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Abstract An analytical study is presented in this article
on the dispersion of a neutral solute released in an oscil-
latory electroosmotic flow (EOF) through a two-dimen-
sional microchannel. The flow is driven by the nonlinear
interaction between oscillatory axial electric field and
oscillatory wall potentials. These fields have the same
oscillation frequency, but with disparate phases. An
asymptotic method of averaging is employed to derive the
analytical expressions for the steady-flow-induced and
oscillatory-flow-induced components of the dispersion
coefficient. Dispersion coefficients are functions of various
parameters representing the effects of electric double-layer
thickness (Debye length), oscillation parameter, and phases
of the oscillating fields. The time—harmonic interaction
between the wall potentials and electric field generates
steady as well as time-oscillatory components of electro-
osmotic flow, each of which will contribute to a steady
component of the dispersion coefficient. It is found that, for
a thin electric double layer, the phases of the oscillating
wall potentials will play an important role in determining
the magnitude of the dispersion coefficient. When both
phases are zero (i.e., full synchronization of the wall
potentials with the electric field), the flow is nearly a plug
flow leading to very small dispersion. When one phase is
zero and the other phase is 7, the flow will be sheared to
the largest possible extent at the center of the channel, and
such a sharp velocity gradient will lead to the maximum
possible dispersion coefficient.
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1 Introduction

Dispersion in microchannels is now an important consid-
eration in the design of microelectromechanical systems,
such as for drug delivery, component sensing, and micro-
scale mixing. For their many applications in biomedical
diagnosis and analysis, such as clinical detection, DNA
hybridizations, and electrophoretic separations, lab-on-a-
chip is an emerging technology drawing much attention
nowadays. As it is important to effectively achieve mixing
or separation in these microscale devices, dispersion
mechanisms have been increasingly investigated under
flow conditions that are specific to microfluidics. Com-
pared to mechanical methods, the electrokinetic method
viz. electroosmosis (EO), utilizing the electric double layer
(EDL) effect to mobilize fluid, is now more acceptable for
microfluidic devices as it offers the ability to control and
drive the fluid by external means with no moving parts.
The presence of an applied electric field, together with the
EDL formed at the contact interface of an electrolyte and a
solid surface, gives rise to electrokinetic phenomena,
which in recent years have been extensively studied in the
context of microfluidics and nanofluidics.

EDLs are formed as a result of interaction of an ionized
solution with solid surfaces which possess electrostatic
charges. The counter-ions in the liquid are attracted and the
co-ions are repelled by the solid surfaces. The counter-ions
thus cluster near the interface, forming the Stern layer. The
characteristic electric potential of the Stern layer is known
as the zeta potential denoted by {. Beyond the Stern layer,
counter-ions are relatively free to move forming a diffuse
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layer. The EDL is the union of the Stern and diffuse layers,
which shield the bulk of the electrolyte from the surface
charge. The thickness of the EDL is represented by the
Debye length, which is a scale of the distance from the
charged solid interface to a point where the electrokinetic
potential energy is equal to the thermal energy. When an
external electric field is applied parallel to the solid surface,
the co-ions and counter-ions will be attracted toward the
anode and cathode, respectively, and by virtue of the vis-
cous momentum transfer, adjacent fluids will be dragged
and accelerated by the migrating ions. This phenomenon is
called EO, and the resulting flow is called electroosmotic
flow (EOF).

Dispersion in pressure-driven steady and oscillatory
flows has been studied extensively, since the study of Aris
(1956, 1960) who obtained the dispersion coefficient of a
passive solute using the method of moments. The study was
pioneered by Taylor (1953) who studied the “enhanced
diffusion” of a solute in laminar flow through a circular
tube, relative to a plane moving with the mean speed of the
flow. The basic mechanism that contributes to the enhanced
diffusion, now known as Taylor dispersion, is molecular
diffusion occurring across lateral concentration gradients
created by a nonuniform velocity field. Therefore, a sharper
velocity gradient across the channel section can result in a
greater dispersion effect. Recent interest in micro- and
nano-fluidic applications has seen a dramatic increase of
studies directed at the analysis of EOF and associated dis-
persion phenomena, applied as a means to control fluid
transport, mixing, or separation.

Compared with transport in pressure-driven (Poiseuille)
flow, EOF under the condition of a thin EDL may generate
much weaker hydrodynamic dispersion. This is due to the
fact that when the EDL is thin, the EOF is nearly a plug
flow, which, in the absence of any shear, produces negli-
gible dispersion.

However, under other conditions, dispersion in EOF
may not be small. At sufficiently low electrolyte concen-
trations (lower than 1073 M) such that the EDL is not thin,
and under a strong applied electric field (on the order
100 V/mm), electroosmotic dispersion can become signif-
icant compared with molecular diffusion. In analytical
studies involving separations, or simply detection of sol-
utes, hydrodynamic dispersion may negatively influence
the performance of the microfluidic device, thus reducing
the quality of the measurement or the separation efficiency.
In other cases involving chemical reactions, dispersion is,
on the contrary, desirable as it can enhance mixing. Dis-
persion is indeed a function of many parameters; it can be
small under certain conditions, but can be large under some
other conditions. It is the aim of this study to look into
ways to adjust dispersion in EOF. We specifically examine
how dispersion can be affected by parameters in an EOF

@ Springer

generated by oscillatory wall potentials interacting with an
oscillatory electric field.

A number of studies on dispersion in micro- and nano-
scale have been carried out recently. Some of them
addressed pressure-driven flow, whereas in some studies
electrically driven flow and combined pressure-elec-
trically-driven flow were considered. Assuming low elec-
tric potentials at the wall/solution interface, Datta (1990),
McEldoon and Datta (1992), and Griffiths and Nilson
(1999) evaluated the electroosmotic dispersion coefficient
for the circular and plane parallel channels. For higher wall
potentials, the electroosmotic dispersion was addressed by
Andreev and Lisin (1992, 1993), Gas et al. (1995), Grif-
fiths and Nilson (2000), and Zholkovskij et al. (2003).
Zholkovskij et al. (2003) analyzed the dispersion of a
nonelectrolyte solute due to the EOF in a long straight
microchannel using a thin double-layer approximation.
Hydrodynamic dispersion due to combined pressure-driven
and EOF through microchannels was addressed by Zhol-
kovskij and Masliyah (2004). Dutta (2007) analyzed the
electroosmotic transport of neutral samples through rect-
angular channels having a small zeta potential at the walls.
A perturbative approach was used by Datta and Ghosal
(2008) to analyze Taylor dispersion under non-ideal elec-
troosmotic conditions in microfluidic systems. The flow-
induced streaming potential was found by Xuan (2008) to
significantly affect the solute transport and separation in
nanochannel chromatography. Electrokinetic transport of
charged samples through rectangular channels bearing
small zeta potentials was analyzed by Dutta (2008). The
broadening of a neutral solute band in electrically driven
flow with longitudinally varying zeta potential was
explored by Zholkovskij et al. (2010). Recently, Ng (2011)
investigated the effect of wall slippage on hydrodynamic
dispersion for some pressure-driven flows.

Dispersion in alternating current (AC) electrokinetic
systems has also received attention for its relevance in the
separation of species of colloids, or the trapping of parti-
cles in designated regions in microdevices. Time periodic
EOF is also known as AC EO, and is driven by an alter-
nating electric field which has potential applications in
biotechnology and separation science. Huang and Lai
(2006) have presented an analytical study of the enhanced
mass transfer in an oscillatory EOF, within a parallel-plate
microchannel configuration. Mass transfer in time periodic
EOF through charged micro/nanochannel was discussed by
Bhattacharyya and Nayak (2008). Ramon et al. (2011)
studied solute dispersion subjected to boundary mass
exchange in oscillatory EOF.

Kuo et al. (2008) proposed a mechanism by which a
steady directional EOF can be produced by the nonlinear
interaction between oscillatory wall potentials and oscil-
latory axial electric fields. For a two-dimensional plane
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channel, where time-periodic surface charge potentials are
induced on the two walls, these authors showed that the
flow velocity depends not on the external driving fre-
quency, but on the phase difference between the electric
field and the wall potentials. They further explained the
driving mechanism of a steady mean flow due to this kind
of nonlinear interaction, and pointed out the interrelation-
ship between the AC EO and the static EO configurations.
It is remarkable that the direction of the flow can be
reversed by adjusting the phase of the wall potentials.

