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Abstract

This study investigates transient electroosmotic flow in a rectangular curved microtube in which the fluid is driven by the application of
an external DC or AC electric field. The resultant flow-field evolutions within the microtube are simulated using the backwards-Euler time-
stepping numerical method to clarify the relationship between the changes in the axial-flow velocity and the intensity of the applied electric
field. When the electric field is itially applied or varies, the fluid ithin the double layer responds virllyaeimmediately, and the axial
velocity within the double layer tends to follow the varying intensity of the applied electric field. The greatest net charge density exists at
the corners of the microtube as a result of the overlapping electrical double layers of the two walls. It results in local maximum or minimum
axial velocities in the corners during increasing or decreasing applied electric field intensity in either the positive or negative direction. As
the fluid within the double layer starts to move, the bulk fluid is gradually dragged into motion through the diffusion of momentum from
the double layer. A finite time is required for the full momentum of the double layer to diffuse to the bulk fluid; hence, a certain phase shift
between the applied electric field and the flow response is inevitable. The patterns of the axial velocity contours during the transient evolution
are investigated in this study. It is found that these patterns are determined by the efficiency of momentum diffusion from the double layer to
the central region of the microtube.
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1. Introduction the device reservoirs can both control the bulk fluidic trans-
port and cause the separation of the different components of
a sample due to their differing electrophoretic mobility.

The mathematical model of electroosmotic flow in an ul-
trafine slit was formulated by Burgreen and Nakaften
1964. Recently, Arulanandam and [4] presented a two-
dimensional mathematical model for electroosmotic flow in
a rectangular microchannel. Patankar and[8juand Yang
et al.[4] used numerical methods to simulate electroosmotic
flow at the intersection of a cross-microchannel during a
chemical-sample injectioprocedure. Bianchi et gJ5] ap-
plied the finite element method to simulate electroosmotic
flow at a microscale T-junction. They showed that the ve-
locity distribution of flow at the intersection is affected by
the relative zeta potentials and channel widths. Mitchell
et al. [6] developed meshless analysis based on the finite
cloud method to simulate electroosmotic flow on various

* Fax: +886-6-597-7570. geometries. Their results indicated that the linear approx-

E-mail addresswjluo@cfd.es.ncku.edu.tw. imation of the Poisson—-Boltzmann equation for large zeta

The term “electroosmotic flow” refers to fluid flow in-
duced by an externally applied electric field along a charged
surface. Electroosmotic flow isfandamental electrokinetic
phenomenon and has found a wide variety of practical appli-
cations. The recent rapid ddgpment of microfluidic sys-
tems designed for biological and chemical “laboratories on
a chip” has prompted the search for dramatic improvements
in the efficiency and throughput of these systems. It is often
necessary to drive fluids from one part of a device to another,
to control the fluid motion, to enhance mixing, or to separate
fluids. Electroosmosis provides an attractive means of ma-
nipulating liquids in microdevices. One advantage of using
this electrokinetic phenomenonis that the voltages applied at
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potential still can predict the plug velocity accurately. Yang ity fields of the electroosmotic flow. The transient behavior
et al. [7] used numerical methods to concern the entrance of the impulsively generated electroosmotic flow is then dis-
effect in the microchannel by solving additional Nernst— cussed in terms of the influence of the applied DC or AC
Planck equations for ionic concentration. electric field.

