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We study the electrohydrodynamic stability of the interface between two superposed
viscous fluids in a channel subjected to a normal electric field. The two fluids can have
different densities, viscosities, permittivities and conductivities. The interface allows
surface charges, and there exists an electrical tangential shear stress at the interface
owing to the finite conductivities of the two fluids. The long-wave linear stability
analysis is performed within the generic Orr—Sommerfeld framework for both perfect
and leaky dielectrics. In the framework of the long-wave linear stability analysis, the
wave speed is expressed in terms of the ratio of viscosities, densities, permittivities
and conductivities of the two fluids. For perfect dielectrics, the electric field always
has a destabilizing effect, whereas for leaky dielectrics, the electric field can have
either a destabilizing or a stabilizing effect depending on the ratios of permittivities
and conductivities of the two fluids. In addition, the linear stability analysis for all
wavenumbers is carried out numerically using the Chebyshev spectral method, and
the various types of neutral stability curves (NSC) obtained are discussed.

1. Introduction

Work on the electrohydrodynamic stability of channel flow has recently attracted
much attention, particularly because of its use in the field of microfluidics. For
instance, in many micro-electro-mechanical-systems (MEMS) devices, rapid mixing is
highly desired and can be achieved by applying an electric field, as in the experiments
of Moctar, Aubrey & Batton (2003), Glasgow, Batton & Aubry (2004) and Lin
et al. (2004). Another application is the generation of drops in microchannels in the
case of immiscible fluids (Ozen et al. 2006b). Electrohydrodynamics (EHD) studies
the interplay between an electric field and fluid mechanics. One aspect of EHD
encompasses, for instance, the influence of the conductivity of the fluids on the
stability of a two-fluid layer flow. According to theory, there exist two approaches
to this problem: the first is the bulk coupled model, which assumes a conductivity
gradient in a thin diffusion layer between the two fluids resulting in an electrical
body force on the fluids. In a series of studies, Melcher and his coworkers used the
bulk coupled model in studying the stability of two fluids stressed by a tangential
electric field with conductivity gradient in a diffusive layer (Hoburg & Melcher 1976).
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Applications of this approach in microchannels can be found in Lin et al. (2004)
who analysed the electrokinetic flow in microchannels with conductivity gradients.
They performed both linear stability analysis and nonlinear simulations following
the framework of Hoburg & Melcher (1976), while also considering the diffusion
of conductivity as in Baygents & Baldessari (1998). Storey et al. (2005) studied the
nonlinear stability using asymptotics, and Chen et al. (2005) investigated the absolute
and convective instabilities for the same problem. Tardu (2004) carried out the linear
stability analysis of a Poiseuille flow under the effect of an electrostatic double
layer (EDL) in a microchannel. The second approach is the surface coupled model
which assumes a jump of conductivity at the interface between the two fluids. This
model assumes constant conductivity in each of the fluid layers, and therefore no
electric body force in each fluid. Melcher and his coworkers also used the surface
coupled model to study the stability of two fluids in an unbounded domain stressed
by a tangential electric field (Melcher & Schwarz 1968) and a normal electric field
(Melcher & Smith 1969). However, zero mean flow is assumed in their study. When
the mean flow is non-zero, even without electric field, the linear stability analysis is
difficult since the linearized Navier—Stokes equations reduce to the Orr—Sommerfeld
equation for which there is no exact solution. Thus, various asymptotic techniques
have been developed to study the interfacial stability of a two-fluid flow.

Yih (1967) first studied two superposed viscous fluids with different viscosities in
a channel. He carried out the long-wave linear stability analysis for both Couette
flow and Poiseuille flow, and showed that there exists an unstable mode due to
viscosity stratification at any Reynolds number, except in some limiting cases, for
example, the ‘thin-layer effect’ discussed by Chen (1995) — see below. This mode,
termed the interfacial mode, is caused by the jump of fluid viscosity at the interface,
and clearly distinguishes itself from the shear mode which originates in the mean flow
velocity. Asymptotic techniques can be applied to various two-fluid problems, see,
for example, the short-wave analysis for Couette flow in an unbounded domain of
Hooper & Boyd (1983), the long-wave analysis for Poiseuille flow in a channel of
Yiantsios & Higgins (1988) and Hooper (1989), and the study at all wavenumbers
and Reynolds numbers in the case where the two fluids have similar mechanical
properties (density, viscosity) of Renardy (1987). In general, for Couette flow, the
Orr—Sommerfeld equation can be simplified and, in this case, it is possible to obtain
solutions by using Airy functions and Airy integrals. In contrast, for Poiseuille flow,
asymptotic solutions have to be constructed. A comprehensive summary on the
stability analysis of two-fluid systems can be found in Joseph & Renardy (1993). For
a more recent review of stratified viscous shear flows (including viscoelastic flows),
see Chen (1995) and note his discussion of a lower-viscosity thin-layer stability to
long waves effect — this is addressed in the context of electrohydrodynamics in §4.2
(in particular, in the discussion of figures 14 and 15).

The study of the electrohydrodynamic (EHD) stability of the interface between two
superposed fluids in either a confined channel or an unbounded domain under the
influence of an electric field has been an active research area since the pioneering work
of Melcher & Schwarz (1968) and Melcher & Smith (1969). In this work, we study
the EHD stability of two superposed fluids in a channel using the surface coupled
model. In this approach, the electric body force vanishes and the electric problem is
decoupled from the fluid problem. The electric field changes the tangential and normal
shear stress at the interface and thus alters the stability of the flow. Most of the works
published in the literature so far have focused on using different asymptotic techniques
to derive the dispersion relation. However, numerical results at all wavenumbers
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have not been reported. Abdella & Rasmussen (1997) studied Couette flow in the
unbounded domain subjected to a normal electric field. They considered two viscous
fluids with different viscosities, densities, conductivities and permittivities and used
Airy functions and Airy integrals to derive a generic dispersion relation; they studied
two special cases in detail: the electrohydrodynamic free-charge configuration (EH-If)
(Melcher 1963) and the electrohydrodynamic polarization charge configuration (EH-
Ip) (Melcher 1963). Mohamed, Elshehawey & ElSayed (1995) concentrated on two
superposed viscous fluids in a channel subjected to a normal electric field where the
upper fluid is highly conducting while the lower fluid is dielectric, which is known as
the limiting EH-If case where the interface, which is perfectly conducting, carries free
charges. The EH-If case is an example where there is no electrical tangential shear
stress induced by the electric field at the interface. Mohamed et al. (1995) performed
the long-wave linear stability analysis following Yih’s analysis. The conductivity of
the upper fluid is accounted for in their analysis, as well as the polarization forces
acting normal to the interface. They discussed both Couette flow and Poiseuille flow
subjected to a normal electric field and showed that the electric field always has
a destabilizing effect on the flow. As shown later, their work can be treated as a
special case of the present study. Tilley, Petropoulos & Papageorgiou (2001) and
Savettaseranee et al. (2003) studied the rupture of a thin film under the action of
an electric field. A review of electrohydrodynamic stability can be found in Saville
(1997). Related work on electrohydrodynamic instabilities in liquid sheets, and the
ensuing nonlinear features have been investigated by Papageorgiou & Vanden-Broeck
(2004) using direct numerical simulations and asymptotics.

In this paper, we perform the linear stability analysis of a two-fluid flow in a
channel subjected to a normal electric field. The configuration of our system is
generic in that the two fluids are assumed to have different densities, viscosities,
permittivities and conductivities. The interface is not perfectly conducting and admits
free charges because the two fluids have finite conductivities. We first derive the
long-wave asymptotic dispersion relation and then present numerical calculations
using the Chebyshev spectral method valid for all wavenumbers. This paper is
organized as follows. In §2, we present the mathematical formulation of our EHD
problem; in § 3, we perform the long-wave linear stability analysis, derive the wave-
speed eigenvalue and then discuss the influence of the electric field on the two-fluid
system in detail; in §4, we present results of our numerical calculations for the
linearized electrohydrodynamic problem valid for all wavenumbers, and finally draw
our conclusions in § 5.

