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Abstract

This paper investigates two-dimensional, time-dependent electroosmotic flow driven by an AC electric field via patchwise surfac
geneities distributed along the micro-channel walls. The time-dependent flow fields through the micro-channel are simulated for various
heterogeneous surface patterns using the backwards-Euler time stepping numerical method. Different heterogeneous surface patterns
create significantly different electrokinetic transport phenomena. The transient behavior characteristics of the generated electroosmore
then discussed in terms of the influence of the patchwise surface heterogeneities, the direction of the applied AC electric field, and th
of the bulk flow. It is shown that the presence of oppositely charged surface heterogeneities on the micro-channel walls results in the
of localized flow circulations within the bulk flow. These circulation regions grow and decay periodically in phase with the applied peri
electric field intensity. The location and rotational direction of the induced circulations are determined by the directions of the bulk flow
and the applied electric field.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The term “electroosmotic flow” refers to the fluid flow in
duced by an externally applied electric field along a char
surface. Electroosmotic flow is a fundamental electrokin
phenomenon exploited in a diverse range of practical app
tions. Recent innovations in microfluidic systems designed
biological and chemical “laboratories on a chip” have promp
intensive research efforts to enhance the efficiency and thro
put of these systems. In developing microfluidic devices,
frequently necessary to devise the means to drive fluids f
one part of the device to another, to control the fluid motion
enhance mixing, or to separate fluids. Electroosmosis prov
an attractive means of manipulating liquids in such devic
A significant advantage of the electroosmosis phenomeno
that the voltages applied at the device reservoirs can be
not only to control the bulk fluidic transport, but also to dri
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the separation of the different components of a sample in ac
dance with their differing electrophoretic mobilities.

In the main, previous studies have focused on DC electr
motic flows in straight conduits with uniform potentials alo
the conduit walls[1–4]. However, time periodic electroos
motic flows and AC electroosmosis have also attracted
siderable academic attention. Investigating the transient
nomena of electroosmotic flow is important in enhancing
operation of biochips and improving their separation efficien
Soderman and Jonsson[5] and Santiago[6] presented theore
ical frameworks describing the behavior of the transient e
troosmotic flow under the Debye–Huckel linear approximati
Oddy et al.[7] presented an analytical flow field model for
axially applied AC electric field in an infinitely wide micro
channel, and demonstrated experimentally a series of sch
for enhanced species mixing in microfluidic devices. Dutta
Beskok [8] developed an analytic model for an applied
nusoidal electric field using a non-linear Poisson–Boltzm
double layer distribution. Studer et al.[9] presented a fabri
cation technique which enabled the realization of microflu
devices incorporating electrodes with smaller feature sizes.

http://www.elsevier.com/locate/jcis
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authors demonstrated that the resulting devices were capa
supporting such novel functionalities as the injection, mixi
and separation of bio-molecules by means of AC electrokin
pumping. Green et al.[10] applied a nonuniform AC electri
field to an electrolyte using coplanar microelectrodes to ge
ate a steady fluid flow. The flow was driven at the surface of
electrodes such that it moved in a plane normal to the elect
surface. The impedance of the double layer on the electr
and the potential drop across the double layer have been
ied both experimentally and theoretically using linear analy
Luo [11] and Luo et al.[12] used numerical simulations bas
on the stream function and vorticity formulations to investig
the transient electroosmotic flow induced by DC and AC e
tric fields in a curved micro-tube. The transient secondary fl
evolutions provided clear evidence of the growth and deca
vortices in the transverse section.

Recently, Ajdari[13] studied complex electroosmotic flow
induced by nonuniform, time-independent, and time-depen
potentials along the conduit walls. Nonuniform potentials
be obtained by coating the walls of the conduit with differ
materials or by using different buffer solutions. Both spa
and temporal control of the potential can be achieved by
posing an electric field perpendicular to the solid–liquid int
face. These normal electric fields can be imposed by electr
embedded beneath the solid–liquid interface and insulated
trically from the liquid. Alternatively, when the surface of th
solid conduit is photosensitive, the surface charge can be m
ified with light. Oddy et al.[7] developed an electrokinet
process to enhance the stirring of micro- and nano-liter
ume solutions for microfluidic bioanalytical applications. Th
study presented a preliminary description of the electrokin
instability and exploited this flow phenomenon to design
fabricate two micro-mixing devices capable of rapidly stirri
two fluid streams. Qian and Bau[14] performed a theoret
ical investigation of two-dimensional, time-independent, a
time-dependent electroosmotic flows driven by a uniform e
tric field in a conduit with nonuniform potential distribution
along the walls. Their results demonstrated that the time-
periodic alternations of the potentials induced a chaotic
vection effect. Strook et al.[15] presented the measureme
of electroosmotic flows in micro-channels with two differe
surface charge patterns and reported that diverse fluid be
iors were induced in the flows. Erickson and Li[16] employed
three-dimensional numerical simulations to study the eff
of surface electrokinetic heterogeneities on the electroosm
flow induced by a uniform electric field and then exploit
these effects to enhance the mixing efficiency of a T-sha
micro-mixer. The numerical results confirmed that surface
erogeneities can enhance species mixing. Furthermore, it
shown that the greatest improvements were obtained whe
potential of the heterogeneous surface was of the opposite
to that of the homogeneous surface. Biddiss et al.[17] de-
veloped experimental visualizations to investigate the eff
of surface charge patterning on the species mixing and
sented an optimized electrokinetic micro-mixer applicable
the low Reynolds number regime. Chang and Yang[18] used
a numerical method to simulate the mixing mechanisms
of
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Fig. 1. Geometry of current micro-channels with height of 30 µm and widt
0.3 mm. Note heterogeneous regions are crosshatched.

