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Abstract

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

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction the separation of the different components of a sample in accor-
dance with their differing electrophoretic mobilities.
The term “electroosmotic flow” refers to the fluid flow in- N the main, previous studies have focused on DC electroos-

duced by an externally applied electric field along a Cmrge@notic row; in straight conduits with.uniform. pqtentials along
surface. Electroosmotic flow is a fundamental electrokinetidh® conduit walls[1-4]. However, time periodic electroos-
phenomenon exploited in a diverse range of practical applicdl0tic flows and AC electroosmosis have also attracted con-
tions. Recent innovations in microfluidic systems designed foPideérable academic attention. Investigating the transient phe-
biological and chemical “laboratories on a chip” have prompted'©Ména of electroosmotic flow is important in enhancing the

intensive research efforts to enhance the efficiency and througfPeration of biochips and improving their separation efficiency.

put of these systems. In developing microfluidic devices, it is>0derman and Jonssfsj and Santiag@6] presented theoret-

frequently necessary to devise the means to drive fluids frorfa! framgvx;:)rks dzscritl;)ing tEe b?_'haviioi IPf the transient elec-
one part of the device to another, to control the fluid motion, totr%%smotlci 7OW un ert(;e € yel— _ucl fel |n$alrdapprgx;rpatlon.
enhance mixing, or to separate fluids. Electroosmosis provide@ 1dy eta '[_ 1 presente an ana _yt|ca now tie'd modet for an
axially applied AC electric field in an infinitely wide micro-

an attractive means of manipulating liquids in such devices:. | and d trated . all . f sch
A significant advantage of the electroosmosis phenomenon ganne, and demonstraled experimentally a Series ot schemes

that the voltages applied at the device reservoirs can be us f enhanced species mixing in microfluidic devices. Dgtta af‘d
not only to control the bulk fluidic transport, but also to drive eskpk[8] dev_elo_ped an analytic model fo_r an applied si-
nusoidal electric field using a non-linear Poisson—-Boltzmann

double layer distribution. Studer et 48] presented a fabri-
* Fax: +886 6 597 7570. cation technique which enabled the realization of microfluidic
E-mail addresswjluo@cfd.es.ncku.edu.tw devices incorporating electrodes with smaller feature sizes. The
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authors demonstrated that the resulting devices were capable of
supporting such novel functionalities as the injection, mixing,
and separation of bio-molecules by means of AC electrokinetic

30u m

pumping. Green et a[10] applied a nonuniform AC electric | 3004 m

field to an electrolyte using coplanar microelectrodes to gener- Type I micro-channel

ate a steady fluid flow. The flow was driven at the surface of the

electrodes such that it moved in a plane normal to the electrode | 60um j _45um j 45um | 45um | 4Spm | 60um |
surface. The impedance of the double layer on the electrodes ! 'V A' L /: !

and the potential drop across the double layer have been stud-

ied both experimentally and theoretically using linear analysis. 304 ™

Luo [11] and Luo et al[12] used numerical simulations based o - . -

on the stream function and vorticity formulations to investigate | 300 m |

the transient electroosmotic flow induced by DC and AC elec-

tric fields in a curved micro-tube. The transient secondary flow

evolutions provided clear evidence of the growth and decay of

vortices in the transverse section. l825um | ASum | Sum | ASum | 82.5u m |
Recently, Ajdari[13] studied complex electroosmotic flows P ” e .

induced by nonuniform, time-independent, and time-dependent

potentials along the conduit walls. Nonuniform potentials can 30um

be obtained by coating the walls of the conduit with different A )

materials or by using different buffer solutions. Both spatial vy | 3004 m

and temporal control of the potential can be achieved by im- Type III micro-channel

posing an electric field perpendicular to the solid-liquid inter-

face. These normal electric fields can be imposed by electrodes X

embedded beneath the solid—liquid interface and insulated elec- ) ) ) )

trically from the liquid. Alternatively, when the surface of the Fig. 1. Geometry of current mlcro'-channels with height of 30 pm and width of
. . . .3 mm. Note heterogeneous regions are crosshatched.

solid conduit is photosensitive, the surface charge can be mog—

ffied with light. Oddy et al[7] developed an electrokinetic electroosmotic flow induced by a DC electric field in a micro-

process to enhance the stirring of micro- and nano-liter vol- h | with itelv ch d surf het ities. Th
ume solutions for microfluidic bioanalytical applications. Thejr €haNN€! With oppositely charged surtace heterogeneities. 1he

study presented a preliminary description of the eIectrokineti(EesqItS s_howe(rj] that Ilo caI\_I flow cwEl;Ia_nons promgtehspeﬁles mix-
instability and exploited this flow phenomenon to design and"d " m|c;o-|c anneis. _eeﬂetz{ ] mvlt_asct;gat(le t ec :rac- |
fabricate two micro-mixing devices capable of rapidly stirring (€"1StiCS Of electroosmotic flow In a cylindrical micro-channe

