expressions for the solid harmonics at O(Ca) due to the excessive length
of the algebraic expressions. However, we have provided the method to obtain these
solid harmonics and also the general expression in the supplementary material.
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The drop velocity can be obtained by using the force-free condition at O(Ca) as
F“ = —4nv (rp'Y) =0, (3.27)
which yields the drop velocity as

co _ _kellsofi + L3 + ML (EYfs + Exfy) + L35 Exfs)

“ 35B1+2)BA2 +51+2)(A+4)(2R* + 11R? + 20R + 12)’
pico _ taLai'fo + Ly MEES, + kifs} + L3  (MEEdfo + kfio)
&« 35314+2)(3A2 4+ 51+ 2)(A+4)(2R* + 11R2 +20R + 12)’

(3.28)

where f; — fio are functions of R, S and A. The complete expressions for f; — fio are
given in appendix F.

3.5. Drop trajectory

Finally we obtain the combined effect of charge convection and shape deformation on
the velocity of the drop by combining these two effects linearly as

Uy= (U + RegUF? 4+ CaUSe, + (Rex UL + CaU™e,. (3.29)

It is clear from the above equation that the drop has velocity components in both
the axial direction (z-direction) as well as the transverse or cross-stream direction
(x-direction) in the presence of a background plane Poiseuille flow and a uniform
electric field. During the transverse motion, the drop encounters a spatially varying
background flow which leads to a continuous variation of the flow field and electric
potential inside and outside the drop (and subsequently the electric charge distribution
at the drop surface). Due to this continuous adjustment of velocity and surface charges
with the background flow, a drop which is migrating in the cross-stream direction will
not be in a steady motion until it reaches the centreline of the flow. Towards making
an analytical treatment, we have made a quasi-steady-state approximation in which
the time required for the velocity and surface charge distributions to establish is much
smaller than the time scale of drop motion. Now, we look into the criteria under which
velocity and surface charges are established very quickly as compared with the time
scale of drop motion. The velocity field is established in a time scale t, = p,a*/t.
(which is the viscous time scale), while the surface charge distribution is established
in a time scale 7, = ¢,/0, (which is the charge-relaxation time scale). On the other
hand, the time scale of drop motion is t;,=a/V.U,, (with Uy ~RegM or U, ~ CaM)
for transverse motion and t,, =a/V .U, (with U, ~ 1) for axial motion. The criterion
for the velocity field to establish instantaneously with respect to the spatially varying
flow field can be obtained in the following form: (i) ¢, K #;, = ReRegM K 1 (or
ReCaM « 1) and (ii) t, € t;, = Re < 1. Among ReRegM < 1 (or ReCaM K 1)
and Re <« 1, the second one is the more stringent criterion owing to the fact that the
transverse motion of the drop is responsible for the time-varying characteristics that
are expected. As we have assumed the flow field is governed by the Stokes equation
(which is due to Re <« 1), the criterion of the quasi-steady-state approximation for
velocity field is satisfied. Following a similar method, the criterion for the surface
charge distribution to adjust instantaneously with the spatially varying flow field can
be obtained in the following form: (i) 7, K t;, = ReéM < 1 (or RezCaM « 1) and
(i) t, < 1y, = Rer < 1. Among RezM < 1 (or ReCaM < 1) and Rer < 1, the second
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one is the more stringent criterion. In the present analysis we have considered Rer <1,
which satisfies the quasi-steady-state criterion. We have the analysis in the regime
of low Rer (or equivalently the regime of quasi-steady-state). Both the conditions
above indicate that, under the assumptions of the present work, the velocity field and
charge distribution occur at a time scale which is much faster than the characteristic
system time scale. This renders the quasi-steady-state assumption valid. A similar
quasi-steady-state approximation is also followed by Pak et al. (2014) in their study of
motion of a surfactant-laden drop in Poiseuille flow. So, under this quasi-steady-state
approximation, here we determine the quasi-steady-state drop trajectory. Towards this,
we first substitute ko = 4(x;/H)(1 — x4/H), ky = (4/H)(1 — 2x,/H) and k, = —4/H>.
Here x, is the non-dimensional transverse position of the drop centroid (measured
from the bottom wall), which may change with time, and H is the channel height.
So, this representation of the plane Poiseuille flow considers x, = H/2 as the channel
centreline. To obtain the quasi-steady-state drop trajectory, we solve the following
differential equations

o, (f
;t( ) _ RexUF® + CaUS”,
3.30
dzy (1) ( )

0 eE a
= Ui+ Res U™ + Ca U,

where z; is the axial position of the drop centroid. UU(,(Z)), U and U[f“) are functions
of x; that can be easily obtained by substituting ko, k; and k, in the expressions for
the drop velocity. The cross-stream motion of the drop is of prime importance to us.
Towards this we integrate equation (3.30) and obtain

Xq(1) = X400 + [Xa,0 — Xg,00] €XP (‘f) ) (3.3D)

m

where x,  is the steady state transverse position of the drop (obtained as t— co) and
X4 is the initial transverse position of the drop. An important quantity to note here
is t,,, which is the characteristic cross-stream migration time scale that quantifies the
time required by the drop to reach steady state velocity. The expressions for x, ., and
t,, are obtained as

H R€E )
Xdoo= | = +MEE, | fu+——fu | H |, (3.32)
2 Ca
H4
tn = —Ff3, 3.33
CafB (3.33)

where fi; and fi, are known functions of R, S and A, while f3 is a sole function of
A. The complete expressions for fiy, fi2, f13 are given in appendix G. It is important to
note that (3.31), which represents the temporal evolution of transverse position of the
drop, is only valid for Ca > 0. For the special case of Ca=0, the temporal evolution
of the transverse position of the drop is obtained as

x4(f) = x40 + RegUSPt. (3.34)

So, with increasing time, the transverse position of the drop (x;) increases linearly.
There is no steady state transverse position (as ¢ — oo gives x;, — 00). In a


https://doi.org/10.1017/jfm.2016.677

https://doi.org/10.1017/jfm.2016.677 Published online by Cambridge University Press

Effect of uniform electric field on the cross-stream migration of a drop 743

practical situation the transverse position of the drop will increase, and after some
finite time it will encounter the bounding wall. The presence of a bounding wall
induces a hydrodynamic lift force on the drop perpendicular to the flow direction
(Uijjttewaal, Nijhof & Heethaar 1993; Uijttewaal & Nijhof 1995; Stan et al. 2011).
This hydrodynamic lift force retards the drop motion towards the wall. So, the
drop will eventually settle to some finite x,;. (i.e. 0 < x50 < H) instead of the
ever-increasing transverse position. As the present study assumes background flow
to be unbounded (which means the drop is far away from the bounding walls), the
present study is not able to predict x, , in the limit of Ca=0. So, at this point, one
very important thing to note regarding the validity of (3.31) and (3.34) is that these
equations are applicable to find the temporal evolution of the transverse position of
the drop only when the drop is far away from the bounding walls.

4. Results and discussion
4.1. Validation

Before investigating the combined effect of uniform electric field and plane Poiseuille
flow on the motion of the drop, we validate our analytical results with previously
reported analytical results for two limiting cases. First, we consider the case of motion
and deformation of a neutrally buoyant leaky dielectric drop in the presence of a
uniform electric field in an otherwise quiescent medium (no imposed background
flow). In this situation the drop remains stationary, but the drop deforms to an
oblate/prolate shape in the following form
3 ) 3(R—5031+2)

rs_1+CaM{4(R+2)2 [R +1 ZS-l—5 A+ }Pz,o}, 4.1)
where we have substituted E,, =e, and kg =k; =k, =0 in (3.18). This result has been
previously obtained by Taylor (1966) and subsequently validated experimentally and
numerically by others (Ha & Yang 2000a; Feng & Scott 2006; Vizika & Saville 2006;
Lac & Homsy 2007). Second, we consider the case of the motion and deformation of
a drop in plane Poiseuille flow (no externally applied electric field). In this case the
drop moves in the flow direction, and if the drop is placed at an off-centreline location
then the drop also experiences a cross-stream migration, as previously obtained by
Chan & Leal (1979) and also obtained as a limiting case from our analytical results
in the following form

A
U, = |k — |k
d [0+<3/l+2> 1]%

L kika\ (1982° — 12424* — 732723 — 62924% + 18431+ 2320)
al|l ——— e,
210 BA+2)2(4 4+ DA+ 1)2

4.2)

by substituting E, = E, = 0 (or equivalently M = 0) in (3.29). The presence of
background plane Poiseuille flow leads to deformation of the drop, which is obtained

as
1 /191416 1 /112410
— (== )k Py—— (" )k P
s (e feoom {5 () o} o

ENEIPEIN oyp
20 \ a1 )y eeRIe

which has been previously obtained by Chan & Leal (1979).