2. The physical and mathematical model

We consider a two-layer system of two superimposed conducting viscous fluids in a
long channel (figure 1). The lower fluid is referred to as fluid 1, while the upper fluid
is denoted fluid 2. Fluid j (j =1, 2) is assumed to have density p;, dynamic viscosity
W;, electric permittivity ¢; and electric conductivity o;. Here in after, x denotes the
streamwise direction, while y refers to the direction normal to the walls. The origin
of the y-axis is chosen to coincide with the initial interface between the two fluids so
the initial interface is at y =0. The initial height of the lower fluid layer is #; and
that of the upper fluid layer is #,. When considering Couette flow, the upper wall
of the channel is assumed to have a constant horizontal velocity Uy, while the lower
wall is fixed. Accordingly, the mean horizontal velocities of the fluids are denoted by
UWD(y) and U?(y). The two fluids are assumed to be incompressible, and the flow
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FIGURE 1. Schematic of the physical problem.

is two-dimensional. The equations of motion are given by the continuity and the
Navier—Stokes equations

V-ul) =0, (2.1)

()
p; 8gt + (uV)u| =—Vp; —p;gy + pn,;Vu, (2.2)
where j=1,2, refers to fluids 1 and 2, respectively, and u) =ux + vy is the
velocity field. Throughout this work, we use the surface coupled model rather than
the bulk coupled model. The permittivity and conductivity are assumed to be constant
in each fluid, and thus the body force induced by the electric field vanishes in the
bulk of each fluid. The coupling between the motion of the two fluids occurs through
a jump of permittivity and conductivity across the interface.
The fluid velocity satisfies the no-slip boundary condition at both the upper and
lower walls, i.e.

u?(hy) = Uy, v (hy) = 0, (2.3)
u(=hy) =0, v (—h;) = 0. (2.4)

The interface between the two fluids is defined by F(x, y,t)=y — S(x,t)=0 and the
unit vector ng, outward normal to the interface, can be written as n,=VF/|VF|=
(—S.x + y)(1+ S$2)~1/2. At the interface between the two fluids, the velocity meets the
kinematic constraint that the fluids move with the interface y = S(x, t), so that

S, + Su) = v\, y = S(x,1). (2.5)

The two walls are both solid boundaries and electrodes. The upper wall is energized
at the constant electric potential V, while the lower one is grounded so that its
electric potential is zero. The two fluids are thus subjected to a normal electric
field EV) = —vVVU), (j=1,2). The electric potentials V)(x, y, ) satisfy the Laplace
equation

Vv =0, (2.6)
with the following boundary conditions on the upper and lower walls

V@ (hy) = Vo, (2.7)
VvW(—hy) =0. (2.8)
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The continuity of the tangential component of the electric field at the interface reads
x [VvW]) =0, (2.9)

where the bracket is defined by [AV)]} = A1) — AP AU)(j =1, 2) being any scalar or
vector variable. The above condition can be written as

S VO Vi =0. v = S(e.)

For leaky dielectrics, the conservation equation for the interfacial charge reduces to

ng- [o;VVU ] =0 (j=1,2). (2.10)
when the ratio of the fluid to electric time scales
™ phly

— = 2.11

Tk go/0 21D

is large. Equation (2.10) can be further rewritten as
S [0,V = [0, V9], y=S.0).

Notice that for perfect dielectrics with no surface charges at the interface, the
boundary condition (2.10) is replaced by the continuity of the normal component of
the displacement field ¢; EY) (j =1,2). This is effectively obtained by replacing the
conductivities o; with the permittivities ¢; of the two fluids.

There are four important boundary conditions at the interface y = S(x, ¢) given by
the continuity of the tangential and normal velocity components, and the continuity
of the tangential and normal stresses. The continuity of the tangential and normal
velocity components across the interface leads to

ul = 4@, y = S(x, 1), (2.12)
oD =@, y = S(x, ). (2.13)

The surface stress is composed of the hydrostatic pressure, the viscous stress and the
electrical stress. The stress tensor r,(n’f is expressed by

0X,, Xy

where j=1,2 refers to fluids 1 and 2. Here, p; (j=1,2) denotes the hydrostatic
pressure, &, is the Kronecker delta symbol, and M,(,{) represents the electric Maxwell
stress tensor whose expression is

MY = ¢, EVED —

; ou ou'y) ;
r,‘,ﬁz—pj&mwj( v ) + M),

| %Sj El(j)El(j)alw
which shows that M{{'=Je,[(E}")? — (EV)), M =My =&, E)'EY, M) =
3 [(EY") — (EV')), where EY=avU)/ax, EY =9V /oy. |

The tangential shear stress consists of the balance between the viscous stress and
the electrical stress such that

[S.(z) — <) + (1= 52)J], =0, (2.14)

while the normal stress at the interface, balanced by the surface tension, takes the
expression
(S22 — 28,7 + 2], = TS (14 52) 77, (2.15)

where T is the surface tension coefficient.
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Equations (2.1)—(2.15) comprise our mathematical model for the electrohydro-
dynamic problem. We now non-dimensionalize the system of equations with the
length scale L, the velocity at the interface U;,, and the constant electric potential Vj.
The dimensionless variables are:

= —, = —, S = —, t = —, U(]) =, = —, = —,
=g ¥y =7 7 T (y) U m=L. M=
e h . V(x, v, ¢
M=&v pzﬂ’ e=2 =2 5= V(n(x,y’,)zw’
o p1 €1 oy hy Vo
. U? T; A% Uint L
== p2 5 = ﬂa = 727 Eb = %’ Re] = pjita
plUim gL lO]Uim‘L plUinlL lu“j

where j=1,2 refers to fluids 1 and 2, and the superscript *, which denotes the
dimensionless variables, will later be dropped from the equations. For flow in a
bounded domain such as a channel, the typical length L can be any dimensional
length of the system. For instance, Yih (1967) used the height of the upper fluid layer
hy, i.e. L =h,, Hooper (1989) used the height of the lower fluid layer Ay, i.e. L =h;,
whereas Renardy (1985) used the height of the whole channel, i.e. L =h{ + h,. When
the two fluid layers are of the same height in the channel, we have n; =n, =1 with L
being either 4; or h,. For a flow in an unbounded domain, the typical length L can
be any well-defined dimensional length. In our calculations, the length scale is chosen
to be the height of the lower fluid, /#;. Furthermore, the ratio of the initial heights of
the two fluids is n, the viscosity ratio u, the density ratio p, the permittivity ratio e,
and the conductivity ratio o. The dimensionless parameters consist of the Reynolds
numbers in each fluid layer Re; and Re, with Re,/Re; = p/u, the Froude number F
accounting for the gravity effect, the surface tension parameter T, and the ratio of
the electric-field-induced pressure to the inertial forces E,. Note that when the electric
field is turned off, E, =0.

An exact solution of the Navier—Stokes equations driven by a constant pressure
gradient and a constant wall velocity (i.e. a mixed Poiseuille/Couette flow) is given,
in dimensionless form, by

UNy)=Ay +ay+1, —n<y<O0, (2.16)
UP(y)=Ay* +ay+1, 0<y<n, (2.17)

where the coefficients, determined from the wall and interfacial boundary conditions,
are Ay =(umuy — (uny + m))/ wmna(n +m), Ar=pAy, ay=(uniu, +n3 — pni)/
unina(ng +n2) and a; = pa,. For Couette flow, the velocity profile is linear and
the upper wall moves with velocity u,, = (un; + n2)/un;; for Poiseuille flow, the upper
wall is fixed and u, =0.

The resulting dimensionless system of equations is summarized in Appendix A.

3. Linear stability analysis

In this section, we perform the long-wave linear stability analysis of the above
EHD problem. For this purpose, we use the normal mode method and assume
that the interface S takes the form S§=S5exp(ik(x — cr)), where § is the complex
surface amplitude, k is a real number denoting the wavenumber, c=c¢, + ic; is a
complex number representing the wave speed, and c;k refers to the growth rate which
determines the stability property of the system. Specifically, when ¢; <0, the system
is stable, when ¢; > 0, the system is unstable and when ¢; =0, the system is neutrally



Electrohydrodynamic mixing in a channel 353

stable. We next present the linear equations and deduce asymptotically the solution
of the eigenvalue problem valid for long waves (k — 0).