two fluid streams. Qian and Baid4] performed a theoret- with nonuniform zeta potential distribution with a numerical
ical investigation of two-dimensional, time-independent, andn€thod. They demonstrated that using either heterogeneous

time-dependent electroosmotic flows driven by a uniform elecPatterns of zeta potential or a combination of a heterogeneous
tric field in a conduit with nonuniform potential distributions Z&t@ potential distribution and an applied pressure difference
along the walls. Their results demonstrated that the time-wis8Ver the channel can generate local flow circulations and hence
periodic alternations of the potentials induced a chaotic adProvide effective means to improve the mixing between differ-
vection effect. Strook et a[15] presented the measurement €Nt solutions in micro-channels.

of electroosmotic flows in micro-channels with two different ~ Electrokinetic flow is widely used to conduct species trans-
surface charge patterns and reported that diverse fluid behaR©rt in a number of biological and chemical analysis systems.
iors were induced in the flows. Erickson and[L6] employed ~ These analysis systems, which are designed to conduct im-
three-dimensional numerical simulations to study the effect§nunoassays, DNA hybridization, and general cell molecule in-
of surface electrokinetic heterogeneities on the electroosmoti€raction applications, must be capable of achieving a rapid
flow induced by a uniform electric field and then exploited Mixing effect. Furthermore, applications of these systems typ-
these effects to enhance the mixing efficiency of a T-shapet$ally involve the mixing of reagents with relatively low diffu-
micro-mixer. The numerical results confirmed that surface hetsion coefficients. Rapid homogeneous mixing becomes increas-
erogeneities can enhance species mixing. Furthermore, it wéggly important when the time scale of the mixing activity is
shown that the greatest improvements were obtained when th@rger than, or comparable to, the chemical reaction time scale.
potential of the heterogeneous surface was of the opposite sidgh the present study, micro-channels with patchwise surface
to that of the homogeneous surface. Biddiss et[Hl] de- heterogeneities are designed to enhance the mixing efficiency
veloped experimental visualizations to investigate the effectby means of a periodic electroosmotic flow induced by a sinu-
of surface charge patterning on the species mixing and presoidal externally applied electric field. As shownFRiy. 1, the
sented an optimized electrokinetic micro-mixer applicable tgpresent study considers three different micro-channels, namely
the low Reynolds number regime. Chang and YfI®] used one micro-channel with an entirely homogeneous surface, and
a numerical method to simulate the mixing mechanisms ofwo micro-channels with different surface heterogeneity dis-

Type 1l micro-channel
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tributions. In all cases, the flow is driven through the micro-concentrationky, is the Boltzmann constant, arfdis the tem-
channel under the influence of a sinusoidal AC electric fieldperature. Non-dimensional quantities (denoted by asterisks) can
applied by two electrodes installed at either end of the channehe defined as:

A numerical method is adopted to simulate the transient phe- x y

*

zeyr
nomena of the electroosmotic flow. Using the backwards-Eule¥ = - ¥*= A’ vt = Wl
time stepping method, numerical solutions are obtained for the

stream-function and vorticity transport equations, which goverr;rhe dimensionless non-linear Poisson—Boltzmann distribution

the velocity fields of the electroosmotic flow. The transient be-€duation is then given by:

havior characteristics of the generated electroosmotic flow arg2y, 52y, 5 .

then discussed in terms of the influence of the patchwise surfacg,z + He o k< sinh(y), (1)
heterogeneities, the direction of the applied AC electric field, : ) ) ) ]
and the velocity of the bulk flow. The current investigations of Wherey is the non-dimensional EDL potentzladz,z A x Kl'sz
transient behavior provide detailed insights into the characterigh® non-dimensional EDL thickness, = (2n0z°¢*/eokpT) /

tics of electroosmotic flow and are consequently of fundamentdf the Debye-Huckel parameter, andis the height of the
importance in understanding and enhancing biochip Operationgjlcro-channel. (N_ote that the asterisks are deliberately omit-
It is anticipated that the application of oppositely charged surted in these equations.)

face heterogeneities and an AC electric field to the flow in the i i
microfluidic system will reduce not only the mixing channel 2.2. Electroosmotic flow field
length, but also the retention time required to obtain a homoge-

neous solution. When an external electric field is applied, the liquid flow

induced by electroosmosis is governed by the momentum equa-
2. Formulation tions[8,21], i.e.,
A% 2