ry=14 Ca , 4.3)
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4.2. Combined effect of plane Poiseuille flow and uniform electric field on the drop
motion

The combined effect is not a mere linear combination of two distinct effects (plane
Poiseuille flow and uniform electric field) because the electric potential and flow
field are nonlinearly coupled by the charge convection and shape deformation
in the following two ways: (i) the presence of background plane Poiseuille flow
alters the charge distribution at the drop surface, which alters the electric potential,
electric stresses, and subsequently modifies the flow field and hydrodynamic force,
(i1) coupling through the shape deformation due to plane Poiseuille flow and uniform
electric field. Shape deformation alters the electric potential, electrical stresses,
flow field, and ultimately the hydrodynamic force on the drop. The mathematical
expressions for the combined effect of plane Poiseuille flow and uniform electric
field on the drop velocity in the axial as well as transverse directions can be obtained
by substituting different terms in (3.29). In an effort to disentangle the effects of the
plane Poiseuille flow and the electric field on the axial and transverse (or cross-stream)
velocities of the drop, we rearrange the drop velocity as

Uy = UL 4 RegUS® + Ca UL

P
= k() + | — k] + ReEkzMFQ + Ca kzMrl, (44)
A Az
Ay ’
Uy = RepUS® + Ca U
= ReEkzMEszl} + Ca k1k2F4 + Ca kzMEszps, (45)
—_—— ——— —_—_—_——
A4 As A()

where I and I, are known functions of R, S, A, E, and E,, while I3, I, and [I5
are known functions of R, S and A. Expressions for I7—I5 can be easily obtained by
comparing (4.4) and (4.5) with (3.24) and (3.28), respectively. The term A; represents
the axial velocity of the drop in plane Poiseuille flow in the absence of shape
deformation and charge convection. The terms A, and Aj; represent the alteration in
drop velocity in the axial direction due to charge convection and shape deformation,
respectively. A closer look into the expressions for A, and A; reveals that these
two terms are non-zero if k,M # 0. Hence, an externally applied uniform electric
field affects the axial velocity of the drop only in the presence of flow curvature
(i.e. k» #0). The term A, present in (4.5) signifies the effect of charge convection on
the cross-stream migration velocity, while As and Ag represent the effect of shape
deformation on the cross-stream migration velocity. As arises owing to the shape
deformation, which is solely due to the plane Poiseuille flow. A closer look into the
expression for A4 and Ag reveals that these terms are non-zero if kK, MEE, #0. Hence,
the electric field affects the cross-stream migration of the drop in the presence of flow
curvature (i.e. k; # 0) if and only if the electric field is tilted (i.e. E.E, # 0). This
means if the applied electric field (E.) is acting along the axial direction (E., =e,)
or acting along the transverse direction (E., =e,), there is no effect of electric field
on the cross-stream migration velocity of the drop. So, the necessary condition for
the applied electric field to make any change on the cross-stream migration velocity
of the drop is that it has to be a tilted electric field with respect to the imposed flow
direction. The tilt angle, defined as 6, = tan~'(E,/E.), should satisfy the following
criterion: 0 < 6, < /2 or /2 < 6, < 1 to affect the cross-stream migration of the
drop. It must be noted that the presence of an electric field always affects the axial
velocity of the drop (U,,), irrespective of its direction of application.


https://doi.org/10.1017/jfm.2016.677

https://doi.org/10.1017/jfm.2016.677 Published online by Cambridge University Press

Effect of uniform electric field on the cross-stream migration of a drop 745

4.2.1. Drop velocity

It is evident from (4.4) and (4.5) that there are two important effects which alter
the drop velocity: charge convection (the strength of which is represented by Reg) and
shape deformation (the strength of which is represented by Ca). In addition to these
two dimensionless numbers, there are the following important electrohydrodynamic
parameters which affect the drop motion: the relative strength of the components
of applied electric field (E,, E;), the Mason number (M), the viscosity ratio (A)
and the electrical property ratios (R, S). The effect of these parameters on the
cross-stream migration velocity (U,) and steady state transverse position of the drop
(x4.00) are of prime importance. Before presenting the effect of charge convection
and shape deformation on the drop velocity and drop trajectory, we investigate the
physical reasons behind the charge-convection-induced and shape-deformation-induced
cross-stream migration of a drop.

In the present study, in the presence of a tilted electric field and background plane
Poiseuille flow, we have obtained not only alteration in the axial drop velocity but also
a non-intuitive cross-stream migration of the drop due to charge-convection effects,
which is denoted by US“’. The effect of charge convection on the cross-stream
migration velocity can be well understood if we systematically investigate the charge
distribution at the drop surface and alteration of the same due to fluid flow. Towards
this we consider three representative cases: Case I with axial electric field E., = e,
(or 6, =0), Case II with transverse electric field E,, =e, (or 6, = /2) and Case III
with tilted electric field E,, = (e, +e,)/ V2 (or 6, =1 /4). Next we show the effect of
fluid flow on the surface charge distribution. We show the contour plot of the surface
charge density, ¢,. To represent the explicit variation of surface charge density with
6 and ¢, we also plot the variation of ¢,(f) for ¢ = /4, 3n/4 and the variation of
qs(¢) for 6 =m/4, 3/4. The choice of two ¢ values while showing the variation of
qs(0) is made so that two ¢ values are symmetrically located with respect to the axial
plane (¢ = m/2). Likewise, the choice of two 6 values while showing the variation
of ¢;(¢) is made so that two 6 values are symmetrically located with respect to the
transverse plane (0 = 1w /2).

Case 1 (axial electric field). In figure 2(a—c) we show the charge distribution on
the drop surface in the presence of an axial electric field (E,, =e, or 6, =0) while
the background flow is considered as plane Poiseuille flow. The parameters used
to calculate the charge distribution are given in the figure caption. In the absence
of charge convection (i.e. Rep = 0), the contour plot of the surface charge density,
g%, is depicted in figure 2(a). Figure 2(a) shows that the surface charge distribution
is symmetric about the axial plane and antisymmetric about the transverse plane.
Explicit variation of the surface charge density with 6 is depicted in figure 3(a),
which shows that when Rer = 0 the variation of ¢,(f) is antisymmetric about the
0 = /2 plane. Figure 3(a) also depicts that the variation of ¢,(0) is independent of
¢, which signifies the symmetry of surface charge density about the axial plane. The
charge distribution coupled with a tangential electric field creates a tangential electric
force (FJ) which is the jump of tangential electric stress across the drop interface
and can be obtained as Ff = ¢,(E - e5). The distribution of the tangential electric force
(Ff) with 6 is represented in figure 3(b), which shows that F% is also antisymmetric
about the transverse plane. Hence, the flow field generated due to this antisymmetric
electric force (F%) in the presence of E., = e, is also antisymmetric, which finally
leads to zero electrohydrodynamic force on the drop. This is the physical picture
in the absence of charge convection (i.e. Rex = 0). An interesting thing happens
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FIGURE 2. (Colour online) This representation depicts the charge distribution at the
drop surface. Charge distribution in (a—c) axial (Case 1), (d—f) transverse (Case II) and
(g—i) tilted (Case III) electric fields, respectively. (a.d.g) ¢, (b.e,h) ¢¥ + Repq'®® at
xs =15 (centreline), and (c.f,i) ¢ + Rexq®® at x, =4 (off-centreline), respectively. The
parameters employed are R=0.5, S=2, M=2, 1=0.2, Re; =0.2 and H = 10. Colourbar
represents the magnitude of the dimensionless surface charge density.

when we consider the charge-convection effect. The surface charge convection in the
presence of plane Poiseuille flow markedly alters the charge distribution on the drop
surface, as shown in figure 2(b,c). Figure 2(b) depicts the contours of the surface
charge density, ¢” + Repq'®®), when the drop is at the centreline (x, =35, considering
H =10) of the imposed flow. Comparison between Rep =0 and Rer =0.2 curves of
figure 3(a) reveals that there is a significant reduction in charge density near 6 =0
and m for Rer = 0.2. This reduction in charge density is due to the velocity field at
the drop interface. The tangential velocity field in the absence of charge convection
is shown as an inset of figure 3(a). This leading-order tangential velocity at the drop
surface is a linear combination of tangential velocities in a uniform electric field and
plane Poiseuille flow. Combination of the uniform electric field and plane Poiseuille
makes V;%) asymmetric about the transverse plane. The tangential velocity (V;fg) is
positive near & = 0 and negative near 6 = m. This velocity distribution drives the
charges away from 6 =0,  and creates an asymmetric charge distribution about the
transverse plane. The asymmetry of charge distribution about the transverse plane
is more clearly depicted in figure 3(c), in which we show the variation of charge
distribution with ¢ for 6 = w/4 and 31 /4. Here, we plot the magnitude of the charge
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FIGURE 3. (Colour online) (a) Variation of ¢,(0) for ¢ = /4, 3n/4 considering x, = 5.
(b) Variation of F%(0) for ¢ = m/4, 31/4 considering x; = 5. (¢) Variation of g(¢) for
0 =7 /4, 31/4 considering x; =5. (d) Variation of F%(¢) for 6 = /4, 31t/4 considering
x;=15. The parameters employed are R=0.5, S=2, M=2, 1=0.2 and H = 10.