We first notice that the equations of the electric field (see Appendix A, (A9)—(A13))
are decoupled from those of the flow field and can thus be solved independently. The
basic state electric potential VO(’ !(y) is obtained by solving the Laplace equations in
the two fluid layers to yield

V(l)(x’ yot) = oy +on + X(l)(x’ v, 1),
m+om

VO, y ) = 2T L0y 1),
n+om

where the first terms are the basic states and x/) (j =1, 2) are the perturbed electric
potentials, which also satisfy the Laplace equation V?>x/)=0. The linearized system
for the perturbed electric potential x/) reads

xD(=m) =0, (3.2)
xPms) =0, (33)

o—1
nm +ong (X X ) g 34
x\W=0ox? on y=0. (3.5)

The solutions of x/)(j =1,2) are also expressed in the form of normal modes to
obtain

o _ 5(c — 1o sinhk(y + n1) K — 16
X (tanhkn, + o tanhkn)(n, +on1)  coshkn, explik(x —c)),  (36)
@ _ $(c —1) sinh k(y — )

exp(ik(x —cr)).  (3.7)

= _(tanh kny + o tanhkny)(n; +o0ny) coshkn,

Regarding the flow field, we linearize the Navier-Stokes equations using u"/) = U+
u'D, ) =0 pli) = pli) 4 ') (j =1, 2), where the primes denote small perturbation
variables and p\"! =—y/F, p{’’ =—py/F. Using the streamfunction ¥/)(x, y, r) related
to the velocity perturbations by u') =29y /dy, v'V) =—3%)/9x, and assuming
Y(x, y,t) =@ (y)exp(ik(x — ct)), where ¢U)(y) is the complex amplitude, the
Navier—Stokes equations are linearized to give the usual Orr—Sommerfeld equation
for fluids 1 and 2. In summary, we have obtained the following linearized system
of equations and boundary conditions for the two streamfunction amplitudes ¢!

and ¢?:
N d? 2y
- _ = ikR 1 _ 2 1 _ == .
(dy2 k > é ikRe, [(U c)<dy2 k >¢ é a0y ] , (3.8)

<(;1y22 _ kz) 2¢(2) — ikRe, [(U(Z) _ c) <ny22 _ kz) Po? — ¢(2)dzdl}]);2)] ’ (3.9)
¢V (—n1) = ¢"(—n1) =0, (3.10)

P () = ¢\ (m2) = 0, (3.11)

¢"(0) = $"(0) = ¢(0), (3.12)
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dgh do® 0
?_0)- 2" 0) = 29 (4, —ay), G.13)
dy dy c—1

d? d2

o+ )¢V — (5 + & ¢D +ikReE,Qr8 =0 on y=0, (3.14)

dy? dy?

2 1) 2 (2)
<d2—3k2> dé —/L<dz—3k2)d¢,
dy dy dy dy
+ikRei(pQo — kK°T§ — E,Qn§) =0 on y=0, (3.15)
where Qo, Qr, Qy are given by

—1. 1 do® do® 1
0= tsw -0 (28 - o) (L) a9
pF p dy dy P
_ 1 5 e tanhkn, + o2 tanh ki,
Or = (n2 +om)? {(0 &)=l =1) tanh kn, + o tanh kn; (317
_ _ 2
Oy = (o —1)(e—0?) k (3.18)

(7]2+0771)2 tanhknz—l—atanhknl'

Here, Q, represents the effect of gravity, while QO and Qu represent the influence
of the electric field on the tangential and normal stress balance at the interface,
respectively. For the electrical tangential shear stress factor Qr, there are two limiting
cases, which we now discuss. The first case is that of perfect dielectrics without
surface charges at the interface (EH-Ip) (Melcher 1963), for which we replace o by e,
leading to Q7 =0. In this case, we thus recover the result that perfect dielectrics do
not induce electrical tangential shear stresses, but only normal electrical stresses at
the interface. The second limiting case corresponds to a perfectly conducting surface
in the situation where one fluid has a much higher conductivity than the other. It
follows that the charge relaxation time is short compared with the typical mechanical
time scale (EH-If)) (Melcher 1963), i.e. 0 — 0 (or 0 — 0), in which case we also have
Qr — 0, thus recovering the result that the electrical tangential shear stress vanishes
at the interface (Mohamed et al. 1995). However, for leaky dielectrics with surface
charges at the interface and two fluids that are not perfectly conducting, we must
bear in mind that there is an electrical tangential shear stress at the interface, induced
by the electric field. As we will see in the analysis below, the presence of an electrical
tangential shear stress greatly changes the stability of the two-fluid-layer system as
previously investigated by Ozen et al. (2006a). Ozen and his coworkers have looked at
the effect, of an electric field on the instability of an interface between two immiscible
liquids in channel flow, where the interface admits free charge (Ozen et al. 2006a).
Similar findings have also been reported by Papageorgiou & Petropoulos (2004) and
Ozen et al. (2006¢), in the related problem of fluid sheets stressed by a horizontal
electric field (linear and nonlinear theories are presented) — the field effect is typically
stabilizing in such configurations unless the leaky dielectric model is used.

Another observation from the above linearized results is that when ¢ =o?, then
On =0 but Qr # 0, which implies that the electrical normal stress at the interface
could vanish while the electrical tangential shear stress is still present. The stability
of the flow will then be driven by the electrical tangential shear stress alone when
£ = o%. Furthermore, depending on & > 0% or & < o2, the normal electrical stress acts
in different directions across the interface, an issue which will be discussed in more
detail when we present the results of our numerical calculations.
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3.1. Long-wave asymptotics

We now carry out the long-wave linear stability analysis which is valid for k& — 0,
and expand ¢V, ¢, ¢, § as follows:

¢ =" + kg + 0(K), ¢ = + ke + O(K),
c=co+key+ Ok, § =350+ ks + O(K>).

Using the kinematic constraint condition (2.5) at the interface, we can write S; +
UWbs, =v which gives §=¢"(0)/(c — UM (0))=¢(0)/(c —1) and §o=1/(co — 1),
51 =—c1/(co — 1)*>, where we have used the facts that ¢'"(0)=¢?(0)=¢(0)=1 and
UW(0)=U?(0) = 1. Since the electric field enters through the boundary conditions of
the tangential and normal stress balance at order £, it does not affect the leading-order
problem. We also observe that the surface tension appears at the higher order O(k?),
which implies that it does not affect the long-wave result, but plays an important role
in stabilizing sufficiently short waves. The leading-order problem, first studied by Yih
(1967), is given by

Co — 1= QL(/“L’ n, 772)(612 - al)v (319)
where

2pniny(m + m2)
wnt + n3 4 2umina (20 + 3min2 4 2n3)

Note that we have used a different convention from Yih and his result can be
recovered by replacing u by 1/u.

For simplicity of presentation, we have deferred the solution of the first-order
problem to Appendix B. This solution gives the following first-order correction to the
eigenvalue c:

Or(p, i, m) = (3.20)

c1 =1Rey(Jy + Jg), (3.21)
where Re; = Rep/u is the Reynolds number of the upper fluid and
Jo = Qi (ay — ay)Hy, (3.22)
mna((1/ )2 + m) (1/wns —ni | | Es
Jg=— + —. 3.23
ET RO T ) Y ) 9 (329

The first term is that first obtained by Yih (1967) in the absence of an electric field.
The details of Hj, in the expression of Jy can be found in Appendix B. The second
term containing Jr represents the correction of the electric field to the first-order
eigenvalue c¢;. Note that Jg is not related to the velocity profile of the mean flow, but
depends on ¢, o, i, n; and n,, and increases linearly with E,. The electric field has a
destabilizing (stabilizing) effect on the flow field when Jz >0 (Jg <0).