This study considers a micro-channel of height 30 um ané) ot +oV-VIV VP AUV, @
length 300 pm. The channel is filled with an incompressible I the gravity effect is neglected, the body fordg, occurs
Newtonian electrolyte of uniform dielectric constantand vis-  only as a result of the action of the applied electric field on the
cosity, u. It is assumed that this fluid is in a stationary statefree ions within the EDL. This body force induces a bulk fluid
initially. Since the characteristic height of the micro-channelmotion generally referred to as electroosmotic flow.
is in the order of magnitude of 10 um, the interaction of the The following non-dimensional quantities (denoted by as-
fluid and the wall is significant and must be considered interisks) can be introduced: non-dimensional velocity:=
the theoretical model. A review of the related literature iden-u/(v/A) or v* = v/(v/A), non-dimensional timer* = ¢/
tifies a suitable theoretical model for the micro-channel. This(A2/v), non-dimensional pressurg* = (p — pref)/ (pv2/A?),
model has been widely exploited by previous researchers arghd non-dimensional angular velocity* = A/(v/A?), where
is described by the Poisson—Boltzmann equation, the Laplace is the kinetic viscosity of the electrolyte,is time, andA is
equation, and the Navier—Stokes equation comprising the bodye angular velocity of the applied electric field, i®= 27 f.
force terms from the Guoy—Chapman model. The distributiorHence, the momentum equations of Eg) can be rewritten
of the electrical double layer potential is described by theas:
Poisson—-Boltzmann equation, and the induced electroosmotig, 3,

flow in the micro-channel is governed by the momentum equaz - + P 0, (3a)
tions. 2 2
ou ou ou Jdp 0°u 0°u
o U TVt o5 T3
2.1. Double-layer field g~ 9x 9y 9x  dx= y
. 9 0
o | -G sinhy (5 + 52 <o (30)
When the liquid in the micro-channel contacts the solid wall, dx  Ox

an interfacial charge is established which causes the free iong, v v dp v
in the liquid to rearrange so as to form a thin region with non-7; T#5= T U0+ 20 = 275 = =05

zero net charge density. This region is commonly referred to % away 9 %

as the electrical double layer (EDL). According to electrostat- — G, - sinhyr (— + —) =0, (3¢)
ics theory, the electric potential distribution in the EDL region dy ~ dy

is governed by the Poisson—Boltzmann equal&lj, which is  where Gx = 2nokpT/(pv?/A%) and ¢ is the applied electric
expressed as: potential. Reynolds number is defined ast/v; hence, ac-

5 ) cording to the definition of non-dimensional velocity quantity,
Y oW = 2noze sinhzey/kpT) the Reynolds number in the study equals to one as shown in
dx2  ay? € ' ’ Eqgs.(3b) and (3c) The stream functions, is defined as:
wheree is the dielectric constant of the fluid mediumis the 39S 98
valenceg is the charge of an electromyg is the bulk electrolyte % = 5 V= Tax’ 4)
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The continuity Eq(3a)can then be satisfied by substituting when driven by an applied AC electric field. The computational
Eq. (4) into Eq.(3a). The pressure terms, i.€.,, can be elimi- domain is discretized into 15%¢ 201 non-equally spaced grid
nated from Eqs(3b) and (3c)y cross-differentiation, i.e., by points in theX- andY -directions. The calculated solutions are
taking the curl of the two-dimensional momentum equationscarefully proven to be independent of the computational grid
The vorticity-transport equation can be derived as: points and the time step. The governing equations presented in
Egs.(5) and (6)are discretized by central differences of a sec-

2 2

92 3532 asan  [a°%2 + 9782 ond order to form a system of non-linear algebraic equations,
ot dy ox dx dy dx2 9y2 ie.,

d¢ oy
—Gx~cosh¢55=0. B)  H,AH=0, (7)
Furthermore, the vorticity?, is given by: where Q is the solution vector and\t is the dimensionless
, , marching time step.
2+ ) + 975 _ 0 (6) The solution vector for various time-levels can be obtained

ax2 ' ay2 via a sequence of iterations, i.eQ " (r)] defined by:

The zeta potential distribution in the EDL can be obtainedQ(O) ) =
by solving Eq.(1), and the applied electric potentialcan be ) (ma1) )
obtained by solving the Laplace equation. The transient elecfo (€ .An[Q (t+ A0 — Q"™ (1 + An)]
troosmotic flow under an applied electric field can be simulated = — Q"™ A1),
by substituting of the calculated electric potential into Ex). .
and solving the simplified equation set of E¢s) and (6) By wherem =0,1,2,...... (8b)
taking the cross-differentiation operation, the total number oin Eqg. (8b), Hop is the Jacobian matrix of E¢7), and: is the
dependent variables is reduced to just two, i%s2), and the  non-dimensional time.
body force terms from the Guoy—Chapman model in E8s) A convergence criterion of
and (3c)can be simplified. The boundary conditions of the zet B
potential on the homogeneous surfaces of the micro-chanrlQ(mH)(f + A0 = 0™+ ANJ*/0)? <1071