density, |g,|, so that the variation for both 6 is noticeable. In the absence of charge
convection (i.e. Rex = 0), ¢,(0 =n/4) = —q,(0 =37n/4) for any ¢, which signifies
the antisymmetric charge distribution about the transverse plane. But when Rep =0.2,
the magnitude of charge density at & = w/4 is very much different as compared with
the magnitude of charge density at & = 3w/4. This asymmetric structure creates an
asymmetric distribution of the tangential electric force, as depicted in figure 3(d). An
asymmetric F5 creates asymmetric electrohydrodynamic flow, which finally yields a
net electrohydrodynamic force on the drop and an alteration in the drop velocity in
the axial direction. There is no electrohydrodynamic force in the transverse direction.
This is due to the fact that the charge distribution about the axial plane remains
symmetric even in the presence of charge convection. This is reflected by the ¢
independence of ¢;(f) and FQE (0) in figure 3(a) and figure 3(b), respectively.

When the drop is at an off-centreline location (x;=4), the contours of surface
charge density are depicted in figure 2(c). To investigate the asymmetry in the charge
distribution and associated electric force, we plot the variation of g, and F5 with 0
and ¢ in figure 4(a—d). Figure 4(a) depicts that the variations of charge distribution
with 6 for ¢ =n/4 and ¢ =3m/4 are different, which signifies asymmetry about the
axial plane. Similar asymmetry is also found in the variation of the electric force in
figure 4(b). Asymmetry about the axial plane arises for a drop with an off-centreline
position because in this situation the drop encounters a different velocity at different
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FIGURE 4. (Colour online) (a) Variation of ¢,(0) for ¢ = w/4, 31t/4 considering x; =4.
(b) Variation of F5(0) for ¢ = n/4, 3n/4 considering x; =4. (¢) Variation of g,(¢) for
0 =7 /4, 31t/4 considering x; =4. (d) Variation of F%(¢) for 6 = /4, 31t/4 considering
Xy =4. The parameters employed are R=0.5, S=2, M=2, 1=0.2 and H = 10.

¢ positions. On the other hand, figure 4(c) depicts that the variations of charge
distribution with ¢ for 6 = /4 and 6 =37 /4 are different, which signifies asymmetry
about the transverse plane. Similar asymmetry is found in the variation of electric
force in figure 4(d). The asymmetry in the charge distribution and electric force about
the transverse plane finally creates an asymmetric electrohydrodynamic flow across
the transverse plane, which yields a change in drop velocity in the axial direction.
Notably, the asymmetry in the charge distribution and electric force about the axial
plane also creates an asymmetric electrohydrodynamic flow around the drop interface.
But this electrohydrodynamic flow is such that the net electrohydrodynamic force
vanishes. However, asymmetry in the charge distribution and electric force creates a
non-zero electrical torque of the form

247 (R — S)(2+ 51 2
TERer) =/er x (TE®0) . ¢,) dA = Rey 7 ( )2 +52) (’E) <1 - x")] ey.
A

5 R+2?*@A+1) \H H

(4.6)
An important thing to note here is that the direction of the electric torque is
determined by the R/S ratio and x;. This electric torque is exactly balanced by
the torque due to the hydrodynamic stresses, which causes the drop to be torque-free

T + MTH R =0, (4.7)
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where the hydrodynamic torque acting on the drop is obtained from (Happel &
Brenner 1981) T7® ) = —8nv (13 x &),

Case Il (transverse electric field). In the presence of a transverse electric field (Ey =
e, or 6, =m/2), the charge distribution on the drop surface is shown in figure 2(d—
f). Contrary to Case I, here we do not obtain a change in the drop velocity in the
direction of the applied external electric field. The effect of surface charge convection
leads to an asymmetric charge distribution across the transverse plane, which leads
to alteration in the drop velocity in the axial direction only. The charge distribution
across the axial plane remains antisymmetric for x, =35 (refer to figure 2¢). However,
for the case of x, =4 (drop positioned at an off-centreline location), similar to Case I
the asymmetry in the charge distribution about the axial plane (refer to figure 2f) leads
to the generation of an electric torque in the y-direction as

247 (R —S)(8 +52) (ﬁ) (1 B 2}@)} e,

TE(REE) — ReE

(4.8)
5 R+22@A+1) \H H

which is further balanced by the hydrodynamic torque so as to satisfy the torque-free
condition.

Case Il (tilted electric field). The charge distribution due to the application of a
tilted uniform electric field having both axial and transverse components is shown
in figure 2(g—i) by considering Eo, = (e, +e,)/~/2 or 6, = /4. In this situation, the
charge distribution becomes asymmetric about both the axial as well as the transverse
planes even when the drop is at the centreline (x; =5) (refer to figure 24). This leads
to cross-stream migration of the drop in the x-direction along with alteration in the
axial velocity as well. In this case also the drop experiences an electrical torque of

the form 24 s 5
Eker) _ o | ZATR=S) (Xa\ (1 2Xa
550 — Rey [ R (5) <1 — )] e, (4.9)

which is further balanced by the hydrodynamic torque. So, the charge convection
leads to an alteration in axial drop velocity when the charge distribution about the
transverse place is asymmetric. The asymmetric charge distribution about the axial
plane always leads to generation of electric torque on the drop. But the asymmetric
charge distribution about the axial plane alters the cross-stream velocity of the drop
only when the applied electric field has both axial and transverse components. This
new mechanism of cross-stream migration of the drop in the presence of background
plane Poiseuille flow is very different from dielectrophoresis (in which a uncharged
particle moves in a non-uniform electric field) or electrophoresis (in which a charged
particle moves in an electric field) because here the drop has zero net charge and the
applied electric field is uniform.

An important thing to note from (4.5) is that the direction of the charge-convection-
induced cross-stream migration velocity of the drop (which means sign of UC(,_I:EE)) is
determined by the components of the applied electric field (E,, E,), or equivalently the
tilt angle (6,) and electrical property ratios (R, S), which is given by the term Gg,, =
E.E.(S—R)(3R— S+ 3). When Gg,, > 0, the drop migrates in the positive x-direction,
and the reverse happens (drop migrates in the negative x-direction) for Gg,, < 0. This
migration velocity is independent of the transverse location of the drop. To show the
effect of R and S on the charge-convection-induced cross-stream velocity of the drop,

we construct a regime diagram showing the sign of UN (figure 5a for 6, = w/4
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FIGURE 5. (Colour online) Sign of charge-convection-induced cross-stream migration
velocity of the drop (U%’) on R-S plane for (a) 6, =m/4 and (b) 6, =37/4.

and figure 5b for 6, =3m/4) in the R—S plane. From figure 5 it is clear that the two
curves R=S and S=3R+ 3 indicate the lines of zero charge-convection-induced cross-
stream velocity (U((lfeE) =0) even in the presence of a tilted electric field. So, the mere
presence of a tilted electric field is not a sufficient condition for charge-convection-
induced cross-stream motion of the drop in plane Poiseuille flow. However, R=S or
S=3R+3 do not necessarily imply that the shape-deformation-induced drop migration
in the cross-stream direction will be zero.