It is worth pointing out that in the absence of an electric field E, =0, Jg is also
equal to zero and the two-fluid system can be neutrally stable when Jy=0. This
occurs when p =1, u =n? for Poiseuille flow and when =1 for Couette flow. Since
the neutrally stable mode implies that there is no viscous tangential shear stress at
the interface, and since for leaky dielectrics without a perfectly conducting interface
(o1, 0, finite) an electrical tangential shear stress is induced across the interface, the
mathematical model of the EHD problem does not hold for leaky dielectrics without
a perfectly conducting interface in these special cases. This is because the induced
electrical tangential shear stress at the interface is no longer balanced by the viscous
tangential shear stress. There is thus a need for other models to study the impact
of the electric field on the neutrally stable modes for leaky dielectrics without a
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perfectly conducting interface. However, our model is still valid for perfect dielectrics
(o replaced by ¢) or for perfectly conducting interfaces where ¢ — 0 or o — co.

We now investigate the electric field effects on the stability of the flow in the
long-wave regime. Using (3.21), we obtain instability when (Jo + Jz) > 0 and stability
when (Jy + Jg) <0. In addition, Jg can be rewritten as

mna((1/wm+m) (6 =1)(e—0?) (/w3 —ni o(o —¢) 1E)
6(n1+n2) (m+om)? 4 (m+om)| p

with Q; given by (3.20). For perfect dielectrics (i.e. no charges at the interface), we
replace o by ¢ as explained earlier, to obtain

mna((1/ w2 +m) ele =1 E,
6(m +m)  (m+em) p

It follows that for perfect dielectrics, the electric field is always destabilizing for the
problem studied here. In this limit, there are no electrical tangential shear stresses at
the interface (EH-Ip). Another situation where the electric field does not induce a
tangential shear stress, is the case where the interface is perfectly conducting (EH-If)
and supports surface charges, as in Mohamed et al. (1995). Their result is a special
case of ours and is recovered by setting o — oo in (3.24) so that

na((1/pw)n2 +m) Ep
6ni(m +m) o

Hence, the electric field is again destabilizing. A similar conclusion can be drawn in
the limiting case o — 0.

In contrast to these findings, for leaky dielectrics where the finite conductivity of
the fluid plays a role and a tangential shear stress is present at the interface, the
electric field can have either a destabilizing or a stabilizing effect, depending on the
ratio of conductivities and permittivities of the two fluids. In order to further analyse
the expression (3.24) of Jg, we set n, =n, n; =1, define

o = (/@ + 1) _ n(n/p+1) _ /g —mi _n*/u—1

6mtm)  6m+D P = (2]

and rewrite Jg as

Jp=—nQy . (3.24)

Je=n0L > 0. (3.25)

Jg=n0r > 0. (3.20)

_ 11033
(n+o)

It is then clear that the sign of Jr depends on the specific values of o, &, u and n.
Since o > 0 holds for all « and n, we consider the effect of 8 on the sign of Jz. The
following representative cases are of interest:

(1) B <0, i.e. uw>n> In this case, the curve Jz =0 is shown in figure 2 in the o, ¢
domain for representative parameters (a) u =2, n =0.8 and (b) © =0.25, n =0.2. Note
that the curve Jp =0 has a vertical asymptote 0 =«o/(e — B) indicated on the figures
by a dashed line.

() B >0, i.e. u <n? In this case, the sign of J; depends not only on ¢ and o, but
also on the relative value of « and g (i.e. u and n).

(i) Figure 3 gives representative results for the case where o > 8 and (a) u=38.0,
n=3.0, (b) un=0.1, n=1/3. The curve Jg =0 has a vertical asymptote as before.

(ii) Figure 4 shows two other examples with o < 8 for the parameters (a) u=0.5,
n=2.0 and (b) u=0.1, n=0.5. The curve Jzr =0 has no vertical asymptote in this
case.

Je = [e(c — 1)(e — 02) + Bo(o — s)]i”. (3.28)
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FIGURE 2. Long-wave analysis. The curve Jg =0 is represented in the (e, o)-plane for two
cases where > n%: (a) u=2, n=0.8; (b) £ =0.25 n=0.2.
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FIGURE 3. Long-wave analysis. The curve Jg =0 is represented in the (e, o)-plane for two
cases where u <n? and a > g: (a) pu=8, n=3; (b) u=0.1, n=1/3.

() B =0, i.e. w=n> As we discussed earlier, our model cannot be applied to a
Poiseuille flow having a neutral stable mode. The model is valid for Couette flow,
however, and the sign of J is determined by (o — 1)(e —o?) alone. The sign of Jg for
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FIGURE 4. Long-wave analysis, curve Jz =0 in the (g, o)-plane when p <n? and « < B.
(a) u=0.5, n=2; (b) u=0.1, n=0.5.
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FIGURE 5. Long-wave analysis. The curve Jg =0 is represented in the (g, o)-plane with
w=n?. This is for the case of Couette flow only.

w=n? can be identified in figure 5 where the curve J; =0 is displayed in the (o, &)
plane. It is clear that with different choices for ¢ and &, Jr can be either positive or
negative, so the flow can be either stabilized or destabilized by the electric field.
Note that the electric field can have a stabilizing effect on the system. As our
analysis shows, this stabilizing effect is a result of the tangential shear stress induced
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by the electric field. It has been pointed out by Melcher & Smith (1969) that it is
inconsistent to ignore electrical shear forces in finite conductivity viscous flows. Indeed,
when the interface supports free charges but is not perfectly conducting, electrical
shear forces are important and cannot be neglected. Furthermore, an inviscid model
is not expected to produce accurate results in these types of problems.

Next, we discuss the behaviour of Jg in the limit where the viscosity of one of
the fluids approaches zero or infinity. If the electric field is absent, the system has
a neutrally stable interfacial mode. When the viscosity of one of the fluids becomes
very small, supposing that the viscosity of the top fluid goes to zero and thus
w=pr/uy — 0, we find that Jg is of order u (Qr = O(u) also). However, when
iy — 0, Re; ~ O(1/u), we deduce from (3.21) that the electric field contribution to
the first-order correction ¢y is of order 1, i.e. Re,Jg = O(1). This implies that when
the top fluid is much less viscous, the electric field can still have a significant effect
on the flow stability. Similar conclusions can be drawn for the case u — oo where the
viscosity of the top fluid becomes very large.

The stability characteristics described in this section are indicative of the flow
development at small wavenumbers. Computational studies must be undertaken,
however, in order to calculate the stability characteristics at arbitrary values of k, and
this is performed in the remainder of the paper.

4. Spectral method for the linear problem

In this section, we solve the linear electrohydrodynamics problem numerically
for all wavenumbers. For this purpose, we use the Chebyshev tau QZ algorithm
to discretize the system of equations, together with the D2-method proposed by
Dongarra, Straughan & Walker (1996). Introducing the variables &) = (d?/dy? —
k)W, €@ =(d?/dy* — k?)¢®, we can write the system of equations in the following

form (see Appendix B):
d2
— k)W gD =
(e~ )00 —ev =0

d? . . .
( - k2>g“> —ikRe;,UVEW 4 2ikRe A9V = —cikRe £V,

dy?
d? 2 2) 2
((1y2_k >¢( —£9 =0,
d2
<d2 — k2> £® —ikRe; UPED + 2ikRey Arp'? = —cikRer™.
y

The computational domain is then mapped to (—1, 1) for each fluid layer by the
transformation

z=-2y—1, —-1<y<0,

2
z=—-y—1, 0<y<n,
n

where z =—1 corresponds to the interface between the two fluids. The four functions
o, 1 9@ £D are then expanded in series of Chebyshev polynomials 7,(z). For
N Chebyshev polynomials, we solve for the eigenvalues of a 4N x 4N matrix. The
continuity of the tangential and normal velocity components, and the continuity of
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the tangential and normal stresses at the interface then take the form

PV = ¢?, 4.1)
doV  1d¢?  ay(1—p)
- §=0 42
dz +n dz + m s ’ (42)
2k + D — 2% p® — 1@ +ikRe  E, Q1§ = 0, (4.3)
do  dem do® de@
280 AT e deT pds + LikRe, E, Q5 = 0. (4.4)
dz dz n dz n dz

The interfacial amplitude § in (4.2)-(4.4) is given by §=¢V(—1)/(c —1). When
uw # 1 and a; # 0, the amplitude of the interface 5 in (4.3)(4.4) is given by
§=—(deW/dzy + (1/n) (d¢® /dz5)(21u/ai(1 — w)). The eight boundary conditions are
placed in the j(N — 1)-th and jN-th (j =1, 2, 3, 4) rows, as suggested by Dongarra
et al. (1996).