are —75 mV, and the corresponding dimensionless value iss ysed to identify the convergence of the iteration process. The
Y = —2.92. The zeta potential on the heterogeneous surfacegnvergence efficiency of the iteration is determined by the ac-
is also 75 mV, and the corresponding dimensionless value igyracy of the initial estimate. An appropriate initial estimate
¥ =292, as shown irFig. 1 The boundary conditions at the ensures that the iteration will converge efficiently. An effective

initial state (8a)

walls, inlet, and outlet of the micro-channel are given by: means of obtaining good initial estimates is to employ a Tay-
lor expansion of a calculated convergent solution with respect
1. Atthe walls, with no slip conditions: to the parameten, i.e.
2_520, 9+22_§=0, =202 0O+ AN = 0() + A Q. (1). ©)
Y Y Eq. (7) is used to obtairQ,, which satisfies:
on homogeneous surfaces afnd= 2.92 on heterogeneous
surfaces. Ho(Q, At)Q; = —Hai(Q, At). (10)
2. Atthe inlet and outlet: The method described in Eq3)—(10) is known as the
BN 328 9°S backwards-Euler time stepping method. Since this method em-
9x2 0. £+ 32y + Py 0. ploys a second order accuracy in time, it is necessary to provide

two initial solutions at the beginning of the time stepping cal-
An implication in the above boundary conditions is that at theculation. One of these solutions can be obtained from the initial
two ends of the micro-channel, the flow patterns are not gostate, while the other is obtained by using the same numerical
ing through any erupt changes. This condition can be ensuradethod, but with a first order finite difference in time. Before
by applying constant zeta potentials near the end of the micrahe iteration algorithm is executed to obtain the convergence
channel, so that any changes in the electroosmotic flow fieldolution of the next time level, the predictor step in E¢(.
occur far away from the end boundaries. These boundary condind (10)is applied to generate accurate estimates of the solu-
tions may result in pressure gradient within the micro-channelion. Hence, the calculation algorithm is extremely effective and
It should be noted the pressure difference between the two endgnerally converges quadratically. A detailed description of this
of the micro-channel is quite small in comparison with the bodyalgorithm is reported in Yanf22].
force in the micro-channel.
4. Resultsand discussion
3. Numerical method
In this study, numerical simulations are performed of two-
The present numerical method employs the backwards-Eul@timensional, time-dependent electroosmotic flows driven by
time stepping method to identify the evolutions of the flowa sinusoidal AC electric field through three different types of
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Table 1
Typical values of the relevant quantities X
- - I T T T T T
A He|ght.of the m|cro-channel 30 um » ) 825 1275 1725 2175 300 (. m)
m Viscosity of fluid 090 x 1072 Ns/m @
0 Density of fluid 16 kg/m3
14 Concentration of ions 1 M
3 Dielectric constant 78.3
€0 Permittivity of vacuum 8B54x 1012 F/m | : ! I I > X
e Charge of an electron .8021x 10719¢
7 Valence 1 0 82.5 127.5 11)2‘5 217.5 300 (u m)
no Bulk electrolyte concentration B22x 1020 m=3 (®)
kp Boltzmann constant .38x 10723 J/K 1
] X=45
T Absolute temperature 298.16 K 09 3 X=1052m #“m
¥ Double layer potential —-75mV ~ X=84um X=72um
A* Non-dimensional frequency of 1 — 08 3 X=81um
the applied AC electric field 2 1
g ]
% 0.7 —:'
micro-channel, namely one micro-channel with an entirely ho- & 06
mogeneous surface and two micro-channels with patchwiseS 05 E
surface heterogeneities. In the latter micro-channels, the wallsg2 ~~ ]
are characterized by patch regions charged with either a posi-s 0.4 4
tive zeta potentialy = ||, or with a negative zeta potential, -, 03 ]
¥ = —|yo|. For clarity, the heterogeneous regions are cross- £ ~ J X=129um
hatched irFig. 1and in thereinafter figures. The relevant micro- 0.2 X=126um
channel parameters are presentetiable 1 oA ] X=135um
] X=1504m
4.1. Effects of surface heterogeneity on electrokinetic flow 0 /e T
004 002 0 002 004 006 008 01 012

induced by DC electric field
Axial velocity in the X- direction
In comparison with the flow phenomena induced by an AC (©

electric field,Fig. 2illustrates the flow conditions induced by _ o o . o
P . . . Fig. 2. (a) Flow conditions of electrokinetic flows induced by DC electric field

a bC eleCtr_'C field which is ge_nerated by two electrodes M0 micro-channel with homogeneous surfaces. (b) Flow conditions of electroki-

stalled at either end of the micro-channel. For the homogenetic flows induced by DC electric field in micro-channel with symmetrical