The mechanism of producing directional EOF as pro-
posed by Kuo et al. (2008) can find potential applications
in chromatography, particle sorting, separation, and so on.
However, the mass transport in such a directional EOF is
yet to be understood as a function of the driving forces. In
view of this, this study aims to develop theoretical relations
for solute transport in an oscillatory EO flow field gener-
ated by the nonlinear interaction between an oscillatory
electric field and oscillatory wall potentials. The electric
field and the two wall potentials are assumed to have the
same frequency, but each wall potential can have a distinct
phase lag with the electric field. The study of Kuo et al.
(2008) is generalized and extended to this study of mass
dispersion. The results of Kuo et al. (2008) may be
recovered as a particular case of our flow in case of syn-
chronized wall potentials (i.e., equal phases of the two wall
potentials). The main objective here is to examine the
effect of the EDL thickness (Debye length), oscillation
parameters, and phases of the wall potentials on the EO
velocity and hence the dispersion coefficient. The mathe-
matical technique of homogenization is applied for the
deduction of the effective mass transport equations. The
dispersion coefficients are obtained as explicit functions of
the above-mentioned controlling parameters.

The article is organized as follows. In the following
section, the mathematical formulation of the problem is
presented. Velocity distributions for electroosmotically
driven flows are derived in Sect. 3. Concentration distri-
bution of the solute is then discussed in Sect. 4, which is
followed by an asymptotic analysis in Sect. 5. Finally,
discussions and results are presented in Sect. 6.

2 Problem formulation

As shown in Fig. 1, we consider a two-dimensional par-
allel-plate microchannel of height 24, which is filled with a
liquid (the solvent) of aqueous nature. A Cartesian coor-
dinate system is used here with the x-axis along the flow
and the y-axis perpendicular to the flow. The boundaries
are situated at y = +h. EDLs are thus established at the
two boundaries when the carrier liquid is brought into
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Fig. 1 Schematic diagram of the system considered

contact with the channel walls. A neutral species of con-
centration C(x, y, t), where ¢ is time, is assumed to be
carried with the fluid. An oscillatory axial electric field E is
then imposed on the system; simultaneously AC voltages,
having the same frequency but unequal phase lags with the
oscillatory channel electric field, are applied on the two
walls. As a result, a periodically oscillatory flow is gen-
erated due to the nonlinear interaction of the three oscil-
latory fields (Kuo et al. 2008). This study aims at
investigating the effect on the mass dispersion due to
convection of such an oscillatory EOF.

The fluid is assumed to be an isothermal, Newtonian,
and incompressible continuum. For the present planar
unsteady flow caused solely by electroosmotic mechanism,
the fluid velocity is governed by the momentum equation

Ou Q’u

== E 1
P3 uay2+pe7 (1)

where u is the fluid velocity along the x-direction, p and u
are the fluid density and viscosity, respectively, E is the
applied electric field, and p. is the electric charge density.

Equation 1 is subjected to no-slip boundary conditions at
the walls. Here, the fluid viscosity is assumed to be inde-
pendent of the local electric field strength. The first term on
the R.H.S. of Eq. 1 is the viscous forcing term, while the
last term, i.e., p. E, represents the electrokinetic body force
(Lorenz force) under the shielding effect of the EDL
formed next to the surface (Levich 1962). This is the main
driving force to generate the EOF.

In general, the electroosmotic body force term can
exhibit various forms depending on the externally applied
electric field. In this article, we consider sinusoidally dri-
ven, time-periodic pure EOFs in the absence of pressure
gradients. The externally applied oscillatory electric field
E directed along the x-axis is of the form

E = EgRe(e™™) (2)
with a constant amplitude E, and an excitation angular
frequency w. This external electric field interacts with the

EDL and creates the electrokinetic body force on the bulk
fluid.
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When the solvent is a 1:1 symmetric electrolyte, the
Boltzmann distribution of the charge density gives

.. [ze
p. = —2ezcy sinh (R—;/f), (3)

where  is the electrokinetic potential, ¢, is the ion con-
centration far from the charged walls, z is the valence of the
co- and counter-ions in the carrier liquid, e is the electron
charge, R is the Boltzmann constant, and T is the absolute
temperature. To apply the static Boltzmann distribution, we
assume that the transience of the development of the EDLs
is of a much shorter time scale than the time variations of
the applied electric fields. Therefore, this theory is sub-
jected to an upper frequency limit, which will be discussed
in Sect. 4.

The charge potential {y can be described by the fol-
lowing Poisson equation, giving the net excess charge
density at a specific distance from the surface:
2 @)
dy? ¢’
where ¢ is the permittivity of the liquid medium.

Combination of Eqs. 3 and 4 gives rise to the Poisson—
Boltzmann equation, which describes how the electrostatic
potential varies in space due to a distribution of charges:

>y 2ezco . . [zey
KT sin (RT) (5)

If the electric potential is sufficiently small, typically
when y < g ~ 25mV, the Debye—Hiickel approximation
can be applied to Eq. 5 resulting in the following linear
equation:

&y 2%, Y
dy?  eRT 7 A%

(6)

where A = (eRT/2¢%2%co)"/? is the characteristic EDL
thickness or the Debye length.

Thus, we have
d*y

e = v 9

where k = A~ is the reciprocal of the Debye length, also
called the Debye-Hiickel parameter. A larger value of
k thus corresponds to a thinner double layer, whereas for a
thicker double layer k is smaller.

The solution to Eq. 7 near a charged plate of potential {
may be written as yy = (exp(—ky), where y is distance
normal to the plate. Thus, the potential due to the charged
plate is shielded by the free charges in solution and the
effect of the charge penetrates a distance of the order of the
Debye length A, which gives a physical meaning to this
very important quantity. The Debye length gives an esti-
mate of the length scale over which an electrostatic
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perturbation (such as a charged surface) is shielded by
rearrangement of ions.

The boundary conditions for Eq. 7 are prescribed by the
wall potentials /y,y. In this study, AC voltages having
unequal phase lags with the oscillatory axial electric field
are applied on the two boundaries. The wall potential 1y
is of the form:

Yot = Yac Re[el:<wt+ﬂ)] +Ypc on y=h (8)
wall YacRele ] +ype on y=—h

Here, 5c is the amplitude of the applied AC potentials
on the two walls, and f§ and 7y are the phases of these
potentials on the upper and the lower walls, respectively.
The phase difference between the two wall potentials is thus
f — 7. The potentials also contain a static base component
Ypc. There are no specific assumptions on the orders of
magnitude of Y oc and Ypc relative to each other, but to
satisfy the linearization assumption, their maximum total
values need to be small. Our flow model is based on the
same theoretical arguments as those in Kuo et al. (2008).

Equation 7 along with the boundary conditions given by
Eq. 8 yields the following solution

cosh(ky) |- i(or+
V= V03 cosh(kh) {‘pAC Re [e( ﬁ)}

R[] i) L

« {ILAC Re [ei(a)t+ﬁ)} _ ‘pAC Re [ei(wz-&-y)} }

where the dimensionless quantities (distinguished by a
caret) used are

(‘LAC:‘LDC) = (‘PACaWDC)/'//Oa

and Vg is a characteristic wall potential.
Using Egs. 2, 4, and 7, Eq. 1 can be written as follows:

10u  u Y E

KU, 10
Vor o sy (10)
where Ups = —¢ Eq Yo/ ut is the Helmholtz—Smoluchowski
velocity.

Now from Egs. 2 and 9, we have the electrokinetic force
be given by

Y E lﬂ cosh(ky)
VoEo ic{[cos(ﬂ )+ 0Ol Coshiin)
+ [COS(ﬁ) — COS ( )] E ;} ILDC zzzEEkkyh; Re(eiwt)
lﬁ cosh(ky)  sinh(ky) ot
h <cosh( h) sinh(kh )) el ]
cosh(ky) sinh(ky) 201
+ _(cosh(k 1) sinh(kh )) el (1)
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which comprises one steady component and three time-
harmonic components. The steady component results from
the non-linear interaction of the channel electric field with
the oscillatory components of the wall potentials. This
forcing drives a steady directional flow in the channel. The
first-harmonic component containing ¢’ is the result of
interaction of the channel electric field with the steady
components of the two wall potentials, while the higher-
harmonic components containing e "B and £/21+7) are
the other results of the channel electric field interacting
with the oscillatory components of the upper and lower
wall potentials, respectively. These three unsteady forcings
generate oscillatory flows of the same frequency, all with a
zero time-mean. Let us derive the velocity components in
the following section.