Our computational code was verified by running the particular cases Qy =0 and
Oy =0, and comparing with the results of Orszag (1971), Renardy (1985), Yiantsios
& Higgins (1988), Hooper (1989) and Dongarra et al. (1996). In addition, since to our
knowledge no EHD stability calculations have been reported in the literature so far,
we used the long-wave results of the previous section to verify the code. We focus,
first, on the effect of the electric field (E, # 0) and the viscosity difference (viscosity
stratification) on the stability of the flow, and therefore impose the same density p =1
for the two fluids. The Reynolds number referred to in the computations is that of
the lower fluid, Re;. Finally, we note that the present method has been used in the
absence of electric fields by Nagata (1990), who examined nonlinear effects and the
bifurcation from infinity for plane Couette flow.

4.1. Neutrally stable modes for =1 and p=n*

As we mentioned earlier, for Poiseuille flow there exist neutrally stable modes when
w=1 and pu=n? These neutrally stable modes show that the viscous tangential
shear stress vanishes at the interface between the two fluids, and our model for leaky
dielectrics does not hold since the electrical tangential shear stress can no longer be
balanced. However, our model for perfect dielectrics in the case where ¢ =o is still
valid, since perfect dielectrics do not induce any electrical tangential shear stress.
From the long-wave linear stability analysis, we know that the presence of the electric
field in the case of perfect dielectrics always makes the flow unstable. We now present
numerical results for all wavenumbers.

We first study one-fluid Poiseuille flow in a channel with an electric interface at the
midplane of the channel, such that =1, n=1 but ¢ # 1 and ¢ # 1, in which case
the interface is due to the difference of permittivities and conductivities between the
two fluids. It is well known that for one-fluid Poiseuille flow in a channel without
an electric field, the critical Reynolds number for the onset of instability is about
Rey =5772. Although at higher Reynolds numbers, the instability is driven by the
shear mode instead of the interfacial mode, and the long-wave stability analysis can
no longer explain the instability mechanism, it is still interesting to investigate how the
electric field alters the stability properties at high Reynolds numbers. Figure 6 shows
the results of our computations using the electrical parameters e =0 =4, E, =1, and
shows that the flow is unstable for all the Reynolds numbers we computed (the highest
value being Re; =10%). We observe here that the flow is unstable for all Reynolds
numbers presented; figures 6(a) to 6(c) show the most unstable eigenvalue ¢;, the
corresponding most unstable wavenumber k and the most unstable growth rate c;k.
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FIGURE 6. Impact of the electric field on the neutrally stable mode for a perfect dielectric in
the case of a one-fluid Poiseuille flow with an initial electrical interface in the midplane of the
channel. For w =1,n =1 and p =1, the flow is unstable under the action of the electric field for
Re; < 10* with e =4, 0 =4, and E, = 1. (a) Most unstable mode ¢; vs. Re;; (b) wavenumber
k of the most unstable mode vs. Req; (c) corresponding growth rate c;k vs. Rey.

Next, we consider the case when the two fluids have the same viscosity (u=1),
but different initial heights. We choose the value n =15 and the electrical parameters
e=0 =4, E,=1. Figure 7 shows that the flow is unstable for Reynolds numbers
as large as 10*. Figures 7(a) to 7(c) show the most unstable eigenvalue c;, the
corresponding wavenumber k and the most unstable growth rate c;k, respectively.

Finally, we study the case where the two fluids are related by u=n? This is
another case which supports neutrally stable modes in the absence of an electric field.
In Figure 8, we show results for u=25,n=5, e =0 =4 and E, =1. The flow is again
unstable for all computed Reynolds numbers. We observe that an electric field in
the case of perfect dielectrics always has a destabilizing effect. This conclusion was
established analytically using the long-wave theory, and our computations indicate
that it can be extended to all wavenumbers. The result is of interest in practical
applications such as microfluidics, where mixing between two fluids is often desired
and should be realized in the case of perfect dielectrics, at least.

4.2. Two-fluid Poiseuille flow

We turn next to the more general case of a two-fluid Poiseuille flow where the two
fluids have different viscosities (i« # 1). The two-fluid Poiseuille flow in a channel in
the absence of electric field (E, =0) is well documented (Yiantsios & Higgins 1988;
Hooper 1989), and we study the influence of the addition of the electric field on
the flow stability for arbitrary wavenumbers. When E, =0, and surface tension is
neglected, it has been established (Yiantsios & Higgins 1988; Hooper 1989) that the
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FiGure 7. Impact of the electric field on the neutrally stable mode for a perfect dielectric
in the case of a two-fluid Poiseuille flow with the same viscosity for the two fluids. For the
parameter values u =1, n=5, p=1, the flow is unstable under the action of the electric field
for Re; < 10* with e =4, 0 =4 and E, = 1. (a) Most unstable mode ¢; vs. Re;; (b) wavenumber
k of the most unstable mode vs. Re;; (c) corresponding growth rate c;k vs. Rey.

stability depends on the particular values of the viscosity ratio u and the layer depth
ratio n. Recall that the long-wave analysis predicts the location of the stable and
unstable domains in the (u, n)-plane (figure 9). We choose the configuration having
uw=2 and n=0.8, which is unstable in the long-wave regime (figure 9). However,
when the electric field is turned on, the long-wave stability depends on the choice of
the permittivity and conductivity ratios, ¢ and o. Thus, an unstable flow can become
stable or more unstable, while a stable flow can become unstable or more stable.

Figure 10 shows the comparison of the most unstable (or least stable) mode ¢; as a
function of wavenumber k for this flow configuration obtained from both the spectral
method computation and the long-wave result (3.21) under the action of the electric
field. In all three cases, the long-wave theory describes the stability characteristics
very well for values of k as large as 0.3, approximately. Figure 10(b) and 10(c) show
calculations for non-zero E,. The results in figure 10(b) correspond to o =4, ¢ =5,
E,=0.5, which according to the long-wave theory enhances the instability. This is
indeed the case, as a comparison between figures 10(a) and 10(b) shows. Furthermore,
this instability enhancement persists for larger values of k, as shown in the figure.
The parameters in figure 10(c) are o =2, e =10, E;, =0.5, which are values, at which,
according to the long-wave theory, the flow should be fully stable. This stabilization is
again observed to persist to order-one values of k also. It can be concluded, therefore,
that the long-wave analysis is valuable in establishing the qualitative behaviour of
the spectrum.