neous case (Type | micro-channel) characterizeg/by ||, heterogeneous patches. (c) Axial velocity distributions of electrokinetic flows

shown inFig. 2a, the electroosmotic body force applied to theinduced by DC electric field in micro-channel with symmetrical heterogeneous

liquid continua within the double layer is equivalent at eachPaches:

point along theX-direction and results in a constant bulk lig-

uid velocity at the edge of the double layer. For the case ofions. Along theX -axis, the axial velocity differentials between

two symmetrically positioned heterogeneous patches on the uyje flow in the wall regions and that in the central region of the

per and lower micro-channel walls (Type Ill micro-channel), micro-channel gradually increase and two reflection points are

the phenomenon of constant bulk liquid velocity at the edge oflenerated at locations close to the interface of the homogeneous

the double layer also holds true for the heterogeneous surfadd heterogeneous regions. The axial velocity differentials and

with a negative zeta potential, i.¢; = —|yo|, but the elec- reflection points prompt the formation of an anticlockwise ro-

troosmotic body force is now applied to a region with excesdational torque in the upper half of the heterogeneous regions

negative ions and hence acts in the opposite direction to that @nd & clockwise rotational torque in the lower half of the het-

the homogeneous regions. The interaction of these local floRf0geneous regions. As a consequence, two vortices rotating

fields with the bulk flow moving in the positive axial direc- Symmetrically are formed in each heterogeneous region.

tion results in the formation of regional circulation zones which

settle symmetrically adjacent to the heterogeneous surfaces, 4. Electrokinetic flow induced by a sinusoidal electric field

shown inFig. 2b. Fig. 2 illustrates the axial velocity distribu- in Type Il micro-channel

tion across the micro-channel cross section at locations near the

interface of the homogeneous and heterogeneous regions. TheUsing two electrodes installed at either end of the micro-

liquid near the homogeneous surfaces is driven into motion ichannel, a sinusoidal electric field is applied to drive fluid

the positive axial direction. However, the liquid near the het-through the Type Il and Type Il micro-channels. As shown in

erogeneous surfaces is driven into motion in the opposite axidtig. 3, the amplitude and frequency of the applied sinusoidal

direction. Due to flow rate conservation in the micro-channelglectric field are 450 Yem and 1000 Hz, respectively. The di-

the axial velocity in the center of the heterogeneous regions isiensionless electric field along thé-direction isd¢/dx =

much greater than that in the center of the homogeneous r&2.49sin2xr). Fig. 3 shows the evolution of the flow veloc-
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Electric Field Intensit . . . . .
Y wise direction, while those near the homogeneous regions of

——- —  Streamwise Velocity of type II the upper wall rotate in the clockwise direction. Due to the
------- Streamwise Velocity of type ITT gradual increase over time in the intensity of the applied elec-
tric field and the corresponding reduction in the streamwise
velocity of the bulk flow in the negativ& -direction, the struc-
tures of these circulations gradually become more coherent, and
grow in size and strength, as shownHig. 4a. Note that the
circulations indicated with solid lines rotate in the anticlock-
wise direction, while those indicated with dashed lines rotate
in the clockwise direction. The curved streamlines shown in
Fig. 4a reveal the tortuous path through which the bulk flow
must pass as a result of the offset, non-symmetric circulation
regions. Atr = 7.25, the intensity of the applied electric field
reaches its positive maximum value, and the streamwise veloc-
ity in the micro-channel approaches zero. Therefore, the circu-
lations occupy virtually the entire height of the micro-channel
1 and obstruct the passage of flow in the axial direction. At this
5 55 6 65 7 75 8 85 9 95 10 time, the intensity and size of the circulations approach their
Time maximum values, and new sets of circulations rotating in an op-
Fig. 3. Variation in applied sinusoidal electric field and streamwise velocities aPOSIte direction to thelr'nelghborlng Clrcu_latlons are,mduced |n.
half-height of micro-channel & = 30 um over time. the heterogeneous regions. The alternating clockwise and anti-
clockwise rotating circulations arrange themselves sequentially

ity at the half-height of each of the two micro-channels at ar]along the axial direction. The size and intensity of these circu-
axial location ofX = 30 um. The velocity evolutions provide ations are governed by the zeta potentials of the homogeneous

an approximation of the variation of the streamwise bulk fIOWand heterogeneous surfaces, the intensity of the applied electric

velocity over time. For the case of the Type Il micro-channel,f'eld’ the axial velocity of the bulk flow in the micro-channel,

the variation of the streamwise velocity lags behind that of theand the phase shift between the applied electric field and the

electric field by a phase shift of approximatety2 degrees velocity of the bulk flow. As time elapses, the intensity of the
eldbyap . PP grees. sinusoidal electric field applied to the micro-channel gradually
Meanwhile, in the Type Il micro-channel, the streamwise ve-

locity lags behind that of the electric field by a phase shift Ofdecreases and the streamwise flow velocity at the half-height of

. S the micro-channel aX = 30 um increases from approximately
approximatelyr /2 degrees. The direction of movement of the . . ) . .
bulk flow in the Tvpe Il and T 1l micro-channels determin zero to its positive maximum value. Meanwhile, the circula-
uktio € ypeliand ype cro-channeis dete ©Stions adjacent to the homogeneous and heterogeneous surfaces

the rotational dlre_ctlon of the induced (_:lrculatlons. The abovegradually lose their strength and shrink in size At 7.5, no
phenomena are discussed in the following paragraphs.