3 Flow field

Equations 10 and 11 suggest a velocity profile of the form:

u(y, 1) = uo(y) + Refuy (y)e] + Re[uz (y)e 7]

+ Reluz (y)e' 7). (12)
The no-slip conditions at the channel walls u(xh, ) = 0
ensure that u(xh, 1) =0, (j =0, 1, 2, 3).

When Egs. 11 and 12 are used in Eq. 10, the resultant
solutions are found as follows:

uo(y) =Uns % {[cos(ﬁ) + cos(p)] [1 _ %ﬁgﬂ

feos(f) - cos] [} - S .

sinh(kh)
(13)
5 k*  [cosh(Zy) cosh(ky)
10) = Unshoe 1 [cosh(ih) B cosh(kh)} - 19
() = U V2 ’<2 cosh(v/27y) _ cosh(ky)
TS T e cosh(\/ﬂh) cosh(kh)
Sinh(\/iﬂy sinh(k
sinh(y/22h)  sinh( k
(1)
) = Uys Yac K[ (cosh(v22) _ coshky)
T EIS T e T cosh(v/2/h)  cosh(kh)
_ sinh(v/27y) _ sinh(ky)
sinh(v/2h) * sinh(kh)
(16)

Here, 1 = (io/v)"? = (1 + i)/d, where § = (2v/w)"? is
the thickness of the Stokes boundary layer resulting from

the oscillation of the flow. Note that the Stokes boundary
layer is thinner for faster oscillation, and vice versa. The
ratio d/h is identified as an oscillation parameter.

In Egs. 13-16, the terms containing ky as the argument
of the hyperbolic functions are the particular solutions,
while other terms are the added homogeneous solutions to
satisfy the no-slip boundary conditions. Here, u, is the
steady component which depends on the AC component
x} ac, the phase lags f and y and the Debye—Hiickel
parameter k. The other three components (u;, u,, and us)
are the complex amplitudes of the time-oscillatory com-
ponents, which have strong dependence on the frequency
parameter A. The only velocity component that depends on

the static base part prC of the wall potentials is u;, which is
a first-harmonic component. This component is derived
from the nonlinear interaction of the oscillatory channel
electric field with the steady component of the wall
potentials. Driving forces of the velocity components u,
and wu;, which are second harmonics, result from the
interaction between the channel electric field and the
oscillatory components of the upper and lower wall
potentials, respectively.

The following properties regarding the velocity com-
ponents are noteworthy. First, the steady component u,
becomes an even or odd function of y when cos(ff) —
cos(y) = 0 or cos(f8) + cos(y) = 0, respectively. Second,
in the particular case when cos(ff) =cos(y) =0 or =
y = 71/2,up is identically zero. This is the case when the
time oscillation of the electric field is orthogonal to that of
the wall potentials, resulting in a zero net interaction
between the two forcings. Third, when u, is an even
function of y (i.e., cos(f) — cos(y) = 0), the steady flow is
the maximum positive when f =y =0 (i.e., wall poten-
tials synchronized with the electric field), and is the max-
imum negative when f =y = n. The velocity gradient is
always zero at the center of the channel. This is the case
corresponding to strong convection but possibly weak
dispersion. Fourth, when ug is an odd function of y (i.e.,
cos(f) + cos(y) = 0), the net steady flow is always zero as
the forward and backward parts of the flow exactly balance
each other. The velocity gradient at the center of the
channel is the steepest when the peak u, (of either the
forward or the backward flows) attains the largest magni-
tude, which happens when one phase is zero and the other
phase is m. This is the case corresponding to zero con-
vection but possibly the strongest dispersion. Fifth, the
first-harmonic component u; is always an even function of
y. Sixth, the second-harmonic components u, and u; are
not independent but are related to each other by u,(y) =
u3(— y). For in-phase wall potentials, f =y, these two
components can be merged, and the sum of the two
amplitudes, u, + us, is an even function of y.
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The model of Kuo et al. (2008) can be recovered by
letting equal phases for the wall potentials, f =7.
Under this condition, the steady velocity component u
reduces to

uo(y) = Uns %cos(ﬁ) (1 - M)

cosh(kh)

The component u; as given by Eq. 14 remains
unchanged as it corresponds to the steady parts of the
wall potentials, but u, and u; will then be merged into a
single velocity component to produce

Yac_ K

Mz(y) + M3<)’) = Uns Tm

y cosh(\/ﬂy)_cosh(ky) (17)
COSh(\/i/lh) COSh(kh) '

Above all, if the wall potentials are completely steady
(Wac =0, Ypc # 0) and electric potential is also time
independent (i.e., 2 — 0), then the only non-vanishing
velocity component u; becomes

codt)

li = Unsypc | 1 —
zlir(l)ul(y) UHSIPDC( cosh(kh)

which is the well-known velocity profile for steady EOF in
a two-dimensional channel. This shows the interrelation-
ship between AC EOF and static EOF (Kuo et al. 2008).

The section-time-mean velocity, solely due to the steady
component uy(y), is

h

(@) = (1) / uo(y)dy

—h

= UHS% [cos(B) + cos(y)] (1

3 tanh(kh))_ (18)

kh

Note that under the conditions f=7y=0 (full
synchronization) and k — oo (very thin EDL), (i) is the
maximum given by

max (if) = UHS‘/A/AC/Z' (19)

The mean velocity vanishes under two conditions:
cos(f) +cos(y) =0 or kh — 0. The first condition
corresponds to |f £ y| = n, where the flow is split into
forward and backward streams of equal flux, as has been
explained above, while the second condition means that the
EDL is infinitely thick, which is a limit we should in
principle avoid since this will lead to overlapped EDLs and
the Boltzmann distribution will no longer be valid as the
datum for the potential is no longer in the channel (Qu and
Li 2000; Shu et al. 2010). Although beyond the bound of
our theory, the limit k2 — 0 is considered here only to
demonstrate the trend of the physical phenomena. The case
of overlapped EDLs is beyond the scope of this study, and
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its effect on the axial mass dispersion needs to be
determined in the future study.

4 Mass transport

The species to be transported through the carrier liquid is
assumed neutral so that the transport phenomenon will
not be affected by any of the electric potentials. The con-
vection—diffusion equation governing the concentration
C(x, y, t) of the diffusing substances can be written as

oc  oC (azc 62C>

where D is the molecular diffusion coefficient. The non-
penetrating boundary condition at the channel walls is
given by

oC

—=0 at

— +h. 21
% y (21)

In this study, we shall follow the homogenization
technique (Mei et al. 1996), which is a multiple-scale
method of averaging that can be used to derive directly the
effective transport equations. In order to prepare grounds
for perturbation analysis, the following assumptions are
made regarding the scalings of the various physical
quantities (Ng 2006):

1. Sufficiently long time has passed since the discharge of
the solute into the flow so that the length scale for the
longitudinal spreading of the solute is much greater
than the width of the channel. It is meant that
x = O(L) and y = O(h), where L is a characteristic
longitudinal distance for the solute transport. The ratio

e=h/L< 1

is small enough to be used as an ordering parameter.
2. The oscillation period of the flow is so short that within
this period there are no appreciable transport effects
along the channel, though the effect of transverse
diffusion is not negligible. The width of the channel is,
however, so fine that diffusion across the entire cross
section may be accomplished within this short time
scale.
3. The Peclet number is equal to or greater than order of
unity:
Pe = hUHs/D Z 0(1)

These assumptions are quite relevant in the context of
microfluidics. Normally, the microchannels have a large
length-to-width aspect ratio (typically 1500:1) and cross-
sectional dimensions of microfluidic channels can be as
small as 100 pum (Ren et al. 2003). The oscillation period
of the electric field is normally several milliseconds in AC
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EOF (Song et al. 2010). Also, microfluidic flows have
typically a high Peclet number (Chang and Yang 2008).
The Peclet number for liquid-based microchannel systems
involving small species molecules can vary over a wide
range from order one to several hundreds (Griffiths and
Nilson 2000).