Figure 11 presents further details of the numerical results for the parameters u =2,
n=0.8. We present the results up to wavenumbers k=20, for various values of
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FiGUure 8. Impact of the electric field on the neutrally stable mode in the case of perfect
dielectrics for a two-fluid Poiseuille flow with two fluids of different viscosities. For pu =25,
n=>5, p=1, the flow is unstable under the action of the electric field for Reynolds numbers
such as Re; < 10000 with e =4, 0 =4, and E, =1. (a¢) Most unstable mode ¢; vs. Rey; (b)
wavenumber k of the most unstable mode vs. Rey; (¢) corresponding growth rate c;k vs. Rej.
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FIGURE 9. Long-wave analysis for Poiseuille flow without electric field: stable and unstable
domains in the (u, n)-plane.

the electrical parameter E,. In figure 11(a) to 11(c), we show that the flow can be
completely stabilized with 0 =2 and ¢=10 as E, increases; figure 11(a) displays
the most unstable (or least stable) mode ¢; for E, =0,0.1,0.5; figure 11(b) shows
the growth rate ¢;k for E, =0,0.1,0.5. Here, we see that the growth rate is almost
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FiGURE 10. Two-fluid Poiseuille flow for the parameter values u =2,n=0.8, Re;=1and p=1.
Comparison of eigenvalues from the long-wave analysis (solid line) and the spectral method
computation (dashed line). (a) E;, =0, the flow is unstable for long waves without electric field;
(b) E, =0.5, 0 =4, ¢ =5, the flow becomes more unstable under the action of the electric field;
(c) E,=0.5, 0 =2, ¢ =10, the flow becomes stable under the action of the electric field.
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FiGure 11. Two-fluid Poiseuille flow for the parameter values u=2, n=0.8, Re;=1 and
p =1: details of the flow stability under the action of the electric field for different values of
Ej,. Without the electric field, the flow is unstable in the long-wave regime. (a)—(c) The flow
becomes stable for ¢ =10, 0 =2; (d)—(f) the flow becomes more unstable for e =5, o0 =4.
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FIGURE 12. Two-fluid Poiseuille flow for the parameter values =38, n=3, Re; =1, p=1;
comparison of the eigenvalues obtained from the long-wave analysis (solid line) and the
spectral method computation (dashed line). (a) E, =0, the flow is stable in the long-wave
regime without the electric field; (b) E, =0.5, 0 =2, ¢ =10, the flow becomes more stable
under the action of the electric field; (¢) E, =0.5, 0 =4, ¢ =35, the flow becomes unstable
under the action of the electric field.

constant when the wavenumber £ is large (short-wave regime). Figure 11(c) shows the
change of the most unstable mode in the initial stages of stabilization with E, ranging
from 0 to 0.02. In figure 11(d) to 11(f), we show that the flow can be completely
destabilized when o0 =4 and ¢ =35, as E, increases; figure 11(d) presents the most
unstable mode ¢; for E, =0, 0.1, 0.5, and figure 11(e) displays the growth rate c;k for
E,=0,0.1,0.5; finally, figure 11(f) shows the change in the most unstable mode in
the initial stages of the destabilization with E, ranging from 0 to 0.02.

In all cases presented, surface tension is absent. Short-wave instabilities (e.g. in
figure 11e) exhibit a high-wavenumber cutoff when small amounts of surface tension
are present — see later for a quantification of this observation.

In figures 12 and 13, we present results analogous to those in figures 10 and 11,
but for the case where u =38, n=3. According to figure 9, this point is in the stable
region (upper right domain marked S) as opposed to the previous set of results which
are initially in the unstable regime. The results illustrate that the flow can become
more stable (see figure 12(b) for 0 =2, ¢ =10) or unstable (see figure 12(c) for o =4,
&£ =15). Notice that the agreement with the asymptotic theory is again excellent. The
characteristics at larger values of k are shown in figures 13. In figure 13(a), 13(b) and
13(c), we present the destabilization which results from increasing E; for o0 =4 and
e =15, while figure 13(d), 13(e) and 13(f) show the corresponding stabilization with
increasing E, for the parameters o =2, ¢ = 10. Surface tension is again absent and, if
present, is responsible for providing large-wavenumber cutoffs.

Next, we study the effect of the electric field on neutral stability curves (NSC). We
consider two types of NSC. The first type is determined with fixed Reynolds numbers
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FiGure 13. Two-fluid Poiseuille flow for the parameter values u =8, n=3, Rey=1and p=1:
details of the flow stability under the action of the electric field for different E;, values. Without
the electric field, the flow is stable in the long-wave regime. (a)—(c) The flow becomes unstable
for e=5, 0 =4; (d)—(f) the flow becomes more stable for ¢ =10, o =2.

Re; and fixed viscosity ratios u, and constructed in the (k, n)-plane, where n is the
depth ratio of the two fluids. The second type is determined by fixing u and n (i.e.
the flow configuration), and is plotted in the (k, Re;)-plane. We discuss both types of
NSC under the influence of the electric field.

Figure 14 show, the effect of the electric field on the NSC of the first type for fixed
parameter values u=2 and Re;=1. As already established, the stability depends
on the specific values of o and &, and structurally different NSCs are expected for
different pairs (o, €). As discussed earlier, in the framework of the linearized EHD
equations, the case ¢ =0 is a particular example where the electrical normal stress
at the interface vanishes while the electrical tangential stress does not. Furthermore,
the electrical normal stress acts in different directions across the interface for & > o
and & <o We now present results corresponding to the following situations under
relatively small electric fields, E, =0.1. Figure 14(a) reports the NSC without electric
field E, =0, which was discussed in Hooper (1989); here, we see that nz\/i is a
neutral stable line. Figure 14(b) shows the NSC when the electric field is applied with
o =4 and ¢ =15 (¢ < 0?); qualitatively, for n < \/Z the NSC becomes a closed curve
demarcating an isolated island of stability in a surrounding domain of instability
and n = /2 is no longer a neutral stability line; when n > \/Z the NSC has another
separated branch enclosing a stable region (figure 14b). Figure 14(c) shows the NSC
for 0 =4, e =16 (¢ = ?); note that the NSC now evolves into two separated branches
for n < /2 and n > /2 while n = /2 is still a neutral stability line for roughly k > 1
(this NSC is similar to that corresponding to E, =0). Figure 14(d) presents the NSC
for 0 =4,e=17 (¢ > 0?); here, n= /2 is no longer a neutral stability line, and the
shape of the curve is notably different from that of figure 14(b) and 14(c) and has an
interesting topology.
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FIGURE 14. Two-fluid Poiseuille flow for the parameter values 4 =2, Re; =1 and p = 1: Neutral
stability curve in the (k, n)-plane under the action of the electric field. (a) E, =0; (b) E, =0.1,
o=4,¢=15(e<0?);(c) E,=0.1,0 =4, 6 =16 (¢=0?); (d) E;=0.1, 0 =4, e =17 (¢ > ¢?).

It is worth mentioning that the shape of the NSC can be very complicated and
typically it is difficult to predict how the curves change with the electric field. Next,
we study the case having u =2 and Re; =1, but with an increased electric field such
that E, =1. The NSCs in the (k, n)-plane are shown in figure 15 in three different
domains of the electric field, i.e. ¢ <02, e =02 and ¢ > . In all three cases, the curves
for n < 1, approximately, are quite intricate (figures 154, 15¢, 15¢). Figures 15(a) and
15(b) present results for 0 =4 and ¢ =15 (¢ <o?). We observe that for n < \/§ in
figure 15(a), the NSC consists of two separate branches and for small values of n
(e.g. n =~ 0.15). As a result, the flow can be stable, unstable, then stable and finally
unstable again when the wavenumber k increases from long to short wavenumbers,
with n fixed. There is another branch at about n > 8.5 (figure 15b), and by comparing
this branch with that of figure 14(b), we conclude that increasing the value of E,
from 0.1 to 1 makes the flow unstable in the region \/2<n < 8.5. Figures 15(c)
and 15(d) present the results for 0 =4 and ¢ =16 (¢ =0°); the NSC in this case has
three branches for n < ﬁ as seen in figure 15(c), and n = ﬁ is still a neutral stable
line for about k > 5 (short waves). Figures 15(e) and 15(f) depict results for o =4
and ¢ =17 (¢ > 02). Here, the NSC has two branches for n > 1 and for some certain
values of n, e.g. n =10, the flow is unstable, stable, then unstable and finally stable
again when k increases from small to large wavenumbers. These numerical results
at general values of k, imply that a sufficiently strong electric field can destabilize
long waves which are otherwise stable for moderately large values of n (this is the
so-called thin-layer effect as described in Chen (1995) in the absence of electric
fields) — compare for example figures 14(a), 14(d) with figure 15(f). The complicated
stability characteristics uncovered in the results of figure 15 indicate that caution
must be exercised when applying long-wave theories valid for small £ and hoping
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FiGure 15. Two-fluid Poiseuille flow for the parameter values u =2, Re; =1, p=1and E, =1:
neutral stability curve in the (k, n)-plane under the action of the electric field in various cases.
(a) 0=4, =15 (e<0?), 0.l <n<1.5; (b) 0 =4, e=15 (e<0?), 1.5<n<20; (c) 0 =4,
e=16(e=02),01<n<1.5;(d)o=4 =16 (s=0?%),1.5<n<20;(¢) 0 =4, e =17 (¢ > 5?),
01l<n<1;(f)o=4¢=17 (¢ >0?), 1 <n<20.

for the qualitative predictions to hold at larger k also. As an example, we consider
n=10 in figure 15(f). The flow is initially long-wave unstable, but as k is increased,
we calculated a band of stability with relatively long waves; this then gives way to
a band of instability and finally the flow becomes short-wave stable at sufficiently
large k. The short-wave stability comes from the presence of an electric field (surface
tension is absent throughout) — in fact, in the absence of an electric field, the flow is
short-wave unstable for sufficiently large n (see figure 14a), and we can see that the
electric field can be used to reverse such characteristics.