Fig. 4 sh he fl ut ) s h | with electrokinetic body force exists within the double layer, but the
9. 25 ows the flow evolutions in & micro-channel With & qy.o 5 myise velocity of the micro-channel approaches its pos-
series of offset patches on the upper and lower walls (Type Iiye maximum value. Hence, the flow velocity in the entire

micro-channel). At =7, no electrokinetic body force exists picrq_channel becomes positive, and the streamline contour as-

within the double layer, but the negative streamwise flow Ve mes 3 stratified form. During the second half of the cycle,

locity of the micro-channel approaches its maximum value, 8¢ | from = 7.5 to 8, the variation of the applied sinusoidal
indicated inFig. 3. Hence, the flow velocity in the entire micro- gjectric field intensity is the mirror image of the variation de-
channel is in the negativE-direction, and the streamline con- gqyiped frony = 7 to 7.5. Accordingly, the streamwise velocity
tour has a stratified form. During the period from= 710 7.5, of the micro-channel reverses from its positive maximum value
the sinusoidal electric field applied to the micro-channel has g its positive—negative value. This causes the fluid flows within
positive intensity, and the streamwise flow velocity along thethe double layer to reverse their respective directions of travel
micro-channel increases from its negative minimum value to itse|ative to the previous time period, i.e., the fluid near the ho-
positive maximum value. Under these conditions, the fluid neagogeneous surfaces is driven in the negakiveirection, while

the homogeneous surfaces is driven in the positiveiirection,  the fluid near the heterogeneous surfaces is driven in the posi-
while the fluid near the heterogeneous surfaces is driven in thgye X-direction. As described above, the resulting up-flows,
negativeX -direction. Hence, up-flows moving from the lower down-flows, and inertia forces of the bulk flow in the positive
wall towards the upper wall and down-flows moving from the direction lead to the formation of local circulations adjacent to
upper wall to the lower wall are formed at the boundaries ofthe homogeneous surfaces. The rotational directions of these
the homogeneous surfaces and the heterogeneous surfaces. ib@/born circulations are reversed with respect to the circula-
inertia force of the bulk flow in the negative direction causestions observed in the previous time period, as showfign 4b.
these up-flows and down-flows to form circulations adjaceniAs before, the structures of the circulations gradually become
to the homogeneous surfaces. The circulations settled near theore coherent over time, and grow in size and strength. Es-
homogeneous regions of the lower wall rotate in the anticlocksentially, the evolution of the flow conditions during the cycle

Electric Field Intensity
Streamwise Velocity

o
[NERE FREN1 SRRNE KRRN1 FRREY FRRN] SRANE ARANI U1 RRUR1 SRNEE ARAN
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t=7.28 t=7.78

= IUr—

t=7.3 t=7.8

=7.35 t=7.9

t=7.5 t=8

() (b)

Fig. 4. (a) Flow evolutions in micro-channel with series of offset patches on upper and lower walls (Type Il) duringsperied.5. (b) Flow evolutions in
micro-channel with series of offset patches on upper and lower walls (Type Il) during pesi@b—8.

from r = 7.5 to 8 follows the same procedure as that describedble layer, and the flow at the half-height of the micro-channel
abover = 7-7.5. Clearly, however, the directions of the circula- moves at its maximum velocity in the negative direction, as
tions and the bulk flow fromm = 7.5 to 8 are reversed compared shown inFig. 5. As the intensity of the applied AC electric
to those in the previous half-cycle. At time= 8, the intensity field gradually increases over the period fram= 7 to 7.25
of the applied electric field abruptly switches to the positiveand then gradually decreases fram= 7.25 to 7.5, the fluid
direction, and the streamwise velocity approaches its negativeear the upper and lower walls accelerates in the positive direc-
minimum value. The flow conditions at this time are identicaltion (t = 7—7.25) and then decelerates in the positive direction
to those observed at= 7. Essentially, the evolution of the flow (¢ = 7.25-7.5). The flow of fluid within the double layer drags
conditions during the cycle from= 8 to 9 follows the same the bulk fluid into motion in the positive direction only gradu-
trend as that described abave 7-8. ally since the momentum diffusion effects require a finite time
Fig. 5 indicates the axial velocity distributions along the to take effect. Therefore, the phase of the velocity at the half-
Y-axis atX = 45 um during a half period=7-75. Att =7, height of the micro-channel lags behind that of the applied elec-
the intensity of the applied electric field is zero, and the streamtric field by approximatelyr /2 degrees. The evolution of the
wise velocity approaches its negative minimum value. Conwvelocity distribution along thé& -direction during next half pe-
sequently, no electrokinetic body force exists within the dou+iod r = 7.5-8 follows a similar process to that described above
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follows a similar evolution to that observed from= 7 to 7.5.