electroosmotic flow induced by a DC electric field in a mic
channel with oppositely charged surface heterogeneities.
results showed that local flow circulations promote species m
ing in micro-channels. Lee et al.[19] investigated the charac
teristics of electroosmotic flow in a cylindrical micro-chann
with nonuniform zeta potential distribution with a numeric
method. They demonstrated that using either heterogen
patterns of zeta potential or a combination of a heterogen
zeta potential distribution and an applied pressure differe
over the channel can generate local flow circulations and h
provide effective means to improve the mixing between dif
ent solutions in micro-channels.

Electrokinetic flow is widely used to conduct species tra
port in a number of biological and chemical analysis syste
These analysis systems, which are designed to conduc
munoassays, DNA hybridization, and general cell molecule
teraction applications, must be capable of achieving a r
mixing effect. Furthermore, applications of these systems
ically involve the mixing of reagents with relatively low diffu
sion coefficients. Rapid homogeneous mixing becomes inc
ingly important when the time scale of the mixing activity
larger than, or comparable to, the chemical reaction time s
In the present study, micro-channels with patchwise sur
heterogeneities are designed to enhance the mixing effici
by means of a periodic electroosmotic flow induced by a s
soidal externally applied electric field. As shown inFig. 1, the
present study considers three different micro-channels, na
one micro-channel with an entirely homogeneous surface,
two micro-channels with different surface heterogeneity
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tributions. In all cases, the flow is driven through the mic
channel under the influence of a sinusoidal AC electric fi
applied by two electrodes installed at either end of the chan
A numerical method is adopted to simulate the transient p
nomena of the electroosmotic flow. Using the backwards-E
time stepping method, numerical solutions are obtained fo
stream-function and vorticity transport equations, which gov
the velocity fields of the electroosmotic flow. The transient
havior characteristics of the generated electroosmotic flow
then discussed in terms of the influence of the patchwise su
heterogeneities, the direction of the applied AC electric fi
and the velocity of the bulk flow. The current investigations
transient behavior provide detailed insights into the charact
tics of electroosmotic flow and are consequently of fundame
importance in understanding and enhancing biochip operat
It is anticipated that the application of oppositely charged
face heterogeneities and an AC electric field to the flow in
microfluidic system will reduce not only the mixing chann
length, but also the retention time required to obtain a homo
neous solution.

2. Formulation

This study considers a micro-channel of height 30 µm
length 300 µm. The channel is filled with an incompress
Newtonian electrolyte of uniform dielectric constant,ε, and vis-
cosity, µ. It is assumed that this fluid is in a stationary st
initially. Since the characteristic height of the micro-chan
is in the order of magnitude of 10 µm, the interaction of
fluid and the wall is significant and must be considered
the theoretical model. A review of the related literature id
tifies a suitable theoretical model for the micro-channel. T
model has been widely exploited by previous researchers
is described by the Poisson–Boltzmann equation, the Lap
equation, and the Navier–Stokes equation comprising the b
force terms from the Guoy–Chapman model. The distribu
of the electrical double layer potential is described by
Poisson–Boltzmann equation, and the induced electroosm
flow in the micro-channel is governed by the momentum eq
tions.

2.1. Double-layer field

When the liquid in the micro-channel contacts the solid w
an interfacial charge is established which causes the free
in the liquid to rearrange so as to form a thin region with n
zero net charge density. This region is commonly referre
as the electrical double layer (EDL). According to electros
ics theory, the electric potential distribution in the EDL regi
is governed by the Poisson–Boltzmann equation[20], which is
expressed as:

∂2ψ

∂x2
+ ∂2ψ

∂y2
= 2n0ze

ε
sinh(zeψ/kbT ),

whereε is the dielectric constant of the fluid medium,z is the
valence,e is the charge of an electron,n0 is the bulk electrolyte
l.
-
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concentration,kb is the Boltzmann constant, andT is the tem-
perature. Non-dimensional quantities (denoted by asterisks
be defined as:

x∗ = x

A
, y∗ = y

A
, ψ∗ = zeψ

kbT
.