Under these assumptions, three distinct time scales may
be defined as

Ty = 2n/w = O(h?/D),
T1 :L/UHS = T()/E,
T, = L*/D = Ty/€.

Based on these time scales, we may introduce
accordingly
lo=t, t =€, bh=¢et

which are, respectively, the fast, medium, and slow time
variables.

Note that our unsteady EOF is subjected to the constraint
of an upper frequency limit for the validity of the static
Poisson—Boltzmann equation. The theoretical bound of this
model is the same as that of, among others, Huang and Lai
(2006), Kuo et al. (2008), and Ramon et al. (2011). These
authors have already looked into the time scale for the
development of the Debye layer when the flow and/or elec-
tric fields are time oscillating. Huang and Lai (2006) and
Ramon et al. (2011) have remarked that, although EOF is
achievable for a wide range of frequencies, it is desirable if
the frequency, w/2m, is kept below 1 MHz to avoid EDL
relaxation effects. Kuo et al. (2008) used the effective
capacitance-resistance model to estimate the upper fre-
quency to be of the range 0.3-0.8 MHz, depending on the
electrolyte concentration and the dimension of the channel.
A higher frequency is possible for an electrolyte of higher
conductivity which enables a faster redistribution of the
charges into equilibrium. The EDL can then be treated as in a
thermal equilibrium state, when the driving frequency is
substantially lower than the above-mentioned frequency
limit. In order to safely ignore the transience associated with
the development of the EDL, this study follows the previous
studies as far as the upper limit of the driving frequency is
concerned. It is assumed that the frequencies do not exceed
1 MHz. Like Ramon et al. (2011), a channel height in the
order of 1-100 pm is considered. For the Stokes layer
thickness to be comparable with the channel height, the
corresponding range of the frequency is 0.3 MHz-30 Hz,
which falls below the upper frequency limit. We further
assume that the unsteady flow and electric fields considered
here are not strong enough to significantly disturb the EDLs
from equilibrium, or this model is to work in the low Dukhin
limit (1993). An electric field less than 100 V/mm has been

considered here, which was suggested in literature as an
acceptable limit to avoid Joule heating and possible elec-
trokinetic instability (Oddy et al. 2001; Morgan and Green
2003). An electric field of smaller magnitude, 10 V/mm,
which is much weaker than the normal field induced by the
EDL, was proposed by Kuo et al. (2008).

5 Asymptotic analysis and dispersion coefficients
The relative significance of the terms in the transport

equation (20) with the boundary conditions are indicated
below with the power of e:

oc  aCc , o*C _dC

- —=e¢D—+D— 22
o T PPy (22)
oc

Following the asymptotic expansion introduced by Fife
and Nicholes (1975), the concentration C is expressed as

C(x7y7 [) = C(O) (-x7y7 1, IZ) + EC(I)(X,% to, 11, t2)
+ECD(x,y, 10,11, 12) + O(%). (24)

In this expansion, C™, s (n > 1) are purely oscillatory
functions of the short time variable #,. It is anticipated that the
oscillatory effect does not show up on the zeroth order, and
therefore the leading order term is taken to be independent of
this time variable. For the multiple-scale asymptotic
analysis, the time derivative has been expanded as

0 0 o  ,0
= te -t e —

— . 2
or 0t on Oty (25)

Using the expansions 24 and 25 in Eqgs. 22 and 23 and
equating the coefficients of like powers of ¢ from both
sides, a system of differential equations is obtained.

5.1 Zeroth order

For the zeroth order O(1), Egs. 22 and 23 give

20
O:D%, —h<y<h, (26)
y
oc®
. 0, y=+h. (27)

Equations 26 and 27 obviously imply that the leading
order concentration is independent of y, i.e.,

CO = cOx,1,1). (28)

5.2 First order

For the first order O(¢), Eqs. 22 and 23 give
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oc®  ac oc) 2c corresponding boundary conditions for the complex
o o T TP Thy<h (29 functions Py, Q0), and R(G).
Equation for P:
oct 0 +h (30) d*p
oy Y= Dd—yz:ia)P—J-ul, —h<y<h. (38)
. Avera.gmg the Eqs. 29 and 30 with respect to the fast- Boundary conditions:
time variable 7y, we get 4P
oc®  pco e Gy o= (39)
o T3 =D 32 —h<y<h, (31)
h u y Equation for Q:
(1) 2
oC Q.
where the overbar denotes time averaging (with respect to Boundary conditions:
the fast-time variable 7o) over one period of oscillation and  4Q
) . — =0, y=d+4h (41)
ug is the steady velocity component. dy
We further take cross-sectional average of Eq. 31 sub- )
jected to the condition 32 to produce Equation for R:
d’R
oc® oc® bl ¥ _ .
+ (o) —0, (33) D ay2 2iwR + u3, h<y<h (42)
of Ox
where the angle brackets denote spatial averaging across Boundary conditions:
the channel section. Eliminating 9C”/0t; from Egs. 29 and ~ dR —0, y=-+h (43)
33, we have dy

oc® ?c
+ (1 — (uo)) ox :DE)—yZ’

oc)
Oty

—h<y<h. (34)

Equation 34 suggests that C" is linearly proportional to
0C/dx. Accordingly, the first-order concentration C** can
be expressed as:

= (N (v) + Re[P(y)e™"] + Re[Q(y)e!*+P]
(35)

oc®)
ER
where the coefficients N(y), P(y), Q(y), and R(y) satisfy the
boundary value problems given below.

Substituting Eq. 35 into Egs. 34 and 30, and matching
with the steady terms of the coefficient of 9C?/dx, we find
the function N(y) to be governed by:

+ Re[R(y)e/2 )

d>N

= Up — <u0>7

with the boundary conditions

dN

——0, y=+h 37
oy oY (37)

Again equating the terms associated with the harmonic
components, we have the following equations and
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5.3 Second order

For the second order O(¢?), Eqs. 22 and 23 give

oc®  acH  ac® oc® Dazc(0> c@
n T on o Yo D ae A
—h<y<h,
(44)
oc?
= = +h. 4
% 0, y (45)

Averaging Eqs. 44 and 45 with respect to the fast-time
variable 1,

ac® ocV e L& Da26‘2)

n T on Y T Pae Pz (46)
—h<y<h,

)

aoC

Now spatial averaging of Eq. 46 subjected to the
condition 47 gives

ac® "y ac™ 2c
+ +(u =D ,
ox ox?

—h h.
oty on <y<

(48)
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Using Egs. 12 and 35, we have

0 [N + L Re(uP*) + 1 Re(1:07) + LRe(usk?)
ax—uo 26%1 26M2 26%3

u
+%Re(u2R*) cos(f—7v) — %Im(qu*) sin(ff — )

+ 5 Re(us0")cos( —7) + 3 Im(us")sin(f )

2c)
X aa%, (49)
where the asterisk denotes complex conjugates.

In deriving the expression 49, we have made use of the
mathematical identity that the product of two harmonic
functions of the same frequency will give rise to a steady
component and a second-harmonic component. The time
mean of the product gives, for any amplitudes a and b, the
steady component:

. - 1
Re[aei@th)]Re[bei(@+7)] = ERe(ab*) cos(f—7)
1
- ilm(ab*) sin(f—y). (50)

Note that each of the three oscillatory flow components,
which has a zero time mean itself, will give rise to a non-
zero time-mean dispersion coefficient.

In order to find u0C(") /Ox using the expression 49, we
need to solve Eqs. 38-43 for P, Q, and R. The normalized
expressions of P, Q, and R, defined below, are given in the

“Appendix”. It is interesting to find that
uzQ* = M3R* and MZR* = M3Q*.