09 Clearly, however, the direction of flow in the micro-channel is
08 reversed with respect to the previous half-cycle.
0.7

4.3. Electrokinetic flow induced by a sinusoidal electric field
in Type Il micro-channel

o
o

Fig. 7illustrates the flow evolution in the micro-channel with
two symmetrically positioned heterogeneous patches on the up-
per and lower micro-channel walls (Type Il micro-channel).
At t =7, no electrokinetic body force exists within the dou-
ble layer, but the negative flow velocity at the half-height of the
micro-channel approaches its maximum value. Hence, the fluid
velocity in the entire micro-channel is negative, and the stream-
line contour has a stratified form. During the periog 7—7.5,
the sinusoidal electric field applied to the micro-channel has

Axial velocity in the X direction a positive intensity, and the flow velocity at the half-height of
Fig. 5. Axial velocity distributions along -axis atX = 45 um during period the_ mlcrotghannel ,Increases from its negative minimum _Value
t = 7-75 in micro-channel with series of offset patches on upper and loweltO itS positive maximum value. From= 7 to 7.25, the fluid
walls. in the double layer near the homogeneous surfaces is driven in
the positive axial direction, while the fluid in the double layer

o
~

o
w

o
()

Y coordinate
o o
—_ (4]
| NN FENEE SRRl ARl AERNE SRRl RSN SNERY SNENE FREN

o

-016 -012 008 004 0 004 008 012 0.16

N

] '/}g in the vicinity of the heterogeneous surfaces is driven in the
09 “ negative axial direction. The interaction of the local flow fields
08 ] \ with the bulk flow moving in the negativ& -direction results
] in the formation of regional circulation zones which settle sym-
07 metrically adjacent to the homogeneous surfaces, as shown in
0.6 Fig. 7a. The circulations adjacent to the lower wall rotate in the
£ 17 anticlockwise direction, while those adjacent to the upper wall
‘é 05 5 rotate in the clockwise direction. Due to the gradual increase in
S 044 ’ the intensity of the applied electric field and the reduction in the
N ] velocity of the bulk flow in the negativ& -direction, the struc-
0‘3'5 tures of these circulations gradually become more coherent over
02 \ time, and grow in size and strength. A= 7.25, the intensity
o E !"' of the appl?ed elec_tric_ field reqche_s its _maximum positive value,
o—E '(" and the fluid velocity in the axial direction of the micro-channel

is virtually zero. As a result, the intensity and size of the local
circulations approach their maximum values, and new sets of
circulations rotating in an opposite direction to their neighbor-
Fig. 6. Axial velocity distributions along -axis atX = 82.5 um during period  ing circulations are induced in the heterogeneous regions. The
t = 7-7.5 in micro-channel with series of offset patches on upper and lowermaximum size and intensity of the circulations depend on the
walls. zeta potentials of the homogeneous and heterogeneous surfaces,
. , ) the intensity of the applied electric field, the velocity of the bulk
for 1 = 7-7.5. However, the direction of the fluid flow in the f,; anq the phase shift between the applied electric field and
micro-channel is reversed. o the bulk flow velocity. As time elapses, the intensity of the si-
Fig. 6 indicates the axial velocity distributions along the ,g6idal electric field applied to the micro-channel gradually
Y-axis atX = 825 pum during a half period = 7-75. At gecreases and the streamwise velocity of the micro-channel in-
X =825 um, the surface of the upper wall is homogeneousgreases from zero to its positive maximum value. Meanwhile,
while the surface of the lower wall is heterogeneous. Duringhe circulations adjacent to the homogeneous and heteroge-
the periodr = 7-7.5, the applied sinusoidal electric field has a neous surfaces gradually lose their strength and shrink in size.
positive intensity. IrFig. 6, as time elapses, the fluid within the At ; = 7.5, no electrokinetic body force exists within the double
double layer near the upper wall is gradually driven to moveayer, but the streamwise flow velocity approaches its positive
in the positive axial direction, while the fluid within the dou- maximum value. Hence, the fluid velocity in the entire micro-
ble layer near the lower wall is gradually driven to move in thechannel becomes positive, and the streamline contour assumes
opposite axial direction. Through momentum diffusion effects a stratified form. During the second half of the cycle, i.e., from
the bulk flow is gradually dragged into motion from a negativer = 7.5 to 8, the variation of the applied AC electric field inten-
velocity to a positive velocity in the axial direction. The veloc- sity is the mirror image of the variation described froms: 7
ity distribution along theY-axis during the period = 7.5-8 to 7.5, and accordingly, the bulk flow velocity in the micro-