The dimensionless non-linear Poisson–Boltzmann distribu
equation is then given by:

(1)
∂2ψ

∂x2
+ ∂2ψ

∂y2
= κ2 sinh(ψ),

whereψ is the non-dimensional EDL potential,κ = A × K is
the non-dimensional EDL thickness,K = (2n0z

2e2/εε0kbT )1/2

is the Debye–Huckel parameter, andA is the height of the
micro-channel. (Note that the asterisks are deliberately o
ted in these equations.)

2.2. Electroosmotic flow field

When an external electric field is applied, the liquid flo
induced by electroosmosis is governed by the momentum e
tions[8,21], i.e.,

(2)ρ
∂V

∂t
+ ρ(V · ∇)V = −∇P + F + µ∇2V.

If the gravity effect is neglected, the body force,F , occurs
only as a result of the action of the applied electric field on
free ions within the EDL. This body force induces a bulk flu
motion generally referred to as electroosmotic flow.

The following non-dimensional quantities (denoted by
terisks) can be introduced: non-dimensional velocity:u∗ =
u/(υ/A) or v∗ = v/(υ/A), non-dimensional time:t∗ = t/

(A2/υ), non-dimensional pressure:p∗ = (p−pref)/(ρυ2/A2),
and non-dimensional angular velocity:Λ∗ = Λ/(υ/A2), where
υ is the kinetic viscosity of the electrolyte,t is time, andΛ is
the angular velocity of the applied electric field, i.e.Λ = 2πf .
Hence, the momentum equations of Eq.(2) can be rewritten
as:

(3a)
∂u

∂x
+ ∂v

∂y
= 0,

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ ∂p

∂x
− ∂2u

∂x2
− ∂2u

∂y2

(3b)− Gx · sinhψ

(
∂ψ

∂x
+ ∂φ

∂x

)
= 0,

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ ∂p

∂y
− ∂2v

∂x2
− ∂2v

∂y2

(3c)− Gx · sinhψ

(
∂ψ

∂y
+ ∂φ

∂y

)
= 0,

whereGx = 2n0kbT/(ρv2/A2) and φ is the applied electric
potential. Reynolds number is defined as:uA/υ; hence, ac-
cording to the definition of non-dimensional velocity quant
the Reynolds number in the study equals to one as show
Eqs.(3b) and (3c). The stream function,S, is defined as:

(4)u = ∂S
, v = −∂S

.

∂y ∂x
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The continuity Eq.(3a)can then be satisfied by substituti
Eq. (4) into Eq.(3a). The pressure terms, i.e.P , can be elimi-
nated from Eqs.(3b) and (3c)by cross-differentiation, i.e., b
taking the curl of the two-dimensional momentum equatio
The vorticity-transport equation can be derived as:

∂Ω

∂t
− ∂S

∂y

∂Ω

∂x
− ∂S

∂x

∂Ω

∂y
−

[
∂2Ω

∂x2
+ ∂2Ω

∂y2

]

(5)− Gx · coshψ
∂φ

∂x

∂ψ

∂y
= 0.

Furthermore, the vorticity,Ω , is given by:

(6)Ω + ∂2S

∂x2
+ ∂2S

∂y2
= 0.

The zeta potential distribution in the EDL can be obtain
by solving Eq.(1), and the applied electric potentialφ can be
obtained by solving the Laplace equation. The transient e
troosmotic flow under an applied electric field can be simula
by substituting of the calculated electric potential into Eq.(5)
and solving the simplified equation set of Eqs.(5) and (6). By
taking the cross-differentiation operation, the total numbe
dependent variables is reduced to just two, i.e. (S,Ω), and the
body force terms from the Guoy–Chapman model in Eqs.(3b)
and (3c)can be simplified. The boundary conditions of the z
potential on the homogeneous surfaces of the micro-cha
are −75 mV, and the corresponding dimensionless valu
ψ = −2.92. The zeta potential on the heterogeneous surf
is also 75 mV, and the corresponding dimensionless valu
ψ = 2.92, as shown inFig. 1. The boundary conditions at th
walls, inlet, and outlet of the micro-channel are given by:

1. At the walls, with no slip conditions:

∂S

∂y
= 0, Ω + ∂2S

∂y2
= 0, ψ = −2.92

on homogeneous surfaces andψ = 2.92 on heterogeneou
surfaces.

2. At the inlet and outlet:

∂2S

∂x2
= 0, Ω + ∂2S

∂2y
+ ∂2S

∂2x
= 0.