Therefore the expression for (udC() /x) reduces to
ac
“o /T

Using Egs. 12, 33, and 51 in Eq. 48, we get

(uoN) + %Re<ulp*> + Re(0")

51
20 (51)

+ Re(uz Q") cos(f —7) o2

o)
aaC,2 =[D + (o) (N) — {(woN) + LRe(u1 P*) + Re(u20")
2c0)
+Re(usQ") cos( — 7)}] 5

(52)

Combining Eqs. 33 and 52, the overall effective
transport equation is obtained as follows (without the
need to separate the time variables any more):

o’c

ox?

oc®
Ox

ac(())
or

+ (Uo = [D + Dt + DTW] (53)

where
Dry = (uo)(N) — (uoN) (54)

is a dispersion coefficient due to steady part of the fluid
motion, and

Dry = _% Re(u1P) + 2Re(1,0°)
+ 2Re(u3 Q") cos(f — /)]

is a dispersion coefficient due to oscillatory part of the fluid
motion.

The coefficient (uo)(= (@) of 0C?/0x in Eq. 53 gives
the speed of the convective motion of the solutes in the
microchannel. It is therefore termed as the convection
coefficient, which is already given in Eq. 18.

To derive explicit expressions for the dispersion coef-
ficients, we first introduce the following normalized vari-
ables (distinguished by a caret):

(55)

(Na Aa Aalé) :A(N,P, QaR)/(UHSh2/D)7 u= M/Uﬂs,
y=y/h, k=kh,
J=72h=(1+1i)/d, Sc=v/D, @=nh,

where 1 = V/Sc, 5:5/h,

(DTSvDTW) = (DTSa DTW)/(UEIShZ/D)-

Here, Sc is the Schmidt number, representing the ratio of
molecular viscosity to molecular diffusivity. The parameters
k and & are respectively the normalized Debye—Hiickel
parameter and the oscillation parameter.

The solution (in dimensionless form) of Eq. 36 subjected
to the boundary conditions 37 is given by
NG) =N(-1) + P2 cos() + cos(y)]

" [tanh(lg) o icosh(k}z) B tanh(k) N 1 1

2k Y k2 cosh(k) 2k k?

) 53 ~ A~
+ % [cos(B) — cos(y)] [yg _ % n coﬂk}(k) ;
_ Isinh(ky) coth(k) 1 1

K2 sinh(lé) 3 23

(56)
where N(—1) is undetermined unless a uniqueness condi-
tion is specified. However, this uniqueness condition is not
necessary as far as the dispersion coefficient Dg is con-

cerned as the terms with N(—1) cancel out to zero if Eq. 56
is substituted into Eq. 54.

Using Eqgs. 13 and 56 in 54, we have the dimensionless
form of the steady-flow-induced dispersion coefficient as

Dry = Dryy + Dy, (57)
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~ 2
Doy = (‘”T) cos(8) + cos(1)

2/(7 2(7 A
y [Ztanh (k) , Stanh’(k) 3tanh(k) 1 ]

et 6k> 6w 2W
(58)
and
. 2 . .
. Yac » |coth(k) 3 coth?(k)
Do =[£2¢ — cos(; - .
Ts2 < 4 [cos(B) — cos(7)] %3 + Nz
2coth(k) 2 1 2
ekt e S el 5
3k K+ 2k? 15] 59)

This dispersion coefficient is a function of the Debye—
Hiickel parameter IE, phases f and y, and amplitude of

oscillatory wall potentials I,ADAC. Note that this dispersion
coefficient is a symmetrical function of the phase lags f
and y, although the steady component of velocity u, that
gives rise to this dispersion coefficient is not symmetric
with respect to § and 7.

In Eq. 57, we have decomposed Dr into two parts: the
part that contains [cos(f8) + cos(y)]* is called Drq;, and the

part that contains [cos(f) — cos(y)]® is called Dre. It is
easy to see that Dry; and Dry, are induced by the corre-
sponding parts of iy, which are respectively even and odd
functions of y. Let us recall our earlier remarks that con-
vection is strong but dispersion is weak for a symmetrical
velocity profile. On the contrary, convection is zero but
dispersion is strong for an antisymmetrical velocity profile.

Some analytical properties of the coefficient Dy, can be
deduced as follows. First, for very small k—0ora very
thick EDL (let us consider this limit for demonstration of
the trend even though this is beyond the regime of validity
of the Boltzmann distribution), both parts of the dispersion
coefficient vanish, DTS — 0. Second, for very large k> 1,

the first part of the coefficient, DTSI, vanishes, but the
second part tends to a finite limit:

. 2
.o 2
lim Dy, = Yac [cos(B) — cos(y)]*—. (60)
k—00 4 15

Thus for a very thin EDL, the steady-flow-induced
dispersion coefficient is controlled by the factor [cos(f) —

cos(y)]>. It is important to note that this dispersion
coefficient has the largest possible value

max lim Dro = max lim Dr, = l}%c /30 (61)
k—o00 k—o0

when =0,y =m or vice versa, i.e., one of the wall
potentials being synchronized with the applied electric field
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and the other being 7 out of phase. This echoes with our
earlier assertion that the dispersion arising from u, can be
the largest when u, is an odd function of y, which has the
steepest velocity gradient at the center of the channel.
Third, by looking into the first derivative, we can find
that the second part of the coefficient ﬁTsz increases
monotonically with IE, and hence the large-lg-limit given in
Eq. 60 is indeed the absolute maximum of Dry, for given f
and 7. The first part of the coefficient ljm is a non-
monotonic function of k. It is zero at the two extremes of
small and large k, and has the maximum value given by

max Drq = (%) [cos(B) + cos(y)]*(5.34 x 1073)

at k = 3.2963.
(62)

By virtue of these analytical properties, and also by
comparing Eqs. 60 and 62, one can perceive that, with
different choices of the phases f§ and 7y, D, can be set equal
to either ﬁrsl or ﬁng, where the former is in general much
smaller than the latter. This provides one with the
possibility to choose conditions that are either favorable
or unfavorable to dispersion. We shall further look into the
dependence of Dr, on f8,7 and k in Sect. 6.

We next give the explicit expression for the oscillatory-
flow-induced dispersion coefficient as given in Eq. 55. In
this regard, we use the expressions for P, O, and R that are
given in the “Appendix”, and the velocity components u;,
u,, and uz given by Egs. 14-16, respectively. With some
algebra, the dimensionless form of the oscillatory-flow-
induced dispersion coefficient can be written as

ﬁTw - ﬁTwl + ﬁTwZv (63)
where

N -k A

P = e’ g% (52 3) o
and

. E B
Pra = Vacg [Re <M>

O

in which the expressions for A, B, and C are too lengthy to
be presented here, and are provided in the Appendix. The

(65)

first component DTW1 is due to the interaction of the oscil-
latory electric field with the steady component of the wall
potentials, while the second component DTWZ is the result of
nonlinear interaction between the oscillatory components of
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the electric field and wall potentials. Like DTS,ﬁTW is
symmetric with respect to the phases f§ and y. Also note that
all the dispersion coefficient components are proportional to
the square of the corresponding potential amplitude:

A 52 A 72 N 52
Dy~ l//AC7 Dy ~ lpDC7DTw2 ~ lpAC'

6 Discussion of results

We have solved the problem for EOF and transport in a
two-dimensional channel arising from an electric field
interacting with two wall potentials, all oscillating at the
same frequency, but with different phases. This non-linear
interaction gives rise to a velocity distribution consisting of
four components. One velocity component is steady con-
tributing to the steady-flow-induced dispersion coefficient,
and others are unsteady and they take part in the oscilla-
tory-flow-induced dispersion. In the following, we shall
look into various effects on the velocity components
i, 1,42, and i3 (given by Egs. 13-16, respectively, in
dimensional form), and also their effects on the dispersion
coefficient components ﬁTS and ﬁTW (given by Egs. 57 and
63, respectively).

We summarize in Fig. 2 the relationships between the
forcings and the velocity and dispersion coefficient com-
ponents as a result of the interaction between the electric
field and the wall potentials. These velocity and dispersion
coefficients are functions of various controlling parameters,
as noted in this figure.