The effect of shape deformation in terms of Ca has been previously shown in
several studies (Chan & Leal 1979; Mortazavi & Tryggvason 2000; Griggs, Zinchenko
& Davis 2007; Wang & Dimitrakopoulos 2011; Chaudhury, Mandal & Chakraborty
2016) for the case of plane Poiseuille flow, but without any consideration of an
electric field. In plane Poiseuille flow, if the drop is placed at an off-centre position,
the drop shape becomes asymmetric with respect to the channel centreline, which
leads to cross-stream migration of a deformable drop (Chan & Leal 1979; Leal 1980).
Chan & Leal (1979) have studied the cross-stream migration of a deformable drop in
plane Poiseuille flow analytically and found the dependence of U, flf“) on A as: the drop
migrates towards the centreline for 4 < 0.5 or 4 > 10, and the drop migrates away
from the centreline for 0.5 < 1 < 10. Here, the presence of an electric field leads to an
additional deformation of the drop into an oblate/prolate shape which modulates the
drop motion in the axial as well as the cross-stream directions. This alteration of drop
velocity in the presence of shape deformation is due to two different reasons: first,
the extra deformation caused by the electric field alters the shape (or equivalently the
cross-sectional area in the axial and transverse directions) of the drop. This altered
cross-sectional area can increase/decrease the hydrodynamic drag force acting on the
drop. Second, the extra deformation alters the surface charge distribution. The surface
charge distribution coupled with a tangential electric field leads to generation of a
tangential electric force which can further drive electrohydrodynamic flow around the
drop interface. An asymmetric distribution of surface charge and associated tangential
electric force induce an asymmetric electrohydrodynamic flow which further yields
an electrohydrodynamic force on the drop. So, similar to the charge convection,
shape deformation also induces asymmetry in charge distribution and electric force


https://doi.org/10.1017/jfm.2016.677

https://doi.org/10.1017/jfm.2016.677 Published online by Cambridge University Press

Effect of uniform electric field on the cross-stream migration of a drop 751

(x1073)
3 T

N —— Chan & Leal (1979)
\ — - R=5,5=05
--- R=05,8§=5

1072 10° 10?
A

FIGURE 6. (Colour online) Variation of shape-deformation-induced cross-stream migration

velocity of drop (Ug({f“)) with viscosity ratio (1). Other parameters have the following
values Ca=0.1, M=0.1, 6,=xn/4, H=10 and x,,=4.

depending on the direction of the electric field. Towards this, the most important thing
to note here is that when the electric field is applied in the axial direction (E,, =e,) or
transverse direction (E,, =e,), the shape-deformation-induced cross-stream migration
due to the electric field is zero, which means the electric field does not affect U\ ®.
This is due to the fact that when E,, =e, or E,, =e, the drop becomes symmetrically
stretched/compressed in the axial/transverse direction depending on the sign of the
Taylor discriminating function £27. The electric field contributes to the cross-stream
migration in terms of shape deformation only when the electric field is tilted, because
only then does the drop shape become asymmetric relative to the channel centreline.
Figure 6 depicts that dependence of the shape-deformation-induced cross-stream
migration velocity of the drop (U;fa)) on A is markedly altered due to the presence
of the electric field. The electric field not only alters the magnitude of U\ but also
the direction of drop migration, as is evident from figure 6 for the electrical property
ratios (R, S) = (0.5, 5).

Now, we show the combined effect of charge convection and shape deformation on
the drop velocity. To explore the dependence of electrical property ratios, in figure 7
we plot the variation of Uy /Uy g, —o in the R—S plane for the parameters specified in
the figure caption. The colourbar represents the magnitude of U, /U k. -0, Where we
have normalized U, by the cross-stream migration velocity of the drop in the absence
of the electric field (represented by U, g, —o). Figure 7(a) depicts that application
of a uniform electric field dramatically alters the cross-stream velocity of the drop.
Depending on the electrical property ratios (R, S), the cross-stream velocity of the
drop can be much greater/less than the case of no electric field. An electric field not
only changes the magnitude of the cross-stream migration velocity of the drop, but
also can change the direction of migration, as depicted by figure 7(b) (represented by
a negative value of Uy /Uy g, —0). However, the net effect due to the electric field
will be decided by the magnitude of the governing parameters (Reg, Ca, M, A, R, S
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FIGURE 7. (Colour online) Combined effect of charge convection and shape deformation
on the normalized cross-stream migration velocity of the drop (Uu/Ugsg..—0) on the R—S
plane for (a) A=15 and (b) 1=0.25. Other parameters have the following values Ca=0.2,
Reg=0.1, M=0.1, 6,=7/8, H=10 and x,, =4.

and 6,). An interesting thing to note from figure 7 is that there are R, S values for
which U, /U k-0 =1, which represents a zero net effect of the applied electric field
on U,. Another interesting thing to note from figure 7(b) is that there is also a line
of U;, =0 (line of zero cross-stream migration), which means the charge-convection
and shape-deformation effects are individually zero at those property values or the
combined effects of charge convection and shape deformation cancel each other.

An important limiting situation can be obtained by considering R = S, which
represents a charge-free interface. This situation is similar to the case of a perfect
dielectric drop suspended in another perfect dielectric medium. In this case the
charge-convection-induced cross-stream migration velocity vanishes (this is also
evident from the R = § line shown in figure 5), but the shape-deformation-induced
component of the cross-stream migration velocity remains non-zero, as a perfect
dielectric drop always deforms to a prolate shape in the presence of a uniform
electric field. This prolate deformation causes an asymmetry in shape when the
electric field is tilted with respect to the flow direction, leading to cross-stream
migration of a perfect dielectric drop.

So far, we have considered the cross-stream migration velocity, but the axial velocity
is also of great importance in the context of the trajectory of the drop. Equation (4.4)
shows that both charge convection and shape deformation alter the axial drop velocity.
The charge-convection-induced alteration in the axial velocity of the drop is due to
the presence of an asymmetric charge distribution about the transverse plane, while
the deformed shape of the drop leads to a change in the cross-sectional area and
charge distribution of the drop, which also leads to change in axial velocity of drop.
In figure 8 we show the combined effect of charge convection and shape deformation
on U,. Here we have normalized U, by the imposed flow velocity at the centre of the
drop, which is represented by |V |. In the absence of any externally applied electric
field, the drop always lags behind the flow, as the axial velocity of the drop is less
than the velocity of the imposed flow at the centre of the drop, as obtained by Chan
& Leal (1979) and also shown in figure 8 (solid blue line). With increasing viscosity
ratio, the drop becomes much more viscous as compared to the suspending medium,
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FIGURE 8. (Colour online) Combined effect of charge convection and shape deformation
on the normalized axial velocity of the drop (U, /|Vs|) with viscosity ratio (1) for
(@) (R,S)=1(5,0.5) and (b) (R, S)=1(0.5,5). Other parameters have the following values
Ca=0.2, Reg=02, M=1, 6,=7/8, H=10 and x;, =4 (which gives |V,|=0.96).

and moves much more slowly. Figure 8(a) shows that application of an electric field
has the ability to move the drop much faster (for 6, = 0) or slower (for 6, = /4,
1t/2) as compared to the case of no electric field. Another interesting fact to note
here is that the presence of an electric field can also lead to faster/slower motion
of the drop as compared to the flow velocity at the centre of the drop (represented
by U4 /|Vs| > 1). Not only does the tilt angle alter U, significantly, but also the
electrical property ratios (R, S) have a profound effect, as evident from figure 8(b).
So, depending on the tilt angle (¢,), electrohydrodynamic property ratios (R, S, 1) and
dimensionless numbers (Ca, Rer, M), the axial velocity of the drop can increase or
decrease due to the presence of an electric field.

4.2.2. Drop trajectory

Now we investigate the effects of charge convection and shape deformation in terms
of different relevant electrohydrodynamic parameters on the quasi-steady-state drop
trajectory (represented by (3.31)) and cross-stream migration time scale (represented
by (3.33)). First, we plot drop trajectory in plane Poiseuille flow disregarding the
effect of the electric field in figure 9(a), which has previously obtained by Chan
& Leal (1979). For A4 = 0.5, if the drop is placed at some off-centreline location
(x40 =4 or 6), the drop migrates towards the centreline of the flow and the final
steady state transverse position of the drop will be the centreline x, = H/2=>5. If the
drop is initially placed at the centreline (x;o=35), then the drop will move only in
the axial direction. Distinctively different drop trajectories are obtained when a tilted
uniform electric field is applied in the presence of plane Poiseuille flow, as shown in
figure 9(b,c). In figure 9(b) we show the independent effects of charge convection and
shape deformation on the drop trajectory when the drop is placed at an off-centreline
position (x;0=4). In the absence of shape deformation (Ca =0), the drop migrates
away from the channel centreline solely due to charge convection (Rer = 0.1) because
Gre, < 0 (which leads to transverse motion of the drop in the negative x-direction)
for 6, = /4 and the electrical properties under consideration (R=35, S =0.5). In this
case we have shown the drop trajectory only for short times, because for longer times
the drop moves close to the lower wall, where the effect of the wall in terms of
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FIGURE 9. (Colour online) (a) Drop trajectory in plane Poiseuille flow in the absence of
an electric field for different initial transverse position of the drop. Other parameters are
used as Ca=0.1, 1=0.5, and H = 10. (b) Drop trajectory in plane Poiseuille flow in
the presence of an electric field considering the effect of shape deformation and charge
convection separately. Other parameters are used as M =0.1, 6, ==n/4, R=15, §=0.5,
A1=0.5, H=10 and x;0=4. (c¢) Drop trajectory in plane Poiseuille flow in the presence
of an electric field for x,o =4, 5, 6. Other parameters are taken as Ca =0.1, Rey =0.1,
M=0.1, ,=n/4, R=5, $=0.5, 1=0.5 and H = 10.