An implication in the above boundary conditions is that at
two ends of the micro-channel, the flow patterns are not
ing through any erupt changes. This condition can be ens
by applying constant zeta potentials near the end of the m
channel, so that any changes in the electroosmotic flow
occur far away from the end boundaries. These boundary co
tions may result in pressure gradient within the micro-chan
It should be noted the pressure difference between the two
of the micro-channel is quite small in comparison with the bo
force in the micro-channel.

3. Numerical method

The present numerical method employs the backwards-E
time stepping method to identify the evolutions of the fl
.
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when driven by an applied AC electric field. The computatio
domain is discretized into 151× 201 non-equally spaced gr
points in theX- andY -directions. The calculated solutions a
carefully proven to be independent of the computational
points and the time step. The governing equations present
Eqs.(5) and (6)are discretized by central differences of a s
ond order to form a system of non-linear algebraic equati
i.e.,

(7)H(Q,�t) = 0,

whereQ is the solution vector and�t is the dimensionles
marching time step.

The solution vector for various time-levels can be obtai
via a sequence of iterations, i.e.,[Q(m)(t)] defined by:

(8a)Q(0)(0) ≡ initial state,

HQ(Q(m),�t)
[
Q(m+1)(t + �t) − Q(m)(t + �t)

]
= −H(Q(m),�t),

(8b)wherem = 0,1,2, . . . .

In Eq. (8b), HQ is the Jacobian matrix of Eq.(7), andt is the
non-dimensional time.

A convergence criterion of
[
Q(m+1)(t + �t) − Q(m)(t + �t)

]2
/Q(t)2 < 10−16

is used to identify the convergence of the iteration process.
convergence efficiency of the iteration is determined by the
curacy of the initial estimate. An appropriate initial estim
ensures that the iteration will converge efficiently. An effect
means of obtaining good initial estimates is to employ a T
lor expansion of a calculated convergent solution with res
to the parameter�t , i.e.

(9)Q(0)(t + �t) = Q(t) + �tQt(t).

Eq.(7) is used to obtainQt , which satisfies:

(10)HQ(Q,�t)Qt = −H�t(Q,�t).

The method described in Eqs.(8)–(10) is known as the
backwards-Euler time stepping method. Since this method
ploys a second order accuracy in time, it is necessary to pro
two initial solutions at the beginning of the time stepping c
culation. One of these solutions can be obtained from the in
state, while the other is obtained by using the same nume
method, but with a first order finite difference in time. Befo
the iteration algorithm is executed to obtain the converge
solution of the next time level, the predictor step in Eqs.(9)
and (10)is applied to generate accurate estimates of the s
tion. Hence, the calculation algorithm is extremely effective
generally converges quadratically. A detailed description of
algorithm is reported in Yang[22].

4. Results and discussion

In this study, numerical simulations are performed of tw
dimensional, time-dependent electroosmotic flows driven
a sinusoidal AC electric field through three different types
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Table 1
Typical values of the relevant quantities

A Height of the micro-channel 30 µm
µ Viscosity of fluid 0.90× 10−3 Ns/m2

ρ Density of fluid 103 kg/m3

ζ Concentration of ions 10−6 M
ε Dielectric constant 78.3
ε0 Permittivity of vacuum 8.854× 10−12 F/m
e Charge of an electron 1.6021× 10−19 c
Z Valence 1
n0 Bulk electrolyte concentration 6.022× 1020 m−3

kb Boltzmann constant 1.38× 10−23 J/K
T Absolute temperature 298.16 K
ψ Double layer potential −75 mV
Λ∗ Non-dimensional frequency of

the applied AC electric field
1

micro-channel, namely one micro-channel with an entirely
mogeneous surface and two micro-channels with patch
surface heterogeneities. In the latter micro-channels, the w
are characterized by patch regions charged with either a
tive zeta potential,ψ = |ψ0|, or with a negative zeta potentia
ψ = −|ψ0|. For clarity, the heterogeneous regions are cro
hatched inFig. 1and in thereinafter figures. The relevant mic
channel parameters are presented inTable 1.