Figure 16 shows the effect of the electric field on the NSC in the (k, n)-plane for
a large viscosity ratio u =20, E, =1 and fixed Reynolds number Re; =1. The NSC
without electric field (E, =0) is shown in figure 16(a), showing that n= \/ﬁ is a
neutral stable line. The effect of the electric field on the NSC in the (k, n)-plane is
presented for o =6 in three cases: figure 16(b), £ =35 (¢ <o?); figure 16(c), ¢ =36
(e =0?); figure 16(d) € =37 (¢ > 0?). We see that the NSCs have shapes which are
topologically similar to those corresponding to u =2 and E, =0.1 in figure 14.

We now discuss (figure 17) the second type of neutral stability curves in the
(k, Req)-plane for a specific flow configuration corresponding to fixed values of u =2
and n=10. The NSC without electric field (E, =0) has been calculated by Hooper
(1989) up to Reynolds numbers of around Re; =600. In figure 17(a), we confirm
Hooper’s results and extend them up to Re; = 10°. An interfacial mode triggered by
the difference in viscosities between the two fluids occurs for moderate Reynolds-
number values (surface tension being absent). However, at about Re; =290, a shear
mode caused by the difference of shear velocities between the two fluids, is seen to
appear and the two modes coexist for a certain range of Reynolds numbers. For the
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FIGURE 16. Two-fluid Poiseuille flow for the parameter values u =20, Re; =1, p = 1: neutral
stability curve in the (k, n)-plane under the action of the electric field in various cases. (a)
Ey=0;(b) E,=1,0=6,e=35(e¢<0?);(c) Ex=1,0=6,s=36 (e=0?); (d) E, =1, 0 =6,
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FiGUre 17. Two-fluid Poiseuille flow for the parameter values n =10, 4 =2 and p = 1, showing
the changes in the neutral stability curve in the plane (k, Re;) under the action of the
electric field for 0 =4, ¢ =17 and different E, values. (a) E, =0, Re; <1000; (b) E, =0.1,
Re; <1000; (¢) E,=0.53, Re; <100; (d) E, =0.55, Re; <100; (e) E, =0.56, Re; < 100; (f)
E}, = 1, Rel < 10.
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FiGgure 18. Two-fluid Poiseuille flow for the parameter values n =20, u =2 and p = 1. Neutral
stability curve in the (k, Re;)-plane under the action of the electric field for different Ej, values
for 0 =4, e=17. (a) E;, =0, Re; <500; (b) E;, =0, 450 < Re; < 500; (¢) E,=0.1, Re; < 500;
(d) E», =0.2, Re; <500; (f) E, =1, Rey < 500.

one-fluid Poiseuille flow, the shear mode emerges at about Re; =5772, and in the
two-fluid cases studied here it can appear at much smaller Reynolds numbers. We
also find that when the two modes co-exist, the interfacial mode dominates at short
wavelengths (surface tension being absent), while the shear mode predominates at
long wavelengths. Such stability characteristics are relatively clear, but they become
more complex in the presence of an electric field. To illustrate this, we present
results of a computation having o =4, ¢ =17 and different values of E,, as shown in
figure 17(b—f) (these values of conductivity and permittivity ratios place the flow in
the stable regime, Jr < 0, according to the long wave theory — see figure 5). Specifically,
figure 17(b) shows that for E, =0.1, the shear mode disappears and the instability
is dominated by the interfacial mode. The upper and lower branch structure typical
of high-Reynolds-number instabilities in shear flows appears to be pushed to higher
Reynolds numbers, which falls outside our computational range (our computations
go as high as Re; =10%). At the same time, the interfacial mode loses stability and
bends down to support a larger unstable domain (see figure 17d). In figures 17(c),
17(d), 17(e) and 17(f), the value of E, is increased systematically and the overall
finding is that the instability is enhanced. In particular, at a value of E, between 0.55
and 0.56, the open branch that is indicated in figure 17(b) becomes closed and the
island of stability it supports shrinks with increasing E, - compare the neutral curves
in going from figure 17(c) to 17(f) (the results show the effect of the electric field
on the interfacial mode — the shear mode probably existing as well, but at a much
larger value of Re;). We found numerically that as Re; increases further, the island
of stability shrinks and disappears completely at approximately Re; =6.

Figure 18 shows the NSC for the case u =2 and n =20, where the upper layer is
twice as thick as in the case of figure 17. Hooper (1989) presented the NSC without
an electric field (£, =0) up to a Reynolds number of about Re; = 130 for these values
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FIGURE 19. Two-fluid Poiseuille flow with the parameter values n=3, u=38, p=1, 0 =4,
Re; =1 and ¢ =5. Solid lines correspond to the results in the absence of surface tension, while
dashed lines show the results when 7 =0.001.

of u and n. However, we have run our code up to Re; =500 and detected another
shear mode at about Re; =465, as shown in figures 18(a) and 18(b). (The presence
of two shear modes is an interesting characteristic of the two-fluid flow.) Figure 18(c)
shows the neutral curves at the relatively small value of E, =0.1. The overall effect of
the electric field in this case is to stabilize long waves and destabilize short waves. The
two main branches discernible in figure 18(a) merge when E, =1 to produce a main
upper branch above which the flow is unstable, and a loop consisting of an upper and
lower branch inside which the flow is unstable — see figure 18(c). The second shear
mode shown in the magnification (figure 18b), completely disappears when the field
is turned on and most probably shifts to much higher Reynolds numbers. A further
increase of E, to a value of 0.2 (see figure 18d) enhances the trends noted above,
namely, short waves are destabilized and long waves stabilized. This manifests itself
by the lowering of the main upper branch and the shift to higher Reynolds numbers
of the upper and lower branch loops which supports instability for a narrow range of
wavenumbers (the nose of the loop is only just present at E;, =0.2 as seen in the lower
right-hand part of figure 18d). A further increase to E, =1 (see figure 18¢) reinforces
the destabilization and for the range of parameters used in our computations, the
main upper branch is the only feature left, dividing the (Rey, k)-plane into an upper
unstable domain and a lower stable one, stability being possible only for sufficiently
long waves.

Thus far, we have investigated the role of the electric field on the interfacial
instability in the absence of surface tension. Surface tension acts to stabilize sufficiently
short waves and we provide representative results of its effect on the instability of
the present problem. In figures 19 and 20, we show the effect of surface tension on
the results of figure 13. The value of the surface tension parameter is 7 =0.001.
Figure 19 corresponds to the modifications of figure 13(c) and shows growth rates
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FIGURE 20. Two-fluid Poiseuille flow for the parameters n =3, u =8, p=1, 0 =2 and ¢ =10.
Solid lines correspond to the results in the absence of surface tension, while dashed lines show
the results when 7' =0.001.

versus wavenumber for n=3, u =8, Rey=1, p=1, 0 =4 and ¢ =5 (for this set of
parameters, the electric field is destabilizing — see earlier remark). It is seen that the
presence of surface tension modifies the short-wave behaviour (large k) and provides a
cutoff value (which increases with E,) above which the waves are damped. For longer
waves (in fact for k < 1, approximately), the effect of surface tension is not significant.
Similar findings are established from the computations presented in figure 20 which
adds surface tension to the results of figure 13(d) for n=3, u=38, Re;=1, p=1,
o =2 and ¢ =10 (the electric field is now stabilizing). As observed from the figure,
surface tension provides a wavenumber cutoff at a value of k = 3 for the E, =0
results, and enhances the damping of short waves according to c;k ~ —k for k > 1
(this asymptotic behaviour is generic in the presence of surface tension in the present
problem, and for brevity it is not analysed further). In addition, surface tension
reduces growth rates of the most unstable (or least stable) waves, as seen from the
results in figures 19 and 20.