Time-periodic electroosmotic flows and alternating-cur-
rent electroosmosis have atted considerable academic
attention. Investigation of transient phenomena of electroos-2. Governing equations and boundary conditions
motic flow is important for biochip operation and separation
efficiency. Soderman and Jonsg8hand Santiagf9] have This study considers a rectangular curved microtube with
presented a theoretical framework describing the behavior ofthe same height and width of 30 pm. The tube is filled with
the transient electroosmotic flow under the Debye—Htickel an incompressible Newtonialectrolyte of uniform dielec-
linear approximation. Oddy et glL0] presented an analytic  tric constant and viscosityu. It is assumed that this fluid
flow-field model for an axially applied AC electric field in s in a stationary state initially. A fully developed flow field
an infinitely wide microchannel and demonstrated experi- is then established in which the flow is driven by an applied
mentally a series of schemes for enhanced species mixingDC or AC electric field. Sincehe characteristic length of
in microfluidic devices. Dutta and Beskfkl] developedan  the microtube is on the order of magnitude of 10 pm, the
analytic model for an applied sinusoidal electric field using interaction of the fluid and the wall is significant and must
a nonlinear Poisson-Boltzmann double-layer distribution. therefore be considered in the theoretical model. A review
Studer et al[12] established a fabrication technique which of the related literature reveals that a theoretical model of
allowed the realization of microfluidic devices incorporat— the microchannel has been W|de|y app“ed in previous stud-
ing electrodes with smaller feature sizes and demonstratEQes_ This model is described by the fo”owing set of equa-
that the resulting devices e capable of supporting such  tions: the Poisson—Boltzmann equation, the Laplace equa-
novel functionalities as the injection, mixing, and separation tjon, and the Navier—Stokes equation, which comprises the
of biomolecules by means of AC electrokinetic pumplng body force terms from the Guoy_Chapman model. In ap-
Green et al[13] applied a nonuniform AC electric field  plying this model, it is convenient to transform the toroidal

to an electrolyte using coplananicroelectrodes to generate  coordinate systerir, Y, 6) to the related coordinate system
steady fluid flow. The flow was driven at the surface of the (x v, 7), wherex = R — C, dZ = Cd9, andC is the ra-

electrodes so that it moved in a plane normal to the electrodegius of curvature, as shown Fig. 1

surface. The impedance of the double layer on the electrodes

and the potential drop across the double layer have been 1 pouple-layer field

studied experimentally and theoretically using linear analy-

sis. Erickson and L[14] developed an analytical solution, When the liquid in the tube comes into contact with the
via a Green’s function formulation, for AC electroosmotic  gqig wall, an interfacial charge is established. This charge
flow through a rectangular microchannel for the case of a si- .5ses the free ions in the liquid to rearrange to form a
nusoidal applied electric fieldTheir results indicated that i region with nonzero net charge density. This region is

the steady time-periodic veldy profile is characterized by ommonly referred to as the electrical double layer (EDL).
the ratio of the period of oscillation to the time scale for vis- According to electrostatic theg the electrical potential dis-
cous diffusion, by the surface zeta-potential distribution, and (i tion in the EDL region is governed by the Poisson—

by the channel aspectratio. o Boltzmann equatiofil5], which is expressed as
The geometry of a microfluidic device is commonly char-

acterized by a rectangular curved microtube. The flow-field 1 9 oY %y 2noze
conditions within such a microtube have a significant in- ma[(x +C)§} T2
fluence upon the performance of the device when it con-

ducts the separation, exttam, and mixture of chemical \
or biological components. The present study applies a nu- |
merical approach to investigatime-periodic electroosmotic :

flow in a rectangular curved microtube. The investigations S
of transient behavior provide detailed insight into the char- Y
acteristics of electroosmotic flow and are consequently of

great importance in understanding and enhancing biochip L R 5
operation. A numerical method is adopted in which the tran- \Z
sient phenomena of electroosmotic flow are simulated us-
ing the Debye—Hiickel linear approximation. Through the | |
application of the backwards-Euler time-stepping method,
a numerical solution is obtained for the stream-function Fig. 1. Geometry of curved microtutend associated coordinate system.
and vorticity-transport equations, which govern the veloc- The directions of velocity(, v, w) are defined in the figure.

= sinh(zeyr/ kpT),
dy? e

_____
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: : . . R ow Bw ow uw w B dp
wheree is the dielectric constant of the fluid mediumis — tU— +v— + 5+ sl
the valencee is the charge of an electrong is the bulk o “ox (x +l3) (x+p) (x+p) oz
electrolyte concentratiolty, is the Boltzmann constant, and 1 ow 92w
T is the temperature. Nondimsional quantities (denoted x +ﬂ) ax (x J”g)_ I
by asterisks) can be defined as
. B 3¢
— G, sinhy — ) =0, (3d)
x =2 P 4 (x +B) 0z
A A kel

The dimensionless nonlinear Poisson—Boltzmann distribu-
tion equation is then given by
——P +————Ksmdw)