4.1. Effects of surface heterogeneity on electrokinetic flow
induced by DC electric field

In comparison with the flow phenomena induced by an
electric field,Fig. 2 illustrates the flow conditions induced b
a DC electric field which is generated by two electrodes
stalled at either end of the micro-channel. For the homo
neous case (Type I micro-channel) characterized byψ = |ψ0|,
shown inFig. 2a, the electroosmotic body force applied to t
liquid continua within the double layer is equivalent at ea
point along theX-direction and results in a constant bulk li
uid velocity at the edge of the double layer. For the case
two symmetrically positioned heterogeneous patches on th
per and lower micro-channel walls (Type III micro-channe
the phenomenon of constant bulk liquid velocity at the edg
the double layer also holds true for the heterogeneous su
with a negative zeta potential, i.e.ψ = −|ψ0|, but the elec-
troosmotic body force is now applied to a region with exc
negative ions and hence acts in the opposite direction to th
the homogeneous regions. The interaction of these local
fields with the bulk flow moving in the positive axial dire
tion results in the formation of regional circulation zones wh
settle symmetrically adjacent to the heterogeneous surface
shown inFig. 2b. Fig. 2c illustrates the axial velocity distribu
tion across the micro-channel cross section at locations nea
interface of the homogeneous and heterogeneous regions
liquid near the homogeneous surfaces is driven into motio
the positive axial direction. However, the liquid near the h
erogeneous surfaces is driven into motion in the opposite a
direction. Due to flow rate conservation in the micro-chan
the axial velocity in the center of the heterogeneous region
much greater than that in the center of the homogeneou
-
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(a)

(b)

(c)

Fig. 2. (a) Flow conditions of electrokinetic flows induced by DC electric fi
in micro-channel with homogeneous surfaces. (b) Flow conditions of elect
netic flows induced by DC electric field in micro-channel with symmetri
heterogeneous patches. (c) Axial velocity distributions of electrokinetic fl
induced by DC electric field in micro-channel with symmetrical heterogene
patches.

gions. Along theX-axis, the axial velocity differentials betwee
the flow in the wall regions and that in the central region of
micro-channel gradually increase and two reflection points
generated at locations close to the interface of the homogen
and heterogeneous regions. The axial velocity differentials
reflection points prompt the formation of an anticlockwise
tational torque in the upper half of the heterogeneous reg
and a clockwise rotational torque in the lower half of the h
erogeneous regions. As a consequence, two vortices rot
symmetrically are formed in each heterogeneous region.

4.2. Electrokinetic flow induced by a sinusoidal electric fiel
in Type II micro-channel

Using two electrodes installed at either end of the mic
channel, a sinusoidal electric field is applied to drive fl
through the Type II and Type III micro-channels. As shown
Fig. 3, the amplitude and frequency of the applied sinuso
electric field are 450 V/cm and 1000 Hz, respectively. The d
mensionless electric field along theX-direction is ∂φ/∂x =
52.49 sin(2πt). Fig. 3 shows the evolution of the flow veloc
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Fig. 3. Variation in applied sinusoidal electric field and streamwise velocitie
half-height of micro-channel atX = 30 µm over time.

ity at the half-height of each of the two micro-channels at
axial location ofX = 30 µm. The velocity evolutions provid
an approximation of the variation of the streamwise bulk fl
velocity over time. For the case of the Type II micro-chann
the variation of the streamwise velocity lags behind that of
electric field by a phase shift of approximatelyπ/2 degrees
Meanwhile, in the Type III micro-channel, the streamwise
locity lags behind that of the electric field by a phase shif
approximatelyπ/2 degrees. The direction of movement of t
bulk flow in the Type II and Type III micro-channels determin
the rotational direction of the induced circulations. The ab
phenomena are discussed in the following paragraphs.

Fig. 4 shows the flow evolutions in a micro-channel with
series of offset patches on the upper and lower walls (Typ
micro-channel). Att = 7, no electrokinetic body force exis
within the double layer, but the negative streamwise flow
locity of the micro-channel approaches its maximum value
indicated inFig. 3. Hence, the flow velocity in the entire micro
channel is in the negativeX-direction, and the streamline co
tour has a stratified form. During the period fromt = 7 to 7.5,
the sinusoidal electric field applied to the micro-channel h
positive intensity, and the streamwise flow velocity along
micro-channel increases from its negative minimum value t
positive maximum value. Under these conditions, the fluid n
the homogeneous surfaces is driven in the positiveX-direction,
while the fluid near the heterogeneous surfaces is driven in
negativeX-direction. Hence, up-flows moving from the low
wall towards the upper wall and down-flows moving from t
upper wall to the lower wall are formed at the boundaries
the homogeneous surfaces and the heterogeneous surface
inertia force of the bulk flow in the negative direction cau
these up-flows and down-flows to form circulations adjac
to the homogeneous surfaces. The circulations settled nea
homogeneous regions of the lower wall rotate in the anticlo
t