the hydrodynamic lift force will be significant, which we have not considered in the
present analysis. On the other hand, in the absence of charge convection (Reg =0), the
drop migrates towards the centreline solely due to shape deformation (Ca=0.1), but
surprisingly the drop does not attain a steady state transverse position at the centreline.
This is attributed to the altered shape of the drop, which is very much different in the
presence of an electric field. The combined effect of charge convection (Rep=0.1)
and shape deformation (Ca =0.1) on the drop trajectory will add linearly at this order
of approximation, and the drop initially moves towards the centreline, but the final
steady state transverse position of the drop is distinctly different from the centreline.
The drop settles below the centreline, as shown in figure 9(b). When the electric field
is absent, the drop will always settle to the centreline of the flow irrespective of the
initial drop position (x;0) for 4 = 0.5 (as evident from figure 9a). In the presence
of the electric field, the drop settles to a fixed transverse position irrespective of the
initial transverse position of the drop (x;,) for fixed electrohydrodynamic parameters
(as evident form figure 9¢, which considers x,0=4, 5, 6). But the difference lies in the
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FIGURE 10. (Colour online) Drop trajectory for different values of the Mason number

(M). Different parameters are considered as Ca=0.1, Rey=0.1, 6,=7n/4, R=5, S=0.5,
A1=0.5, H=10 and x;0=4.

fact that the presence of the electric field may yield the steady state transverse position
of the drop at x,. 7 H/2. Even when the drop is initially placed at the centreline
x50 =H/2 =35, the drop migrates away from the centreline to a different transverse
position at steady state, as shown in figure 9(c). This apparently surprising behaviour
is due to the fact that, in the presence of a tilted electric field, the charge distribution
and drop shape are both asymmetric with respect to the channel centreline, which is
otherwise not possible in the absence of the electric field.

Figure 10 depicts the effect of the Mason number (M) on the drop trajectory for the
electrohydrodynamic parameters specified in the figure caption. The Mason number
physically represents the relative strength of the electrical stress as compared with
the hydrodynamic stress. As compared to the case of no electric field (represented
by E., =0), the drop migrates to different steady state transverse positions for M > 0.
For smaller values of M(=0.05, 0.1), the drop migrates towards the centreline, but
finally settles below the centreline. However, for larger values of M(=0.2), the drop
migrates further away from the centreline. Therefore, the increase in Mason number
leads to settling of the drop further away from the centreline, which is attributed to the
increase in asymmetry in charge distribution and shape deformation. However, there
is no noticeable change in the time required for the drop to settle at the steady state
transverse position. This is due to the fact that the cross-stream migration time scale
(t,,) depends only on the viscosity ratio and capillary number (as evident from (3.33)).

The effect of the relative strength of the components of the electric field (£, and
E,) are represented by the tilt angle (6,). In figure 11 we show the drop trajectory
for different 6, for the electrohydrodynamic parameters specified in the figure caption.
When 6,=0, wt/2, m, there is no effect of electric field in terms of alteration in cross-
stream migration velocity, as evident from (4.5) and also depicted in figure 11. But in
the regime 0 < 6, < /2 and 7/2 < 6, < «, the application of a uniform electric field
dramatically alters the drop trajectory. For the electrohydrodynamic properties under
consideration, the drop initially starts to move towards the centreline, but settles below
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FIGURE 11. (Colour online) Drop trajectory for different tilt angles (6;). Different
parameters used are Ca =0.1, Re;=0.1, M=0.1, R=5, §=0.5, 1=0.5, H=10 and
Xd0= 4.

(for 0 <6, < /2 as depicted in figure 11a) or above (for m/2 <6, < w as depicted
in figure 11b) the centreline. The effect of tilt angle is most significant near 6, = /4,
3w/4, as shown in figure 11(a,b), and the effect of tilt angle reduces for all other
values of tilt angle (6,).

4.2.3. Steady state transverse position of the drop

Figure 12 shows the steady state transverse position of the drop (x;.) on the
R-S plane for the parameters mentioned in the figure caption. The colourbar in
figure 12 represents the value of the steady state transverse position of the drop
(X4.00). Figure 12(a) depicts that, for the combination of small R and large S, x;. <5
(where we have considered the channel height H = 10), which represents that the
drop settles below the centreline. The drop settles above the centreline (x; > 5) for
large R and small S. However, this dependence on (R, S) becomes reversed when
6, =5m/8 in figure 12(b), in which small R and large S lead to settling of the drop
above the centreline. An interesting thing to note from figure 12 is that there is a
line of x; ., =5 which signifies the state of settling of the drop at the centreline. This
is associated with the line of zero cross-stream migration velocity (U, =0) of the
drop previously shown in figure 7(b).

The pivotal effect of the tilt angle (¢,) and Mason number (M) on the steady state
transverse position of the drop are shown in figure 13 for the parameters specified in
the figure caption. We recall (3.32) in the following form

H
Xg00 = E[l + M sin(26,)I'], (4.10)

where I is a known function of R, S, A, H, Ca and Reg that can be easily obtained by
comparing (4.10) and (3.32). It is evident from (4.10) that the necessary conditions for
X400 7 H/2 are the following: M # 0 (which means the presence of an electric field)
and sin(26,) # 0 (which means a tilted electric field). The sign of the term sin(26,)I"
is of great importance because this decides whether the drop will settle below or
above the centreline. Figure 13(a) depicts that, for a particular non-zero magnitude of
M, the variation of the steady state transverse position of the drop (x4 ) is sinusoidal
with the tilt angle (6,). The drop settles to the centreline x, ., =35 (considering H = 10)
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FIGURE 12. (Colour online) Variation of the steady state transverse position of the drop
(X4.00), on the R—S plane for (a) 6, =7/8 and (b) 6, =57w/8. Other parameters have the
following values: Ca=0.1, Reg=0.1, M=0.1, A=1, and H = 10.

(a) 6.5 (b) 65
P — E = RS
6.0 SN ——M=0.1 6.0 ! \,
. N [ M=03 J o N
/o . = D\
5.5 / D\, M=0.5 55 vz ~ )\
3 /"‘// ————— “‘\. .-/" //’ T3
g 5.0 =~ = —= 5.0 N~ //“7./ ~
- / \ ~————"
45 \ s 451\ o
N\, e / N e
\ . s - '
40 ~_." 40t N\ /
\‘\ PN
3.5 3.5
0 wn/8 m/4 3n/8 m/2 5n/8 3n/4 Tn/8 m 0 n/8 w/4 3n/8 w/2 5w/8 3m/4 Tn/8 =
0; 0

FIGURE 13. (Colour online) Variation of the steady state transverse position of the drop
(x4.00) with the tilt angle (6,) for different values of Mason number (M). Electrical
property ratios are taken as (R, S) = (5,0.5) and (R, S) = (0.5, 1.25) to plot (a) and (b)
respectively. Other parameters employed are Ca=0.1, Rey =0.1, H=10 and 1=0.25.

when 6, =0, n/2, w; whereas, for any other values of the tilt angle, the drop settles
either above or below the centreline for the parameters under consideration. For
figure 13(a), I' > 0, which gives sin(26,)I" > 0 for 0 < 6, < /2 and sin(26,)I" <0
for /2 <6, < . So, for given physical properties we can alter x, ., by changing 6,.
One interesting thing to note from figure 13(a) is that there is an optimum value of
tilt angle (6, = w/4, 3w/4) for which |x;. — H/2| is maximum and the drop settles
far away from the centreline. The reason behind the existence of such an optimum 6,
is that the asymmetry created in the charge distribution and shape deformation due
to the presence of the electric field are maximum for 6, = t/4, 37w/4. Next, we plot
figure 13(b) for I' < O using the properties mentioned in the figure caption. Here
we obtain sin(26,)I" <0 for 0 <6, < /2 and sin(26,)I" > 0 for w/2 < 6; < . The
effect of Mason number on the steady state transverse position of the drop is also
depicted in figure 13. With increasing M, the drop moves further away from the
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centreline. This is attributed to the fact that the increase in M results in an increase
of the relative magnitude of the electrical stress as compared to viscous stresses,
which brings about the change in flow field, and finally the drag force on the drop.
Accordingly, M only controls the strength of alteration in drop motion due to an
electric field, whereas the tilt angle 6, has the ability to affect the direction in which
the drop settles with respect to the centreline.