8¢i|
(x+pB)ox 9y2

+B)—
whereyr is the nondimensional double-layer potentiak
A x K is the nondimensional double-layer thickne&s=
(2noz2e?/ceokyT)Y? is the Debye—Hiickel parametet,is
the height of the rectangular cross section of the tube, and
curvature ratigd = C/A. (Note that the asterisks are delib-
erately omitted in these equations.)

d 0%y

1)

2.2. Electroosmotic flow field

When an external electric field is applied, the liquid flow

induced by electroosmosis is governed by the general incom-

pressible Navier—Stokes equatidri,16]

o2 p(V VIV = —VP 4 F 4 VPV, 2)

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

The following nondimensiorguantities (denoted by as-
terisks) can be introduced: nondimensional velodity=
u/(v/A) or v* = v/(v/A), nondimensional timer* =
t/(A%/v), nondimensional pressurep* = (p — pref)/
(pv?/A?), and nondimensional frequencyt* = A%A /v,
whereu is the kinetic viscosity of the electrolytejs time,
and A is the frequency of the applied electric field; i.e.,
A =2r f.Hence, the continuity equation and Navier—Stokes
equation oEq. (2)can be rewritten as

G 1B [( + Bu]+ — =0, (3a)
ou  du  du M L_w Lo
o o Ty T+ B T a1 B2 ox
] oul  0%u
_<x+ﬁ>$[(’“+ﬂ)$}_a—y2
G, sanw(%) o, (3b)
0x
av av dv  dIp a av
o T Ty @‘@ﬂs)a[(’“”‘)a}
9%y v
— stmhw< ):0, (3¢)
~dy dy

where G, = 2nokpT /(pv?/A%) and¢ is electrical poten-

tial. The magnitude of the axial pressure gradient is very
small in comparison with that of the body force in a micro-
tube. Hence, the axial pressure gradient can be neglected in

Eq. (3d)
The stream functiony, is defined as
B dS B S @
C(x+B) Ay’ (x+pB) dx’

The continuity equation can then be satisfied by substitut-
ing Eqg. (4)into Eq. (3a) The pressure and body force terms,
P andF, can be eliminated frofgs. (3b) and (3d)y cross-
differentiation, i.e., by taking the curl of the two-dimensional
momentum equation. The vorticity-transport equation can be
derived as

082 S 982 95 982 (x+p) dw
(X+ﬂ)——ﬂ$¥—ﬂaa—y Ta
g % 9
(x+p) dy
d 382 3202
—I:a(x+ﬂ)§+(x+,3)ﬁ:|=0- (5)
Furthermore, the vorticity?, is given by
] ST 92s B a8
e <x+ﬁ)£[(’“+ﬂ)ﬁ}+%_ (+B)ox
(6)

For pure electroosmotic flow, the magnitude of the axial
pressure gradiendp/dz, is very small in comparison with
that of the body forceF, in a microtube. Hence, the axial
pressure gradiendp/dz, in Eq. (3d)can be neglected in the
case of fully developed flow. The zeta potential distribution
in the EDL can be obtained by solvirgg. (1) Substitu-
tion of the calculated electric potential inkx. (3d)yields
the transient electroosmotic flow under an applied electric
field by solving the simplified equation set &f{s. (3d),
(5), and (6) By taking the cross-differentiation operation,
the total number of dependent variables is reduced to just
three, (S, 2, w), and the body force terms from the Guoy—
Chapman model irEgs. (3b) and (3ckan be discarded.
The boundary conditions of zeta potential at four walls
are—75 mV, and its corresponding dimensionless value is
¥ = —3. Hence, the boundary conditions at the four walls
of the microtube are given as follows.

(1) Atleftand right walls:

REXY
Q4+ - =

§=0, 7

0,
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(2) Atupper and lower walls:

REXY

S=0, 2
92y

2+ 0, w =0,

3. Numerical method

The present numerical method employs the backwards-

the predictor step ifEgs. (9) and (10)s applied to gener-
ate accurate estimates of thelg@n. Hence, the calculation
algorithm is extremely effective and generally converges
quadratically. For the detailed algorithm of the numerical
method please refer to Yang and Lua].