,

II

-
s

a

s
r

e

f
The

t
he
-

wise direction, while those near the homogeneous region
the upper wall rotate in the clockwise direction. Due to
gradual increase over time in the intensity of the applied e
tric field and the corresponding reduction in the streamw
velocity of the bulk flow in the negativeX-direction, the struc-
tures of these circulations gradually become more coherent
grow in size and strength, as shown inFig. 4a. Note that the
circulations indicated with solid lines rotate in the anticloc
wise direction, while those indicated with dashed lines ro
in the clockwise direction. The curved streamlines shown
Fig. 4a reveal the tortuous path through which the bulk fl
must pass as a result of the offset, non-symmetric circula
regions. Att = 7.25, the intensity of the applied electric fie
reaches its positive maximum value, and the streamwise v
ity in the micro-channel approaches zero. Therefore, the c
lations occupy virtually the entire height of the micro-chan
and obstruct the passage of flow in the axial direction. At
time, the intensity and size of the circulations approach t
maximum values, and new sets of circulations rotating in an
posite direction to their neighboring circulations are induce
the heterogeneous regions. The alternating clockwise and
clockwise rotating circulations arrange themselves sequen
along the axial direction. The size and intensity of these ci
lations are governed by the zeta potentials of the homogen
and heterogeneous surfaces, the intensity of the applied el
field, the axial velocity of the bulk flow in the micro-chann
and the phase shift between the applied electric field and
velocity of the bulk flow. As time elapses, the intensity of t
sinusoidal electric field applied to the micro-channel gradu
decreases and the streamwise flow velocity at the half-heig
the micro-channel atX = 30 µm increases from approximate
zero to its positive maximum value. Meanwhile, the circu
tions adjacent to the homogeneous and heterogeneous su
gradually lose their strength and shrink in size. Att = 7.5, no
electrokinetic body force exists within the double layer, but
streamwise velocity of the micro-channel approaches its
itive maximum value. Hence, the flow velocity in the ent
micro-channel becomes positive, and the streamline contou
sumes a stratified form. During the second half of the cy
i.e., from t = 7.5 to 8, the variation of the applied sinusoid
electric field intensity is the mirror image of the variation d
scribed fromt = 7 to 7.5. Accordingly, the streamwise veloci
of the micro-channel reverses from its positive maximum va
to its positive–negative value. This causes the fluid flows wi
the double layer to reverse their respective directions of tr
relative to the previous time period, i.e., the fluid near the
mogeneous surfaces is driven in the negativeX-direction, while
the fluid near the heterogeneous surfaces is driven in the
tive X-direction. As described above, the resulting up-flo
down-flows, and inertia forces of the bulk flow in the posit
direction lead to the formation of local circulations adjacen
the homogeneous surfaces. The rotational directions of t
newborn circulations are reversed with respect to the circ
tions observed in the previous time period, as shown inFig. 4b.
As before, the structures of the circulations gradually bec
more coherent over time, and grow in size and strength.
sentially, the evolution of the flow conditions during the cy
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Fig. 4. (a) Flow evolutions in micro-channel with series of offset patches on upper and lower walls (Type II) during periodt = 7–7.5. (b) Flow evolutions in
micro-channel with series of offset patches on upper and lower walls (Type II) during periodt = 7.5–8.
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from t = 7.5 to 8 follows the same procedure as that descri
abovet = 7–7.5. Clearly, however, the directions of the circu
tions and the bulk flow fromt = 7.5 to 8 are reversed compare
to those in the previous half-cycle. At timet = 8, the intensity
of the applied electric field abruptly switches to the posit
direction, and the streamwise velocity approaches its neg
minimum value. The flow conditions at this time are identi
to those observed att = 7. Essentially, the evolution of the flo
conditions during the cycle fromt = 8 to 9 follows the same
trend as that described abovet = 7–8.

Fig. 5 indicates the axial velocity distributions along t
Y -axis atX = 45 µm during a half periodt = 7–7.5. At t = 7,
the intensity of the applied electric field is zero, and the stre
wise velocity approaches its negative minimum value. C
sequently, no electrokinetic body force exists within the d
d

e

-
-
-

ble layer, and the flow at the half-height of the micro-chan
moves at its maximum velocity in the negative direction,
shown inFig. 5. As the intensity of the applied AC electr
field gradually increases over the period fromt = 7 to 7.25
and then gradually decreases fromt = 7.25 to 7.5, the fluid
near the upper and lower walls accelerates in the positive d
tion (t = 7–7.25) and then decelerates in the positive direct
(t = 7.25–7.5). The flow of fluid within the double layer drag
the bulk fluid into motion in the positive direction only grad
ally since the momentum diffusion effects require a finite ti
to take effect. Therefore, the phase of the velocity at the h
height of the micro-channel lags behind that of the applied e
tric field by approximatelyπ/2 degrees. The evolution of th
velocity distribution along theY -direction during next half pe
riod t = 7.5–8 follows a similar process to that described ab
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Fig. 5. Axial velocity distributions alongY -axis atX = 45 µm during period
t = 7–7.5 in micro-channel with series of offset patches on upper and lo
walls.