4.3. Comparison of the analytical solution against numerical simulations

4.3.1. Numerical method and simulation set-up

Two-phase electrohydrodynamic simulations are performed using the open-source
scientific package GERRIS (http://gfs.sf.net) developed by Popinet (2003, 2009), which
employs the volume-of-fluid (VOF) method in a finite-volume framework. The choice
of GERRIS is made because the ELECTROHYDRO module (L6pez-Herrera, Popinet
& Herrada 2011) of GERRIS solves the incompressible Navier—Stokes equation
coupled with an electric potential and electric charge density very accurately (Ferrera
et al. 2013; Cimpeanu, Papageorgiou & Petropoulos 2014; Datta, Das & Das 2015;
Lépez-Herrera et al. 2015). Another important factor is that GERRIS is equipped
with dynamic adaptive mesh refinement, which allows one to use a greater number
of computational cells near the desired regions dynamically (Popinet 2003). This is
very advantageous in the present simulations because we have to use a very long
channel to simulate the drop motion towards steady state. The electric potential (i)
satisfies the Poisson equation and the electric charge density (g,) satisfies the charge
conservation equation of the following form (Lépez-Herrera et al. 2011)

V(YY) =—q..

@.11)
+V. (quu)] =V.-.(@Vy).

g,
dt

ReE |:

The right-hand side of the charge transport equation V - (6 Vi) is the Ohmic
current, which is the equivalent of the electromigration term in electrokinetic
theory (Saville 1997). This is obtained by noting that the conservation of the
volumetric charge density may be written as (Saville 1997) dq,/dt + u - Vg, =
V. [, et VY + o'ksTV g, ], k=1,2,..., N, where o represents the mobility
of the kth species, n* is the ionic concentration of the kth species, e is the charge
of a proton, kg is the Boltzmann constant and 7 is the absolute temperature. In
the limit where the charge diffusion is negligible, the description may be reduced
simply as (4.11). It is important to note here that GERRIS solves for the charge
density (g,) in the bulk fluid. However, as the charge-relaxation time scale is very
small as compared to the convective time scale (represented by small value of
Reg), the charges which are present at the bulk fluid will be accumulated at the
fluid—fluid interface very quickly (Lopez-Herrera et al. 2011; Ferrera et al. 2013).
So, we can expect that (4.11) will effectively represent the bulk fluid as charge-free,
and the charge conservation equation in the bulk will be the same as the charge
conservation equation at the interface (represented in boundary condition e4). Fluid
flow is governed by the continuity equation and the Navier—Stokes equation of the
form (Lopez-Herrera et al. 2011)

V.u=0,

du . o (4.12)
Re §+u-Vu =—VP+V°[/L{VH+(VM) }]+MF +FF5,
a
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FIGURE 14. (Colour online) Schematic representation of the simulation set-up. 2D
rectangular domian of length L and height H is considered which is bounded by the inlet
left boundary (S;), the outlet right boundary (Sz), and the top and bottom walls (S7, Sp).
The drop is initially placed at some transverse position x,o. The steady state transverse
position (x; ), is obtained from the simulation data.

where Re = p,V.a/u. is the Reynolds number. The electric force density (F,) and
surface tension force (F;) are implemented in GERRIS as volume forces by Loépez-
Herrera er al. (2011). The electric force density is related to the electric field (FE)
and the charge density (¢q,) as F, = q,E — (1/2)|E|*Ve. The surface tension force is
related to the radius of curvature of the interface (k) as F; = x§;n, where §; is the
Dirac delta function and n is the unit normal vector on the drop interface. GERRIS
implements the volume-of-fluid (VOF) method to capture the fluid—fluid interface. The
volume fraction (c) satisfies an advection equation of the form

ac
— +V.(cu)=0. (4.13)

at
The drop phase is represented by ¢ =1, whereas the suspending medium is represented
by ¢ = 0. Variation of all the electrohydrodynamic properties across the drop
interface is expressed in terms of the following weighted arithmetic interpolation
(Loépez-Herrera et al. 2011): u=cd+ (1 —c¢), e=cS+ (1 —c¢) and 0 =cR+ (1 —¢).
To simulate the electrohydrodynamic motion of the drop, we consider a two-
dimensional (2D) rectangular domain of dimensionless length L and dimensionless
height H (refer to figure 14). We consider H =4 and L = 180 to simulate the drop
dynamics. The choice of a relatively small domain height of H = 4 is based on
the fact that a larger channel height requires a very large length of channel to get
steady state drop velocity. This large computational domain is associated with a large
computational time. As the electric potential varies in both the axial and transverse
directions, the periodic boundary condition is not applicable in the present set-up.
We need to use a full length domain to simulate the drop dynamics until the steady
state is reached. To reduce the excessively large length of the computational domain
and reduce the computational time, we have taken H = 4. The whole computational
domain is composed of 45 square boxes of size H=4. All the boxes are decomposed
using square surface elements with cell size in the bulk fluid as H/8. In the present
study, we have used a gradient-based adaptive mesh refinement (Popinet 2003) in
which the computational cells are divided with quadtree discretization where the
gradient in volume fraction is present. The cell size near the drop interface is H/256,
which is equivalent to 64 grid points over the drop radius. Recent studies have
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FIGURE 15. (Colour online) (a) Numerically obtained drop trajectories in plane Poiseuille
flow in the absence of an electric field for different initial transverse positions of the drop.
(b) Analytically obtained drop trajectories in plane Poiseuille flow in the absence of an
electric field for different initial transverse positions of the drop. Other parameters have
the following values: Ca=0.2, A=0.1 and H =4. For the numerical simulations, we have
considered Re =0.1.

employed a similar grid size to simulate drop electrohydrodynamics using GERRIS
(Lopez-Herrera et al. 2011; Ferrera et al. 2013; Chen et al. 2015) and found excellent
agreement with existing results. We apply the following boundary conditions for the
electric potential and the velocity field in the respective domain boundaries:

X X
¥l = EL+ EH (1 - ﬁ) . Yl =EH (1 _ f) ,

H
Vis,=E.H+E(L—2), Yls,=EH+E/(L-2), (4.14)
4x X
u|SL:u|SR:E (l_ﬁ)’ ulST:u|S};=0‘

The initial velocity field throughout the domain is considered as plane Poiseuille flow.
The drop is placed initially at an axial location z,0=3H/2 so that drop is not affected
by the inlet boundary (S.). The initial transverse position of the drop (x;¢) is taken
very close to the channel centreline to minimize the wall effects. While showing the
drop trajectories, the axial location at any time ¢, z4(f), is expressed as z,(f) — z4o0.
We have validated the numerical code in the following two cases: (i) drop trajectory
in Poiseuille flow and (ii) drop deformation in a uniform electric field. We have also
performed grid independence study considering the combined effect of a tilted electric
field and Poiseuille flow. Details regarding model validation and grid independence are
presented in appendix H.

4.3.2. Drop trajectory

Now, we show the drop trajectory, z,(f) — x,(f), obtained from 2D numerical
computations and compare that with the analytical solution. Figure 15(a) depicts the
drop trajectory in Poiseuille flow in the absence of an electric field for the parameters
mentioned in the figure caption. Chan & Leal (1979) have shown analytically that for
A=0.1 the drop settles to the centreline. The present analytical solution in the limit
of E., =0 yields the same result as that of Chan & Leal (1979), which is depicted
in figure 15(b). The present numerical computations show that the drop settles to
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FIGURE 16. (Colour online) (a) Numerically obtained drop trajectory in plane Poiseuille
flow in the presence of a tilted electric field (6, =5m/16) for R =0.75. (b) Analytically
obtained drop trajectory in plane Poiseuille flow in the presence of a tilted electric field
(6,=5m/16) for R =0.75. (c) Numerically obtained drop trajectory in plane Poiseuille
flow in the presence of a tilted electric field (6, =m/4) for R = 1.25. (d) Analytically
obtained drop trajectory in plane Poiseuille flow in the presence of a tilted electric field
(6, =m/4) for R =1.25. Other parameters have the following values: S =1, Ca =0.2,
Rer=0.2, 1=0.1 and H =4. Numerical simulations we performed for Re =0.1.

the centreline for different initial transverse positions (x,). Though the steady state
transverse position from numerical and analytical solutions show the exact same result
(i.e. x40 = H/2 = 2), the numerically obtained axial length traversed by the drop
differs significantly from the analytical solution. This difference is attributed to the
presence of the bounding walls and the associated hydrodynamic lift force acting on
the drop (Chan & Leal 1979; Uijttewaal et al. 1993; Uijttewaal & Nijhof 1995). As
we have performed our numerical simulation considering the channel height H = 4,
the wall effects are not negligible.