4. Resultsand discussion

Euler time-stepping method to identify the evolutions of a 4 1 Transient electroosmotic flow induced by DC electric

flow driven by an applied DC or AC electric field. The com-
putational domain is discretized into 121121 nonequally-
spaced grid points in botk- andY-directions. The calcu-

field

The present study investigates transient electroosmotic

lated solutions have been carefully proved to be independentﬂOW in a curved microtube with a curvature ratiof= 50

alength and width of 30 um, and an aspect ratio of 1. The rel-

. evant parameters of the microtube are presentdalie 1
by central differences of a second order to form a system of te microtube is filled initially with a stationary fluid, which

is then driven through the migtube by the initial impulse

of computational grid points and time step. The governing
equations presented Egs. (3d), (5), and (6re discretized

nonlinear algebraic equations,
H(S, At) =0, (7)

whereS is the solution vector andyt is the dimensionless
marching time step.

Table 1

Typical values of the relevant quantities

. . . A Height of the rectangular curved tube 30 um
_The s_,olutlon vector for.vanc_)us tlme—levels. can be ob- 4 Curvature ratio 50
tained via a sequence of iteratiori§") ()], which is de- c Radius of curvature 1.5 mm
fined by m Viscosity of fluid Q90 x 103 Nsm2
0 Density of fluid 16 kgm—3
s© (0) = initial state (8a) ¢ Concentration of ions M
Dielectric constant 78.3
) (v+1) ) ¢
Hs (S J Al‘) [S (t+ A =S+ At)] €0 Permittivity of vacuum B54x 100 12Fm1
_ —H(S(U) At) wherev = 0. 1. 2 (8b) e Charge of an electron .8021x 107 19¢
’ ’ T z Valence 1
In Eq. (8b) Hy is the Jacobian matrix dfq. (7) andz isthe 7o Bulk electrolyte concentration B22x 1079 m—3
nondimensional time. kp Boltzmann constant 38x 10233k 1
A convergence criterion ofSVtD (1 + Ar) — SV (¢t + r gbszlluuf temperat“.rel 72598'1/6 K
2 2 16 d to identify th f 2 ou 'e- aygr potential —75m
A1)]°/S(t)c < 107~ is used to identify the convergence of  ,x Nondimensional frequency of 1

the iteration process. Whether or not the iteration actually
converges and, if it does, its convergence efficiency, are both
determined by the accuracy of the initial estimate. An appro-
priate initial estimate ensures that the iteration will converge
efficiently. An effective method of obtaining good initial
estimates is to employ a Taylexpansion of a calculated
convergent solution withespect to the parametar,

SOG + Aty =S0) + A1S: (1). (9)
Equation (7)is used to obtairs;, which satisfies
Hg(S, AD)S; = —Ha/(S, At). (10)

The method described E&gs. (8), (9), and (10} known
as the backwards-Euler time-stepping method. Since this
method employs second-order accuracy in time, it is nec-

the applied AC electric field

0.07

0.06

0.05

0.04

0.03

0.02

Axial velocity at transverse center

0.01

essary to provide two initial solutions at the beginning of the RONADUAAARS SAALAAMRS MDA ALY MDA MDA
time-stepping calculation. One of these solutions can be ob-
tained from the initial state, while the other is obtained using

the same numerical method, but with a first-order finite dif- ig 2. variation in axial velocity of flow at transverse center of microtube
ference in time. Before the iteration algorithm is executed over time. Note that the flow is driven through the microtube under the
to obtain the convergence solution of the next time level, influence of an initial impulse supplied by the applied DC electric field.

Time
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Fig. 3. Evolution of axial-velocity contours dng period of transient response under influentenpulse supplied by applied DC electric field.

provided by the applied DC electric field. The dimension-
less intensity of this electric field along the axial direction
is d¢/0z = 52.49.Fig. 2 presents the variation in the axial

velocity of the flow at the transverse center of the micro-
tube overtime. When the electric field is initially applied, the
fluid within the double layer responds virtually immediately,
but the bulk fluid in the microtube remains stationary. How-

ever, as the fluid within the double layer starts to move, the
bulk fluid is gradually dragged into motion through the dif-
fusion of momentum from the double layer. A finite time is
required for full momentum diffusion from the double layer
to the bulk fluid, and hence the flow in the central region
of the microtube evolves through a period of transient re-
sponse before attaining a steady-state fleig. 2 indicates
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Fig. 3. (Continued).