5. Conclusions

In this work, we have studied the linear stability of two conducting viscous fluids
bounded between channel walls and subjected to an electric field normal to the fluid
interface. We have studied the general situation where the fluids are leaky dielectrics,
which supports surface charges at the interface, as well as the situation where the
fluids can be modelled as perfect dielectrics, which was considered as a special case in
our study. The two fluids can have different viscosities, densities, permittivities and,
more importantly, different finite conductivities. As a consequence, the electric field
can cause an electrical tangential shear stress at the interface.

We have performed the long-wave linear stability analysis within the general Orr—
Sommerfeld framework, considering that the base flow can be either Couette or
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Poiseuille flow. We have then derived a general expression for the eigenvalue for the
wave speed, ¢, which depends on the ratio of permittivities ¢, ratio of conductivities
o, ratio of viscosities u, and ratio of initial depths n of the two fluid layers.

For perfect dielectrics, where there are no surface charges at the interface (EH-Ip),
or for a perfectly conducting interface where the conductivity of one fluid is much
higher than that of the other fluid (EH-If), there is only a normal polarization force
and no electrical tangential shear stress induced by the electric field at the interface.
In this case, the electric field always has a destabilizing effect for both types of base
flow investigated (Couette and Poiseuille flow), independently of the particular value
of the ratio of permittivities . This confirms the results available in the literature
(Melcher 1963; Mohamed et al. 1995). This result has great significance for practical
applications, such as those where mixing is highly sought, e.g. in microfluidic systems.

On the other hand, for leaky dielectrics where the interface admits surface charges
due to the finite conductivity of the two fluids, we have shown that the electric
field can have either a destabilizing or a destabilizing effect, depending on the ratio
of permittivities ¢ and ratio of conductivities o between the two fluids. Since for
both Couette and Poiseuille flows, there always exist unstable modes due to viscosity
stratification, it is possible to stabilize the system by using an electric field.

We have also addressed the stability problem for all wavenumbers using numerical
computations based on the Chebyshev spectral method. The long-wave dispersion
relation earlier derived analytically was confirmed numerically in the absence of
surface tension. Numerical simulations also led to different shapes for the neutral
stability curve (NSC) under the action of the electric field. One important result
found here was that the electrical normal stress can vanish at the interface while the
electrical tangential stress remains non-zero. Based on the different directions of the
electrical normal stress at the interface (¢ =02, ¢ <o or ¢ > o?), the NSC can take
different forms.

Finally, we consider surface-tension effects. As pointed out by a referee, surface
tension coupled with the thin-layer effect (see §1), can completely stabilize a two-
layer system at low Reynolds numbers. We can use our present results to speculate
judiciously on the effect of surface tension in the presence of electric fields. For
example, figure 16(a) shows a long-wave stability with E, =0 at moderately large n,
along with short-wave instability due to zero surface tension. Inclusion of surface
tension may completely stabilize this region. Inspection of figure 16(b), indicates that
inclusion of an electric field completely destabilizes the flow for a range of n; inclusion
of surface tension would regularize the short-wave instability.
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Appendix A
The non-dimensional system of equations reads
Veu =0, i=1,2, (A1)
ou ap) 1
o (V) = — P 2 v,o (A2)

ot ox Re,
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3;:) + (u ) = —ag;l) - % + Rlelvzv(“, (A3)
ag? + (V) = _;agf) + Rlezv%ﬂ’, (Ad)
8;);2) + (V) = _[1) ag’;) _ % n R1€2V2U(2>’ (AS)
u(=m) =0, vW(=m)=0, (A6)

uP(m) =1, v(p) =0, (AT)

S, + S =0 on  y=S(x,1), (AB)
v+ v =0, i=12, (A9)

V(—n) =0, (A 10)

VO(n) =1, (A11)

SVl +[Vily =0 on y=S(x,1), (A12)
SloViy=1[oV,]; on y=S(x,1), (A13)

u) =u® on y=S(x,1), (A 14)

v =v® on y=S8(x,1), (A15)

5 1 /avD  9u® p [v?  9u®?
Se | =— | — — - -
{Rel < ay 0x ) Re; < ay 0x )]
1 Zoud  9p EYNC) BEPNG)
% (1 _ Sf) _ u + vy _ P u + ov—
Rey \ 0y ox Re, \ 0y ax

+ ScEp([Ma]s — [Mu]y) + (1 — S7)Ey[Mi2]5 =0 on y=S(x,1), (A 16)

u au g v 2p
2 -5, + _
1+82) | * ox dy dx Ay Rey(1+ 82)

p2_p1+Rel(

u? wu?® v dv?
2 2 1 1 1
— Ox S [M]; =28 [M M
X |:Sx o S < 3y Ty >+ 9y } + (87 [Mul; [M12]; + [M2]3)

Eh TSxx
X - 3
L+SE (1452

=0 ony=S(x,1), (A17)
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2 o : 2 1 :
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Mul> =3 l(Xx ) n +ong Xy 2 (Xx ) n+ong Xy

o 1
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Appendix B
The first-order problem can be written as

d;ﬁil) _iRe, (U“) _CO) d;(ién —¢>(()1)d;[j;) ’
d;(if) _ikes [ (0 o d;qyﬁ? 40 d;[jf) |
V(=m) = djil)(—m) =0, ¢{’(m) = ‘if)(m) =0,
d;(l;g)( ) — ud;q;f) (0)+iRe  E, Q7 = 0,
O 0 w0 iR (00— 100 =0
. )

where we have used the fact that § = §, + k5; + O(k?), 5o = ¢0(0)/(co — 1), §; =
—c1¢0(0)/(co — 1)%, ¢o(0) = 1. The terms Qo, Qr, Qn can be simplified to lead to
the following expressions: Qo= ((0 — 1)/pF)(1/(co — 1))+ (1/p — 1)[(co — 1)B2 + a3],
Or =o(o —&)(m +m)/(n2+om)’, Oy = (6 — 1)(e — 0?)/(n2 + om1)*. The solution
to the first order then becomes

¢>£1) = By1y + Ci1y* + Dy + Hi(y),
gz) = By + Cpuy? + Doy’ + Hy(y),

where Hi(y), H>(y) are the particular solutions of the first order ODE problem given
by

A]D()] 7 a1D01 6 CllC()l — 3C(,)D()1 — A1B()1 5 C(’)CO] + A] 4
Hi(y) = —
=507 T e Y T 60 Y TP
A2D02 7 azD()z 6 612C02 — 3C6D02 — AzB()z 5 C6C02 + Az 4
Hy(y) = — .
=07 T g0 VT 60 Y 12

Here, ¢y=co—1, A;, a; come from the velocity profiles (2.16), (2.17), and the
coefficients By;, Co; and Dy; (i = 1, 2) can be deduced from the leading-order solution.
Since the constant factor of the eigenvalue is taken to be ¢(0) = ¢?(0) = ¢(0) = 1,
the constant term in the first-order solutions is chosen to be zero. The coefficients
Bi;, Cyi;, Dy; (i=1,2) are solved from the first-order boundary conditions and the
first-order eigenvalue takes the form

c1 =1iRex(Jo + Jk),
where Re; = Rej(p/u) is the Reynolds number of the upper fluid and

Jo = nQj(as —ay)Hy,
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where

1.2 2
2H;in2)} _/1) |:H1/(_771)+ 2H1(—771)} LM
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