In order to compute the steady component of velocity i
and the corresponding dispersion coefficient Dy, we need
to specify the phases f3,y and the Debye-Hiickel parameter

Eoelf,\lf
Yoo Vhe ei(mr+ﬁ) W, er‘(umw
uy~y, (B, v, k)
U~ Wncfn(k' 8) u u ei(uz u ei(Zu)/+[S) u ei(Z(uH»y)
w, ~y, fn(k, §) 0 ! 2 ;
Uz~ \VA(:fn(k’ 6) ‘ ‘ \/
Dy, Dy, Dp,,

Dn - \Vicfn(ﬁ’ Y k)
D, ~ vtk 8, S0

D, ~ V.., v k 8 So)

Fig. 2 The interaction between the oscillatory channel electric field
E and the static and oscillatory wall potentials is to generate four
velocity components, which give rise to three components of the
dispersion coefficient. The parameters that control these velocity and
dispersion coefficient components are noted in the figure

k. Further, the oscillation parameter o and the Schmidt
number Sc need to be specified to compute the harmonic
components uy, iy and i3 of velocity and the associated
dispersion coefficient Dr,,. The amplitude of oscillatory
wall potentials t/A/ ac and the static base component of the

wall potentials {pDO which are linear or quadratic propor-
tionality factors for the velocity and dispersion coefficient
components, are also required for the computation.

It suffices for us to consider the phases to be in the range
0<(B,7) <7 in our calculations. By periodicity of the
sinusoidal functions, results for phases outside this range
can be readily inferred from those within the range. The

oscillation parameter d, which is the ratio of the Stokes
boundary layer thickness to the half height of the channel,
quantifies the frequency of flow oscillation. It is inversely
proportional to the Womersley number. The number B
increases with the oscillation period. Therefore, higher the

frequency, the smaller the value of 5. An order unity of the

oscillation parameter o= O(1) is assumed here. This is
consistent with the frequency values used or reported by
Huang and Lai (2006), Kuo et al. (2008), and Ramon et al.
(2011). The inverse Debye length or the Debye—Hiickel
parameter k characterizes the thickness of the EDL. Larger
k simply means a thinner EDL. For our calculations here,
the range of Debye-Hiickel parameter is taken as
5<k<100. These values are frequently reported in the
literature (Kuo et al. 2008; Ramon et al. 2011; Sadeghi and
Saidi 2011). The Schmidt number appearing in the
expression for Dry, is the ratio of kinematic viscosity to
molecular diffusivity. For aqueous solvents, the Schmidt
number is of the order 10° (McEldoon and Datta 1992;
Huang and Lai 2006), which is the value chosen here for
the numerical calculations.

EOF and hence the associated transport phenomena
depends on a large extent on the fabrication of electrodes
used to generate the electric fields. Schasfoort et al. (1999)
and van der Wouden et al. (2006) described the practical
details of fabricating embedded gate electrodes on the
microchannel walls for field effect flow control (FEFC).
The gate electrodes, when covered with an insulator, can
act as a wall. Applying a gate potential, the zeta potential in
the gate region can be modified. The insulator, the Stern
layer, and the double layer can be described by capacitors.
Based on a three-capacitor-in-series model (Schasfoort
et al. 1999), the influence of the gate potential on the local
zeta potential can be calculated. van der Wouden et al.
(2006) performed an analysis of the time scales involved in
the dynamic behavior of an FEFC structure, and found that
the rate of charging of the EDL can limit the upper oper-
ating frequency of the AC-switching of the potentials. The
charging of the EDL is controlled by the series impedance
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of the channel resistance and the gate capacitance. The
study of Kuo et al. (2008) can be referred to in this regard.
For an aqueous NaCl electrolyte solution at 1 mM in a
channel of height 1 pm, the characteristic resistance—
capacitance (RC) charging time for the EDL was estimated
by these authors to correspond to a maximum operating
frequency of 0.3 MHz. This value can be increased by
increasing the conductivity of the electrolyte or decreasing
the size of the channel.

Figure 3a shows some profiles of the steady velocity
component ip(y) when the two wall potentials are in phase
with each other (i.e., f = y). The velocity features a sym-
metric distribution about the centerline of the channel y =
0. Maximum positive velocity attains when there is no
phase difference between the channel electric field and the
wall potentials, i.e., when all the oscillations are synchro-
nized (ff =y = 0). With the increase of the phase lag, the
velocity decreases in magnitude and finally vanishes
everywhere when the lag equals 7/2. Further increase of the
phase lag produces back flow across the entire channel.
The flow is the maximum negative when § =y = 7. The
change of flow direction depending on the phase difference
has been noted in the previous study by Kuo et al. (2008).
The figure shows also the near-uniform behavior of the

flow for a considerable portion of the channel section
except near the channel walls where a no-slip condition is
imposed. This symptom becomes more evident at larger
values of Ig, i.e., for a thinner EDL, as can be seen from
Fig. 3b. This is in sharp contrast to the pressure-driven flow
where flow nonuniformity prevails across the entire chan-
nel section. As dispersion counts on the existence of a
nonuniform flow profile, the dispersion for an EOF without
sufficient velocity nonuniformity can be much weaker than
that due to the pressure-driven flow of the same mean
velocity.

Velocity profiles of i () are shown in Fig. 3b for three
different values of the dimensionless Debye—Hiickel
parameter lg, the number representing the inverse of the
EDL thickness. For sufficiently small values of k, say k<1,
the velocity distribution is approximately parabolic, close
to that of Poiseuille flow. As the Debye—Hiickel parameter
k increases, the velocity profile becomes more uniform in
the core region, approaching the limit of a plug flow profile

at very large k. This is due to the fact that at higher values

of k, the body force is more concentrated in the near-wall
regions. These features of steady velocity component with

varying k are well known in the literature. The plug flow

Fig. 3 Profiles of the steady 1= ‘
velocity component iiy(¥): (a) Uicr:/l 0
a for equal phases of the wall k=5
potentials, S =y, b for three 05
different values of the Debye— B=|5="
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various values of y when f§ = 0, > 0 3
and d Time-section-mean
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profile was experimentally verified by Taylor and Yeung
(1993), Tallarek et al. (2000), and Herr et al. (2000),
among others. On losing velocity differentials in the core

region, the dispersion becomes weaker as k increases. In
the complete absence of shear, dispersion is identically

zero in a plug flow as k — oo.

Figure 3c shows profiles of i (y) for different values of
7, the phase difference between the channel electric field
and the lower wall potential. The other phase f (phase
difference between the channel electric field and the upper
wall potential) is kept constant to be zero. The velocity
shows an analogous behavior for varying values of  when
y is invariant. Clearly seen in the figure is asymmetry of the
velocity profile about the centerline of the channel y = 0,
which is expected as a result of unequal phases of the wall
potentials. The zone of maximum velocity magnitude is
shifted toward the upper wall when y > f and to the lower
wall region when f > 7 (not shown in the figure). Thus, a
greater phase lag repels the velocity distribution to the
opposite wall. By theory, a phase difference of zero or ©
between the axial electric field and either or both of the
wall potentials will drive the maximum interactive effect. It
is of interest to note that, within the range of phase con-
sidered, a larger difference in the two phases will lead to
larger nonuniformity of the velocity profile and hence may
result in stronger dispersion. This is exemplified by the
extremum case ff = 0,7 = &, in which the velocity i is
antisymmetric about y = 0; the forward flow over the upper
half of the channel is exactly balanced by the backward
flow over the lower half of the channel. In this case, i
produces zero net flow, and hence zero convection. The
dispersion can be large, however, owing to a sharp velocity
gradient as the velocity turns from positive to negative
across the center of the channel. Therefore, the usual
shortcoming of EOF in not producing sufficient dispersion
may overcome by introducing wall potentials having dis-
parate phases. The velocity nonuniformity is essentially
determined by the phase difference |f — y|. Within the
range considered, the maximum possible phase difference
occurs when one phase is zero, and the other phase is ©. At
such a maximum phase difference, the effect is more

pronounced for larger k. Therefore, contrary to the cases

shown in Fig. 3b where ff =7y =0, increasing k can
enhance dispersion when f§ = 0 and y = =, or vice versa.

The asymmetry of the velocity as seen in Fig. 3c will
induce net convective transport in the microchannel, which
can be estimated by the convection coefficient given by
(up) = (u) in Eq. 18. Variations of this quantity are shown
in Fig. 3d as a function of y for two fixed values of 5. As
the convection coefficient is a symmetric function with
respect to 5 and y, Fig. 3d also holds good for fixed y with

varying f. For any value of dimensionless Debye—Hiickel
parameter k, the figure shows the monotonic change of the
convection coefficient with the increase of y. The condi-
tions for the absolute minimum and the absolute maximum
of the coefficient are (f8,y) = (0, 7) or (n, 0), and (f,y) =
(0,0) or (7, m), respectively. We shall immediately see that
these conditions correspond to maximum and minimum
values of the steady dispersion coefficient, respectively. In
other words, minimum/maximum convection leads to
maximum/minimum dispersion.