-0.16 -0.12 -0.08 -0.04 O 0.04 008 012 0.16
Axial velocity in the X direction
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=7 t=7.6

t=7.22 t=7.73

t=7.25 =175

=7.27 =7.78

=7.5 =8

(a) (b)

Fig. 7. (a) Flow evolutions in micro-channel with two symmetrically positioned heterogeneous patches (Type Id)=fr@ro 7.5. (b) Flow evolutions in mi-
cro-channel with two symmetrically positioned heterogeneous patches (Type Illy feof5 to 8.

channel reverses from a positive maximum value to a negativdirections of the circulations and bulk flow are the exact re-
value. This causes the fluid flows within the double layer toverse of those observed during the period 7—7.5. At time
change their respective directions of travel, i.e., the fluid near = 8, the intensity of the applied electric field changes sud-
the homogeneous surface is driven in the negatisdirection,  denly from negative to positive, and the streamwise velocity
while the fluid near the heterogeneous surface is driven in thef the micro-channel approaches its negative minimum value.
positive X-direction. New circulations, rotating in the oppo- The flow conditions at this time are identical to those observed
site direction to those in the previous half-cycle, are formedat r = 7. The evolution of the flow conditions during the cy-
adjacent to the homogeneous surfaces under the influence de froms = 8 to 9 follows the same process as that described
the negative intensity of the applied electric field and the posfor + = 7-8. In general, it can be speculated that the size and
itive bulk flow velocity, as shown iifrig. 7b. The structures of intensity of the circulations are determined by the phase shift
the newborn circulations gradually become more coherent ovéyetween the applied electric field and the bulk flow velocity.
time, and grow in size and strength. Essentially, the evolutiotWhen the phase of the bulk flow velocity lags behind that of the
of the flow conditions during the cycle from= 7.5 to 8 fol-  applied electric field by approximatety degrees, the intensity
lows the same process as that described fer7—7.5, but the  of the electric field and the bulk flow velocity reach their maxi-
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] in the upper and lower regions of the micro-channel adjacent
09 to the homogeneous and heterogeneous surfaces and constrain
08 3 the flow to a converged narrow stream through the middle of
0_7_5 the channel. Meanwhile, for the micro-channel with a series of
] offset heterogeneous patches on the upper and lower walls, the
g 06 applied sinusoidal electric field prompts the formation of a se-
§ 05 3 guence of regional circulations adjacent to the homogeneous or
S 04 E heterogeneous surfaces and induces tortuous streamlines within
] the bulk flow. The size and strength of the regional circula-
0.3 3 tions grow and decay periodically in phase with the intensity
02 of the applied electric field. The rotational directions of the
01_5 induced circulations and the positions of the circulations are
e determined by the streamwise velocity of the bulk flow and the

ey RS RN RN LR AR LERAE LAARE ERRRE N direction of the applied electric field. Under the influence of the
016 012 008 004 0 004 008 012 016 positive applied electric field, the induced circulations settle ad-
jacent to the homogeneous surfaces when the bulk flow moves
Fig. 8. Axial velocity distributions along’-axis atX = 105 um during period N the negative axial direction. Conversely, the circulations set-
¢ = 7-75 in micro-channel with two symmetrically positioned heterogeneoustle adjacent to the heterogeneous surfaces when the bulk flow
patches. moves in the positive axial direction. Under the negative applied
electric field, the induced circulations settle adjacent to the ho-
mum values, although in opposite directions, at the same timenogeneous surfaces when the bulk flow moves in the positive
and the inertia force of the bulk flow suppresses the growth o#xial direction, and settle adjacent to the heterogeneous surfaces
the induced circulations. when the bulk flow moves in the negative axial direction. The
Fig. 8 indicates the axial velocity distributions along the size and intensity of the circulations are governed by the zeta
Y-axis at X = 105 um during a half period = 7-7.5. At  potentials of the homogeneous and heterogeneous surfaces, the
X = 105 pum, the surfaces of the upper and lower walls are heiintensity of the applied electric field, the axial velocity of the
erogeneous. From=7 to 7.5, the applied sinusoidal electric bulk flow in the micro-channel, and the phase shift between
field has a positive intensity. IRig. 8, as time elapses, the fluid the applied electric field and the bulk flow velocity.
within the double layer is gradually driven to move in the posi-
tive axial direction. Through the effects of momentum diffusion Acknowledgment
and inertia force, the bulk flow is gradually dragged into motion
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