The effect of a tilted electric field is shown in figure 16 for the parameters
mentioned in the figure caption. Figures 16(a) and 16(b) are obtained for R = 0.75
and 6, =57/16, while figures 16(c) and 16(d) are obtained for R=1.25 and 6, = v /4.
Figures 16(a) and 16(c) are obtained from numerical simulations, while figures 16(b)
and 16(d) are obtained from analytical solutions. Two important things to note
from figure 16(a) are as follows: first, in the presence of a tilted electric field,
the charge convection and shape deformation lead to settling of the drop below
the centreline. Second, the off-centreline steady state transverse position (X;.,) is
independent of the initial transverse position (x;0). For all x;, values we obtain
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FIGURE 17. (Colour online) (a) Numerically obtained drop trajectory in plane Poiseuille
flow in the presence of a tilted electric field for different tilt angles. (b) Analytically
obtained drop trajectory in plane Poiseuille flow in the presence of a tilted electric field
for different tilt angles. Different parameters are taken as Ca =0.2, Rex =0.2, R=1.25,
S=1, 1=0.1 and H =4. Numerical simulations were performed for Re =0.1.

nearly equal values of x;.. This is true even when the drop is initially placed
at the centreline (i.e. x;0 = H/2 = 2). Figure 16(b) depicts the drop trajectory for
the same parameters obtained from the analytical solution. Comparison between the
analytical and numerical solutions reveals that both methods qualitatively represent
similar results. Similar qualitative agreement between the numerical and analytical
solutions is also depicted in figures 16(c) and 16(d), in which the drop settles above
the centreline.

To investigate the effect of tilt angle on the drop trajectory and steady state
transverse position of the drop, we plot the drop trajectory for the following four
different values of 6, = /4, 5n/16, 31w/8 and 7m/16, while the other parameters
are mentioned in the figure caption. Figure 17(a) depicts the numerically obtained
drop trajectories. Numerical simulations show that the drop settles away from
the flow centreline for 6, = n/4. With increasing tilt angle, the drop still settles
in an off-centreline transverse position, but the drop settles much closer to the
centreline. This is due to the fact that the asymmetry in charge distribution and shape
deformation are larger for 6, = w/4. Analytical solutions depicted in figure 17(b)
compare qualitatively well with the numerical simulations.

Possible reasons for the lack of an exact match between the analytical and
numerical solutions are the presence of bounding walls and a 2D domain. Bounding
walls in the presence of drop deformation lead to a hydrodynamic lift force on the
drop towards the centreline (Chan & Leal 1979; Uijttewaal et al. 1993; Uijttewaal
& Nijhof 1995), which facilitates faster migration of the drop. That is why the
numerically obtained drop trajectories show relatively faster settling of the drop to
the steady state transverse position as compared to the analytically obtained drop
trajectories. This effect is present even in the absence of an electric field (refer to
figure 15a). Another way in which bounding wall affects the drop motion is the
non-uniformity and asymmetry in an electric field due to the positioning of drop at
an off-centreline location (Halim & Esmaeeli 2013; Esmaeeli 2016). In the present
study, we have restricted ourselves to a 2D domain to reduce computational cost. A
three-dimensional (3D) numerical simulation, which is expected to compare better
with the analytical solution, is considered as a future study.
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5. Conclusions

5.1. Summary of the findings

In this paper, we have studied the electrohydrodynamic motion of a Newtonian, leaky
dielectric drop in a plane Poiseuille flow in the presence of a uniform electric field.
Considering the combined effect of surface charge convection at the drop surface and
shape deformation, we obtain O(Reg) and O(Ca) corrections to the drop velocity by
performing a double asymptotic expansion in terms of the electric Reynolds number
(Reg) and capillary number (Ca) as the perturbation parameters. The important
conclusions that can be drawn from the present study are the following.

®

(ii)

(iii)

(iv)

(v)

(vi)

Application of a uniform electric field modulates the mechanism of cross-stream
migration dramatically via charge convection and shape deformation. However,
the presence of an electric field is not a sufficient condition for the alteration
in cross-stream migration velocity of the drop. We obtain that the electric
field affects the cross-stream migration of the drop if the applied electric field is
tilted with respect to the imposed flow direction, which necessitates the following
condition to be satisfied by the tilt angle: 0 <6, < /2 or /2 <6, < .

We find a new source of cross-stream migration of the drop in plane Poiseuille
flow. In the presence of a tilted electric field, the charge distribution at the
drop surface becomes asymmetric due to charge convection, which finally
yields a cross-stream migration velocity of the drop (UflfeE)). This component
of cross-stream migration is present even for a non-deformable spherical drop.
We obtain the direction of cross-stream migration of the drop due to charge
convection as: depending on the sign of the term Gg,, =E.E.(S—R)(3R— S+ 3),
the drop can migrate in the positive x-direction (UflfeE) > 0) for Gg,, >0 and the
reverse happens (U[(lf“) < 0) for Gg,, <O.

When the electric field is absent, the shape of a drop in a plane Poiseuille flow
becomes asymmetric with respect to the channel centreline if the drop is placed at
some off-centreline location, thereby leading to migration of the drop towards or
away from the channel centreline depending on the viscosity ratio (1), as shown
by Chan & Leal (1979). In the presence of the electric field, the drop deforms
also due to generation of Maxwell stresses at the drop interface. If the applied
electric field is tilted, then it alters the asymmetry in drop shape, which further
modifies the drop velocity in both the axial and cross-stream directions.
Depending on the magnitude of the controlling parameters, combined effects of
charge convection and shape deformation not only increase/decrease the drop
velocity but also lead to cross-stream motion of the drop in the reverse direction
as compared to the case of no electric field.

At steady state, the drop can settle either at the centreline or below/above
the centreline, depending on the tilt angle (6,), Mason numbers (M), capillary
number (Ca), electric Reynolds number (Reg) and the electrohydrodynamic
property ratios (R, S, 4). Interestingly, the steady state transverse position of the
drop is independent of the initial transverse position of the drop. Hence, a drop
initially placed at the centre of the plane Poiseuille flow can migrate away from
the centreline due to charge convection and shape deformation.

Direct comparison of analytical solution with the 2D numerical simulation shows
qualitative agreement in predicting the drop trajectory. Numerical simulation
shows faster motion of the drop as compared with the analytically obtained
drop velocity. The lack in quantitative agreement might be due to the 2D
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simulation domain and the presence of bounding walls. Bounding walls induce
a hydrodynamic lift force on the deformed drop towards the centreline, which
leads to faster cross-stream motion of the drop in the numerical simulations.

5.2. Remarks

The above analytical and numerical studies facilitate us to acquire an idea about the
various controlling parameters which affect the drop velocity, drop trajectory and
steady state transverse position of the drop in the presence of a uniform electric field
and background plane Poiseuille flow field. Using these, we may achieve fine-tuned
control over the motion and final steady transverse position of drops in droplet-based
microfluidic devices. The cross-stream migration of drops, which is governed by
the direction of the applied electric field and the electrical properties, may also be
employed for sorting of drops. Though the validity of the present analytical model
relies on the fact that Ca and Rep should be much smaller than unity, we believe
that this perturbation analysis brings out the important physical mechanisms that are
directly involved in cross-stream migration of the drop. In the present study, we
have focused only on the effect of curvature on the drop migration characteristics by
neglecting the effects of bounding walls. Both electric and flow fields are expected
to be affected by the presence of bounding walls, which in turn may alter the drop
migration velocity. We believe that a study of wall effects on the flow field and
electric field distribution and its consequence on the drop velocity can be targeted as
potential future work. While the present 2D numerical simulations include the wall
effects and compare only qualitatively with the analytical model, a full 3D numerical
simulation could be of great value towards simulating the drop electrohydrodynamics
in practical microfluidic platforms; this is being pursued by the authors.

Acknowledgements

A.B. and S.C. would like to acknowledge funding from SRIC, IIT Kharagpur under
the Project ‘Centre of Excellence for Training and Research in Microfluidics’. The
authors would like to acknowledge the whole GERRIS FLOW SOLVER community
(http://gfs.sf.net) for making such a wonderful free software program. S.M. is grateful
to Mr S. Datta for valuable discussions regarding numerical computations in GERRIS.