The first-harmonic velocity component i () exp(iowt)
results from the oscillatory axial electric field interacting
with the steady component of the wall potentials. This is
the only component which depends on the static base

component lAﬁDC of the wall potentials. Figure 4a shows
profiles of the real part of the amplitude Re(it;) for different

values of the oscillation parameter 5. At sufficiently small

values of & (<0.1), corresponding to a thin Stokes layer or
fast oscillation, the fluid is static in the core region, and
only in the near-wall regions some flow develops in the

Stokes layer. For larger & or slower oscillation, the flow
profile broadens somewhat into the center of the channel
owing to a higher extent of viscous diffusion into the

channel core. For very slow oscillation (32 1.5), the
velocity amplitude profile becomes fully developed and
resembles the velocity profile of steady flow: a nearly
uniform profile in the core region. Symptoms are more
evident for larger k (not shown in this figure). Kuo et al.
(2008) reported similar observations for small Strouhal

number corresponding to large 5. For moderate & (say
~0.5), the velocity profile is an intermediate one between
the two extremes; most of the flow is confined to the Stokes
layer region and the fluid at the center of the channel falls
behind. This agrees well with the observations made by
Ramon et al. (2011) for increasing Womersley number
which is inversely proportional to the oscillation parameter
5. The distribution of Re(ity) for different values of
dimensionless Debye—Hiickel parameter k is shown in
Fig. 4b. The velocity gradient near the wall becomes
sharper as k increases. As remarked by Huang and Lai
(2006), the peak of the velocity distribution in the bound-
ary region becomes smaller for smaller k. This is because
smaller k (ie., a larger Debye length) means that the
counter-ions spread over a greater portion of the bulk
liquid, and hence more fluid particles are to be dragged by
the counter-ions. Figures 4c , d show similar dependence of
the imaginary part Im(i;) on 5 and k.

The second-harmonic velocity components i, ()
expli2wt 4+ f)] and 43(9) expli(2wt + y)] are due to the
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oscillatory axial electric field interacting with the oscilla-
tory components of the upper and lower wall potentials,
respectively. Figure 5a shows profiles of the real part of the
velocity amplitude Re(iz;) as a function of the oscillation
parameter 5. The influence of the oscillatory electric
potential of the lower wall is missing here. Velocity is
appreciable only within the Stokes layer of the upper wall.
In this region, the velocity increases with increasing
oscillation parameter as the Stokes layer is thicker for
slower oscillation. The velocity amplitude #3(3) varies with
d in exactly the same manner as that of i, (y) with the role
of upper and lower walls interchanged. Figure 5b shows
profiles of the real part of the velocity amplitude Re(it3)
for different values of the dimensionless Debye—Hiickel
parameter k. A thinner EDL results in a sharper decrease of
the velocity near the wall. When the EDL is thicker, a
greater part of the channel is influenced by the channel
electric field and the velocity declines to zero more grad-
ually. Here, the effect of the upper wall potential is absent,
and the flow is confined to the Stokes layer adjacent to the
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lower wall. Again, the dependence of iz, on k is analogous
to that of #; with the role of the walls interchanged.
Figure 5c, d show similar dependence of the imaginary

parts Im(iz;) and Im(i3) on 5 and k.

The two second-harmonic velocity components can be
merged into one component when the two phases are the
same: f§ = y. In this case, the combined velocity amplitude,
i, + U3, is given in Eq. 17. By superimposing the profiles
shown in Fig. Sa—d onto their image counterparts (by
flipping about the centerline y = 0), one can find that the
combined velocity amplitude i, + 3 has similar depen-

dence on 6 and k as i) does. The relationship between ii;
and i, + i3 can be readily checked by comparing Eq. 14
with Eq. 17. The main difference lies in a numerical factor
of /2 for the parameter A. Compared with the first har-
monics, the Stokes layer thickness for the second har-
monics is reduced by a factor of /2 because of the doubled
frequency.

To see the aggregate effects of the velocity components,
we show in Fig. 6a, b snap-shots of the total velocity profile
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i(y), given by Eq. 12, at several time instants within a half
period for an equal amplitude of the DC and AC wall
potentials. When f§ =y = 0, the velocity profile is sym-
metrical about the centerline, and the time-mean flux is non-
zero. There are instants at which the profile has twin peaks,
when dominated by that of the oscillatory flow components
for which the velocity peak is in the Stokes layers. At other
instants, the profile has the peak at the center, when domi-
nated by that of the steady flow component. When f# = 0
and y = 7, the mean flux is zero over one period of time. It
is interesting to find that at some time instants, the flow is
dominantly in the forward direction in the upper half of the
channel, while at other times, the flow is dominated by
backward flow in the lower half of the channel. On com-
paring the two cases shown in Fig. 6a, b, one can see that
the flow is subjected to greater shear on the average across
the channel in the second case (f =0,y = x) than in the
first case (§ = y = 0). This is confirmed with the dispersion
coefficient shown in the following figures.

Having realized the influence of the controlling param-
eters on the velocity components, we now move to study
the same on the dispersion coefficients. The dispersion

coefficient Dy, which is induced by the steady flow i, is
shown in Fig. 7a as a function of the dimensionless Debye—

Hiickel parameter k for some equal values of the phases:

B =y. Therefore, ﬁTS = ﬁTsl in this case. The corre-
sponding profiles of i, are already shown in Fig. 3a. As
remarked earlier, the coefficient DTsl is zero when k = 0,
since the mean velocity (iip) vanishes at this theoretical
limit of infinitely large Debye length. As k increases, (i)
increases, and therefore ﬁTsl increases as well. As already
shown earlier, the coefficient DT51 reaches a maximum at
k = 3.2963, as given in Eq. 62. Further increasing k will,
however, lead to a more uniform velocity profile in the core
region of the channel, and thereby decrease the dispersion
coefficient. The coefficient ﬁTsl will ultimately tend to

zero when k > 1, as the flow becomes a plug flow at the
limit of an infinitely thin EDL.

We further show in Fig. 7b ﬁTS as a function of k for
some unequal values of the phases: f =0 and 0 <y <.
Note that ﬁTs is contributed by the two parts, ﬁTsl and
Dry, according to the proportionality factors of [cos(f) +
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Fig. 6 Snap-shots of the
combined velocity profile ii(3)
at various instants of time: a for
zero phases of the wall
potentials, f =7 = 0, b for the
maximum possible phase
difference between the wall
potentials, f =0,y ==
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Fig. 7 The steady-flow-induced component of the dispersion coefficient Dr,: a as a function of k for some equal values of the phases of the wall

potentials, f =y, b as a function of k for different values of y when = 0, ¢ continuous variations of Dy, with y for two fixed values of 8

cos(y)]* and [cos(f) — cos(y)]?, respectively. Hence, for

the two limiting phases, ﬁTS = D1g; when y =0, and

D15 = D1y when y = n. The former varies non-monoton-

ically with k, while the latter increases monotonically with

@ Springer

k. As evidently seen in Fig. 7b, ﬁTsz > ﬁTsl, especially for

k> 1. The absolute maximum DTS, which occurs when

y = and k — oo, is already given in Eq. 61: max Dr, =

Viac/30.
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Figure 7c shows the continuous variations of DTS with
the phase 0 <y <, for the two limiting values of f = 0, .
This figure reveals that the dispersion coefficient is negli-
gibly small when the phase difference | — y| is smaller

than 7/6, for which the first part ﬁTsl is dominant. The
dispersion coefficient increases dramatically when the
phase difference | — y| increases beyond 7/6, for which

the second part Dry becomes increasingly dominant.