Fig. 6. Axial velocity distributions alongY -axis atX = 82.5 µm during period
t = 7–7.5 in micro-channel with series of offset patches on upper and lo
walls.

for t = 7–7.5. However, the direction of the fluid flow in th
micro-channel is reversed.

Fig. 6 indicates the axial velocity distributions along t
Y -axis at X = 82.5 µm during a half periodt = 7–7.5. At
X = 82.5 µm, the surface of the upper wall is homogeneo
while the surface of the lower wall is heterogeneous. Du
the periodt = 7–7.5, the applied sinusoidal electric field has
positive intensity. InFig. 6, as time elapses, the fluid within th
double layer near the upper wall is gradually driven to m
in the positive axial direction, while the fluid within the do
ble layer near the lower wall is gradually driven to move in
opposite axial direction. Through momentum diffusion effe
the bulk flow is gradually dragged into motion from a negat
velocity to a positive velocity in the axial direction. The velo
ity distribution along theY -axis during the periodt = 7.5–8
r

r

,

,

follows a similar evolution to that observed fromt = 7 to 7.5.
Clearly, however, the direction of flow in the micro-channe
reversed with respect to the previous half-cycle.

4.3. Electrokinetic flow induced by a sinusoidal electric fiel
in Type III micro-channel

Fig. 7illustrates the flow evolution in the micro-channel w
two symmetrically positioned heterogeneous patches on th
per and lower micro-channel walls (Type III micro-channe
At t = 7, no electrokinetic body force exists within the do
ble layer, but the negative flow velocity at the half-height of
micro-channel approaches its maximum value. Hence, the
velocity in the entire micro-channel is negative, and the stre
line contour has a stratified form. During the periodt = 7–7.5,
the sinusoidal electric field applied to the micro-channel
a positive intensity, and the flow velocity at the half-height
the micro-channel increases from its negative minimum va
to its positive maximum value. Fromt = 7 to 7.25, the fluid
in the double layer near the homogeneous surfaces is driv
the positive axial direction, while the fluid in the double lay
in the vicinity of the heterogeneous surfaces is driven in
negative axial direction. The interaction of the local flow fie
with the bulk flow moving in the negativeX-direction results
in the formation of regional circulation zones which settle sy
metrically adjacent to the homogeneous surfaces, as show
Fig. 7a. The circulations adjacent to the lower wall rotate in
anticlockwise direction, while those adjacent to the upper w
rotate in the clockwise direction. Due to the gradual increas
the intensity of the applied electric field and the reduction in
velocity of the bulk flow in the negativeX-direction, the struc-
tures of these circulations gradually become more coherent
time, and grow in size and strength. Att = 7.25, the intensity
of the applied electric field reaches its maximum positive va
and the fluid velocity in the axial direction of the micro-chan
is virtually zero. As a result, the intensity and size of the lo
circulations approach their maximum values, and new se
circulations rotating in an opposite direction to their neighb
ing circulations are induced in the heterogeneous regions.
maximum size and intensity of the circulations depend on
zeta potentials of the homogeneous and heterogeneous sur
the intensity of the applied electric field, the velocity of the b
flow, and the phase shift between the applied electric field
the bulk flow velocity. As time elapses, the intensity of the
nusoidal electric field applied to the micro-channel gradu
decreases and the streamwise velocity of the micro-chann
creases from zero to its positive maximum value. Meanwh
the circulations adjacent to the homogeneous and hete
neous surfaces gradually lose their strength and shrink in
At t = 7.5, no electrokinetic body force exists within the dou
layer, but the streamwise flow velocity approaches its pos
maximum value. Hence, the fluid velocity in the entire mic
channel becomes positive, and the streamline contour ass
a stratified form. During the second half of the cycle, i.e., fr
t = 7.5 to 8, the variation of the applied AC electric field inte
sity is the mirror image of the variation described fromt = 7
to 7.5, and accordingly, the bulk flow velocity in the micr
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Fig. 7. (a) Flow evolutions in micro-channel with two symmetrically positioned heterogeneous patches (Type III) fromt = 7 to 7.5. (b) Flow evolutions in mi-
cro-channel with two symmetrically positioned heterogeneous patches (Type III) fromt = 7.5 to 8.
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channel reverses from a positive maximum value to a nega
value. This causes the fluid flows within the double layer
change their respective directions of travel, i.e., the fluid n
the homogeneous surface is driven in the negativeX-direction,
while the fluid near the heterogeneous surface is driven in
positive X-direction. New circulations, rotating in the opp
site direction to those in the previous half-cycle, are form
adjacent to the homogeneous surfaces under the influen
the negative intensity of the applied electric field and the p
itive bulk flow velocity, as shown inFig. 7b. The structures o
the newborn circulations gradually become more coherent
time, and grow in size and strength. Essentially, the evolu
of the flow conditions during the cycle fromt = 7.5 to 8 fol-
lows the same process as that described fort = 7–7.5, but the
e