Supplementary material
Supplementary material is available at https://doi.org/10.1017/jfm.2016.677.

Appendix A. Expression for the solid harmonics present in the velocity and
pressure fields at leading order

The velocity and pressure fields (3.9) and (3.10) inside the drop consist of the
following growing solid harmonics

(0) — VC(O) sin (]5P1 . XZ(O) — r2c(0) SlH(Z(f))Pg 5,
o = rB“’)P1 0o D =r2[BYyPao + BY) cos 9Py 1 + BY) cos(2¢) P51,

@ = P[B)Ps0 + BS) cos(2¢)P3 2, p = /er(O)Pl 0 (A1)
P = ar [A“” Py +AY) cos ¢Py | + AY) cos(24) P, ],
=ar [Ag%Pz,o + A5} c0S(26)Ps 2], )
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where the unknown coefficients are obtained as
10k 63 Tk 63
(0) 2 (0) 2 2 0 _ !
= , Ayo=——(E.—2E)A, A EEA
L0= 530 2,0 10( x ) 253050 +
0)
W0 _Bp, o__ 3k o_ k O _ _@
22 = 5l 3.0 1+ R2Eo0F 1.0 10°
0 0
BO _ _’i% BO _ _’ﬁ BO _ ’@ ) _ﬁ BO _ _’ﬁ
20 147 73 147 7% 14 0 187 2 18’
CO_ _ ko o Sk
b 27 TP 184+’
(A2)
where A= (MR —S))/((1+ 1)(R+2)?). The velocity and pressure fields (3.11) and

(3.12) outside the drop consist of the following growing solid harmonics
0 1 O s 0 1 0
X3 = ﬁc—3,2 Sln(z(p)PZ,Za ¢_2 = *B QPI 05

1
o) = ;[Bgon,o +BY | cos pP, + B, cos(29) P, 1],

") = [B“” oP3.0+ B, cos(2¢)Ps 1],
: (A3)
P = ;[A@%,OPI,O +A9  cos¢P +AY  singP, ],
0 = L1A% Pyt A P+ A%, cos(2p)P
p_3_r3[ s oP20 +AY | cos 9Py 1 + AT, cos(29) P, ],
1
P@; = ;[A@;,ops,o + A@Lz cos(2¢)Ps ],
where the unknown coefficients are obtained as
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Appendix B. Expressions for Z,, present in (3.20)

The non-zero Z,,, terms present in (3.20) are obtained as

3 (R-9)
50 R+23(1+1)
Zim RS b Ry 2202504+ 400}k, — 36MR — S)ELE + ED),
' S0(R+2)3@A+1) T
6 Eky(R—S)(41+5) 2 E.(R — S)k»(362 + 1191 4 75)
TGI+2)A+DR+2) ' TTCI+2)U+ DG+ HRY2)
5 Ek(R—S)(1+20) 233=3 M(R — S)*E®
T@G+DA+DHR+2)’ T 25 (R+23A+1)]
12 (R — S)[SE,(R +2)*k; + 9M(R — S)(3E> — 2EY)E,)
WS A+ D(R+2)3 ’
, 2 (R — S)[20E,(R + 2)%k;, 4+ 2TM(R — S)E.(— E2+4E2)]
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Ziy=

2,0 =

Appendix C. Expressions for the unknown coefficients of the O(Reg) electric
potential

The unknown coefficients present in the O(Reg) electric potential (3.21) are obtained
in terms of Z,,, in the following form

 _ 2o w_ 2 M _ w _ 2 o _ L
ayo= » a1 = s Gyo= s Ay = s Gyp= )
24+R 2+R 34 2R 34+ 2R 34+ 2R
(1) Z3»0 (1) Z3,1 (1) Z3,2 (1) Z3~3 (1 Z4,0
as o= » 43 = » 43 = , A3z = s Oyo= )
' 4+ 3R ' 4+ 3R ’ 4+ 3R ’ 4+ 3R ' 544R
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AT 514R 2= 54R 3= 514R 2,0 =410 2.1 1,1
1) (1 (1) 1) (1 (1) (1) (1) (1) (1) (1) (1)
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(Ch

Appendix D. Expressions for the coefficients present in p(ReE)

At OReg), p%® = r2A%EP, o+ A% cos g + A% sin )P, ], where the
unknown coefficients are obtained as
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Appendix E. Expressions for the unknown coefficients of the O(Ca) electric

’

potential
The unknown coefficients present in the O(Ca) electric potential (3.25) are obtained
as
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Appendix F. Expressions for the functions f| — fip present in the O(Ca) drop

velocity

The functions f; — fip present in (3.28) are obtained as
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Appendix G. Expressions for the functions fij; — fi3 present in the steady state
transverse position of the drop

The functions f;; — fi3 present in (3.32) and (3.33) are obtained as
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)

UE
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Appendix H. Model validation and grid independence study

First, we validate the numerical code of GERRIS for the particular case of drop
motion in Poiseuille flow. We compare the temporal evolution of the transverse
position of the drop in figure 18(a) with the numerical results obtained by Mortazavi
& Tryggvason (2000). Mortazavi & Tryggvason (2000) have employed a front
tracking/finite difference method to simulate drop dynamics in a 2D rectangular
domain of length L=3H. We use same domain size with periodic boundary conditions
along the flow direction. Mortazavi & Tryggvason (2000) have taken the Reynolds
number based on channel height (Rey = p.V.H/.) as unity. To compare the results,
we renormalize x,(f) by the channel height (H). Figure 18(a) shows that the GERRIS
code compares very well with the results of Mortazavi & Tryggvason (2000) for
the parameters mentioned in the figure caption. The present numerical solutions are
obtained considering a cell size of H/8 in the bulk fluid and a cell size of H/256
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(a) 0.55 (@ Rey=1,Ca=0.33,1=1,a/H=0.375
(b)Reyy =1, Ca=0.33,1=0.125, a/H =0.375 b
0.54 V' \ (c)Rey=1,Ca=0.286,1=1,a/H=0.4375 ()
0.53
=
=
= 0.52
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FIGURE 18. (Colour online) (a) Temporal evolution of the transverse position of the
drop. The transverse position is normalized by channel height H for comparison. Markers
represent numerical results of Mortazavi & Tryggvason (2000), while the lines represent
the present numerical simulations. (b) Structure of the adaptive mesh at time ¢ = 10.
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t

FIGURE 19. (Colour online) Temporal evolution of the Taylor deformation parameter for
R=0.75 and R=1. Other parameters have the following values: Ca =0.25, Rer = 0.01,
§S=05, 1=1, Re=1, L=H =35, and p, =0.5 (where p, is the density ratio). Present
numerical solutions are obtained considering a cell size of H/8 in the bulk fluid and a
cell size of H/256 near the drop interface.

near the drop interface. In figure 18(b) we show the structure of the gradient-based
adaptive mesh near the drop.

Second, we validate the numerical code of GERRIS for the particular case of
drop deformation in a uniform electric field. We compare the temporal evolution
of the Taylor deformation parameter in figure 19 with existing numerical results
(Halim & Esmaeeli 2013). The Taylor deformation parameter is defined as D =
(Ly—L,)/(Ly+L,), where L, and L, are the length of drop in the parallel and
perpendicular directions of the applied electric field. Halim & Esmaeeli (2013)
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have employed a front tracking/finite difference method to simulate drop electro-
deformation in a 2D rectangular domain of size L =H = 5. Figure 19 shows that the
GERRIS code compares very well with the results of Halim & Esmaeeli (2013) for
the parameters mentioned in the figure caption. However, we obtain a slightly larger
deformation, which is due to the consideration of charge convection in the present
model. Halim & Esmaeeli (2013) have neglected the charge convection. Feng (1999)
has established that charge convection leads to larger deformation of a prolate drop
(D> 0).

We employ two different grid sizes to investigate the effect of grid resolution in
the combined presence of a tilted electric field and Poiseuille flow for Rep = Ca =
0.2, Re=0.1, R=1.25, S=1, A=0.1 and H = 4. For both the grids, the cell
size in the bulk fluid is taken as H/8, while the cell size near the drop interface is
taken as H/128 and H/256 for the two different grids. The drop is released from
x50 = 1.9 for both the grids. The final steady state transverse position is obtained
as Xg00 = 1.939 for H/128 and x;., = 1.941 for H/256. Previously, Lopez-Herrera
et al. (2011) have shown that calculations of the electric potential and electric forces
are accurately obtained for 51.2 computational cells over the drop radius. So, grid
resolution of H/256 near the drop which gives 64 computational cells over the drop
radius is sufficient to capture the electrohydrodynamics.
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