We finally show in Fig. 8a, b the oscillatory-flow-induced
dispersion coefficient Dr,, as a function of the oscillation
parameter 5 and the Debye—Hiickel parameter k for p=y=
0. The solid lines are for cases solely due to the DC wall

potential and hence are for the coefficient DTW] . The dashed
lines are for cases solely due to the AC wall potential and

hence are for the coefficient DTwz. The following observa-
tions can be made based on these figures. First, ﬁTW increases

monotonically with 5. In other words, the dispersion coef-
ficient is larger for slower oscillation, which is consistent
with the understanding well known in the literature (e.g., Ng

2006). Second, ﬁTW varies non-monotonically with k. It is
zero for both small and large lg, and attains a maximum at a
finite value of k ~ 30—50 depending on 5. This behavior
resembles that exhibited by ﬁTsl, and therefore can be
explained likewise. Third, for equal amplitudes @DC = AC)
the @Dc—induced component Dry is in general much larger
than, by two orders of magnitude, the x} ac-induced compo-
nent Iijz. Therefore, as long as l;b AC ™ @DC, DTwz can be

ignored when compared with Dry,. Fourth, by comparing
with the values shown in Fig. 7b, it is also evident that for

equal amplitudes l/}DC = acs the oscillatory-flow-induced
dispersion coefficient Dry, is much smaller than the steady-
flow-induced dispersion coefficient DTS. Therefore, as long
as fp AC ™~ prC, neither Dry; nor Doy, iS significant when
compared with Dr,, and one can safely ignore these oscil-
latory-flow-induced components when evaluating the dis-
persion coefficient.

7 Concluding remarks

Steady EOF driven by static electric forcings is known to
be associated with small dispersion owing to its nearly
plug flow profile. This is desirable for processes like
separation of species in which dispersion is unwanted. In
other processes like chemical reactions in which mixing
of reactants is needed, dispersion is desired. Therefore, it
is of practical value if an EOF mechanism can be devised
such that the flow can produce either negligible or
appreciable dispersion depending on values of the con-
trolling parameters.

In this article, we have looked into one kind of such a
mechanism. This mechanism, studied previously by Kuo
et al. (2008), is to generate steady directional EOF by the
nonlinear interaction between oscillatory axial electric field
and oscillatory wall potentials. The phases, relative to that
of the channel electric field, of the wall potentials are of
significance here. Allowing disparate phases of the two wall
potentials, we have examined in detail the effect of the two
phases on the velocity as well as the dispersion coefficient
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components. In the usual case when both phases are zero
(i.e., full synchronization of the wall potentials with the
channel electric field), the dispersion coefficient is indeed
very small, vanishing identically for infinitely thin EDLs. It
is remarkable that when one phase is zero and the other is 7
(i.e., the maximum possible phase difference), the disper-
sion coefficient becomes appreciable as it reaches the
largest possible value, attaining the absolute maximum at
the limit of infinitely thin EDLs. This absolute maximum,
given in Eq. 61, is a significant result derived in this article.
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Appendix
Expressions for P, Q, and R
Expression for P

Solving Eq. 38 with boundary conditions 39 we have

P(3) = pi cosh(ify) + p» cosh(kP) + p3 cosh(/9),
where
_, 2 k tanh (k)
PCUR 32y (@ — i) iisinh (i)
5 2 7 tanh(2)
DC (132 _ }vz)@z — i?2) 7sinh(i) ’
) >
P2 = —Ypc (132 - jv2)(]€2 _ ,?,2) cosh(kA) )
>
p3 = lPDc( 22)(,1 ﬁZ)COSh(j»).

Expression for Q

Solving Eq. 40 with boundary conditions 41, we have the

following expression for 0

O(%) = q1 cosh(v2i9) + qa sinh(v2ii9) + g3 cosh(v275)
+ g4 cosh(ky) 4 g5 sinh(V249) + ge sinh(k),
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where
Yac i k tanh (k)
N T 42 (2 — 272 (2 = 2ip) i sinh(v/27)
Vac K 7. tanh(v/27)
8 (2 - 2222 — i) isinh(v20)
Yac i k coth(k)
T ava (@ - 22) (@~ 27) eosh(V21)
Yac i 7 coth(v/27)
8 (k2 - 22%)(22 — i) ncosh(v2i)
8 (k2 —22%)(A* — i?) cosh(v/21)
_ Ve 5
“Z T4 (R 202 (R~ 272) cosh(R)
ot K -
8 (k2 —24%)(4* — i?) sinh(v/24)
__ac &
=TT 2 23 (R — 2) sinh()

Expression for R

Again solving Eq. 42 with boundary conditions 43, we find
R as,
R($) =ry cosh(V2ij9) + r» sinh(V2i19) 4 r3 cosh(\/_;lﬁ)

+ ry cosh(ky) + rs sinh(V/229) + re sinh(kp),

where
Vac i k tanh(k)
" TAVA @ 232 (R2 — 2ip) 7 sinh(V27)
Yac k> J tanh(v/21)
8 (k2 - 222 — i) isinn(V20)
Y — ﬁ i J.coth(v/27)
8 (k2 — 27)(2% — i) ircosh(v2h)
Vac i k coth(k)
42 (k2 — 222) (k2 — 2i2) fjcosh(v27)
_Vac K
BT8R 22— i) cosh(v2h)
_ ) AC ]€2
T4 (R 222 (R = 2) cosh(k)|
S 7 _
8 (k2 —24%)(4* — i) sinh(v/21)
_Vac &
T4 (2 22 (B~ 22) sinh(R)
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Expressions for A, B, and C

Expressions for A, B and C used in Eq. 63 are:

_ ] sinh(#* - 4)  sinh(ij* Jf ) __ P [Sinh(ﬁ* - k) n sinh(#7j* JE k)
cosh(4) i — A 7+ A cosh(k) =k n+k
L h [sinli(léj ) +sinl1(l€—|:i) _n [1 +sinh(A213)] L lsinlj(;l* —) +sin2(2* +)
cosh(4) k—4 k+ 4 cosh(k) 2k cosh(4) =2 24
o [sinh(;l* —k)  sinh(2* +k)
cosh(k) =k X4k
__a lsinh(ﬁ(ﬁ* — 1), sih(V2(r + )] gi [Sinh(ﬂﬁ* k) | sinh(v2i" +£)
cosh(v24) | V2(i — ) V200 + 7) cosh(k) | V2ij* —k V2ir +k
L lsinh(w (i +7) _sinh(V2(" ~7)| 4 lsinhm;a* +6) _sinh(v2i" — é)]
sinh f Al V200 + ) V2(ir = ) sinh(k) | V2 +k V2it —k
[smh 2005 =) . sinh(@(i* + 0N 4 A lsinh(\@* - k) . sinh(\@* + k)
cosh \/_2 V2(i5 = 7) V225 + 1) cosh(k) | 22" — V225 +k
[smh (k—27) smhA(IE + \/Aﬁ) 4 [l N sinh(2k)}
cosh fl k— \/‘)L k++24 cosh(k) 2k
[smh 2(4" +4)  sinh(V2(A* — 2))] g lsinh(\/ﬁ* +4)  sinh(v22" - /2)]
smh \/_/1 i* + ) \/E(}L* — ;1) sinh(lg) V2I5 +k V2i£ —k
4 smli(k—k f 2)) sinhA(lg - \@2)1 4 [sinh@é) - 1]
sinh(vV24) | k++/24 k— /27 sinh(k) | 2k ’
_ 4 [sinh(\/i(ﬁ* —2) _sinh(vV2(1 + )| g [sinh(\/iﬁ* — k) sinh(V2i* + k)
cosh(v22) | V2@ — 2) V2(ir + 7) cosh(k) | V2 —k V2ii + k
0 [sinh(f (" +7) sion(v2(" = )] ¢ [sinh(\/ifq* +k) sinh(v27* E)}
~ sinh (V27) + )) V207 = 7) sinh(k) V2ir + k V2ir — k
[smh — ) N sinh(\/?(i* + 2)) 4 ] lsinh(\/?i* - k) N sinh(\/?i* + k)
eosh f Dl V20 =) V2035 + 2) cosh(k) | 21" — V2iE+k
[smh (k —/27) s1n11(l€ + \/?1) 4 [ - sinh(2k)}
cosh \/_X k \/_)L k++v2 cosh(k) 2k
B [smh + 1)) B sinh(v2(7* — 1)) qs lsinh(\/ﬁ* + k) B sinh(v/24" — IQ)]
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