r

e

of
-

r
n

directions of the circulations and bulk flow are the exact
verse of those observed during the periodt = 7–7.5. At time
t = 8, the intensity of the applied electric field changes s
denly from negative to positive, and the streamwise velo
of the micro-channel approaches its negative minimum va
The flow conditions at this time are identical to those obser
at t = 7. The evolution of the flow conditions during the c
cle from t = 8 to 9 follows the same process as that descri
for t = 7–8. In general, it can be speculated that the size
intensity of the circulations are determined by the phase
between the applied electric field and the bulk flow veloc
When the phase of the bulk flow velocity lags behind that of
applied electric field by approximatelyπ degrees, the intensit
of the electric field and the bulk flow velocity reach their ma



560 W.-J. Luo / Journal of Colloid and Interface Science 295 (2006) 551–561

ous

im
h o

he

he
ic

id
si-

ion
ion
c-

e-
d

en
tric
-
str
flo
th
ing

ulta
th

ac
flow
se
th

tric
on
ion
all

cent
strain

e of
s of
s, the
se-
us or
within
la-

sity
the
are
the
the
ad-
oves
set-
flow
lied
ho-
itive
faces
he

zeta
s, the

he
een

sup-
ncil

05.
93.

.

22–

02)

hys.

63–

a-

.

Fig. 8. Axial velocity distributions alongY -axis atX = 105 µm during period
t = 7–7.5 in micro-channel with two symmetrically positioned heterogene
patches.

mum values, although in opposite directions, at the same t
and the inertia force of the bulk flow suppresses the growt
the induced circulations.

Fig. 8 indicates the axial velocity distributions along t
Y -axis at X = 105 µm during a half periodt = 7–7.5. At
X = 105 µm, the surfaces of the upper and lower walls are
erogeneous. Fromt = 7 to 7.5, the applied sinusoidal electr
field has a positive intensity. InFig. 8, as time elapses, the flu
within the double layer is gradually driven to move in the po
tive axial direction. Through the effects of momentum diffus
and inertia force, the bulk flow is gradually dragged into mot
from a negative velocity to a positive velocity in the axial dire
tion. The evolution of the velocity distribution along theY -axis
during the periodt = 7.5–8 follows a similar process to that d
scribed above fort = 7–7.5. However, the direction of the flui
flow in the micro-channel is reversed.

5. Conclusion

This paper has investigated two-dimensional, time-dep
dent electroosmotic flows driven by a sinusoidal AC elec
field of amplitude 450 V/cm and frequency 1000 Hz in micro
channels with a homogeneous surface or with various di
butions of surface heterogeneities. The time-dependent
fields through the micro-channels were simulated using
backwards-Euler time stepping numerical method. By solv
the Laplace, Poisson, and vorticity transport equations sim
neously, the electric field, the double layer distribution, and
flow field were determined.

It has been shown that different distributions of the surf
heterogeneities have dramatically different effects on the
field phenomena. In the case of the micro-channel with a
ries of symmetrically distributed heterogeneous patches on
upper and lower walls, the application of a sinusoidal elec
field results in the formation of a sequence of local circulati
with alternating rotational directions along the axial direct
of the micro-channel. These circulations settle symmetric
e,
f

t-

-

i-
w
e

-
e

e

-
e

s

y

in the upper and lower regions of the micro-channel adja
to the homogeneous and heterogeneous surfaces and con
the flow to a converged narrow stream through the middl
the channel. Meanwhile, for the micro-channel with a serie
offset heterogeneous patches on the upper and lower wall
applied sinusoidal electric field prompts the formation of a
quence of regional circulations adjacent to the homogeneo
heterogeneous surfaces and induces tortuous streamlines
the bulk flow. The size and strength of the regional circu
tions grow and decay periodically in phase with the inten
of the applied electric field. The rotational directions of
induced circulations and the positions of the circulations
determined by the streamwise velocity of the bulk flow and
direction of the applied electric field. Under the influence of
positive applied electric field, the induced circulations settle
jacent to the homogeneous surfaces when the bulk flow m
in the negative axial direction. Conversely, the circulations
tle adjacent to the heterogeneous surfaces when the bulk
moves in the positive axial direction. Under the negative app
electric field, the induced circulations settle adjacent to the
mogeneous surfaces when the bulk flow moves in the pos
axial direction, and settle adjacent to the heterogeneous sur
when the bulk flow moves in the negative axial direction. T
size and intensity of the circulations are governed by the
potentials of the homogeneous and heterogeneous surface
intensity of the applied electric field, the axial velocity of t
bulk flow in the micro-channel, and the phase shift betw
the applied electric field and the bulk flow velocity.
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