that the dimensionless transient response time is approxi-tion of two walls causes overlapping of the double layer, and
matelys = 1.36. hence a greater net charge density accumulates in each cor-
Fig. 3illustrates the evolution of the axial velocity con- ner of the microtube. These net-charge-density peaks cause
tours during the period of transient response. Initially, the the particles in the corners to respond rapidly to the influ-
impulse provided by the applied DC electric field drives the ence of the applied electric field. Hence, as time elapses, the
fluid within the double layer in the axial direction, and the fluid within the double layer rapidly accelerates in the axial
axial velocity contours adopt a ringlike form. The intersec- direction. Itis noted that the maximum velocity occurs at the
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Fig. 4. Axial velocity distribution along(-coordinate during period of tran- 6000 T T 008

sient response from=0tor = 1.36. 000 050 100 150 200 250 300 350 4.00 450 5.00

corners of the microtube. The momentum of the double layer Time

gradually diffuses to the central region, and therefore the ax- Fig. 5. variations in applied AC electrfield and axial velocity of electroos-
ial velocity contours assume a C-like form. As further time motic flow in transverse center of microtube over time.
elapses, the contours with higher axial velocity gradually ac-
cumulate near the inner side. Under steady-state conditionscrotube remains stationary. As described previously, a finite
the axial-velocity contours demonstrate a stratified form.  time is required for the momentum of the double layer to
Fig. 4 indicates the axial velocity distribution along the diffuse to the bulk fluid, and hence a certain degree of phase
X-coordinate during the period of transient response from shift between the applied electric field and the flow response
t =0 to r =1.36. During this period, the axial velocity in isinevitable. Finally, the central-region flow attains a steady-
the transverse center of the microtube increases from zerostate condition, in which the change in velocity matches that
to its maximum value. Under the influence of the initial im- of the applied electric field. It can be shown that the time for
pulse provided by the applied DC electric field, the fluid near the velocity in the central region of the microtube to attain
the inner and outer walls accelerates rapidly in the positive a steady-state condition is approximately 0.7 of the dimen-
axial direction. However, the bulk fluid is only gradually sionless transient response time.
dragged into motion in the positive direction by the diffu- Fig. 6 presents the evolution of the axial velocity con-
sion of momentum from the double layer. A& 1.36, the tours in the transverse section during the period framl
axial velocity in the transverse section is equal to approxi- tor = 1.5. Atr =1, the intensity of the applied electric field
mately 0.057. is zero, and the flow in the center of the microtube moves
at its maximum velocity in the negative direction. It can
4.2. Transient electroosmotic flow induced by AC electric  be seen that the preceding negatelectric field intensity
field causes the axial velocity contours to adopt a ringlike form,
in which the innermost contours indicate the highest axial
In this particular investigation, the fluid is driven through velocity in the negative direction. As further time elapses,
the microtube by an applied AC electric field. The di- the fluid particles within the double layer are rapidly driven
mensionless electric field within the microtube is given by in the positive direction under the influence of the applied
d¢/0z =52.49sin2rt). Fig. Spresents the variationsinthe  AC electric field. Since the peak net charge density occurs
applied electric field along the axial direction and the axial at the corners of the microtube, the maximum velocity of
velocity of the flow in the transverse center of the micro- the flow also takes place at each corner.rAt 1.1, the
tube over time. The amplitude and the cycle period of the flow velocity near the four walls continues to increase, and
applied AC electric field ar®&2.49 and 1, respectively. In  the resulting momentum diffusion causes the region of flow
general, it can be seen that the axial velocity tends to fol- with a positive velocity to spread gradually from the double
low the varying intensity of the applied electric field; i.e., layer toward the central region of the microtube. Finally, at
the flow accelerates as the ing#y of the applied electric ¢t = 1.25, the region of flow in the positive direction expands
field increases and deceleratestasintensity of the applied  to the point where it occupies almost the entire microtube
electric field decreases. However, it is noted that the varia- profile. Meanwhile, the velocity of the flow in the center
tion in the flow velocity lags behind that of the electric field of the tube decreases to zero, as showifign 6. As the
by a phase shift of approximately (2)°. When the elec-  elapsed time increases furthére intensity of the electric
tric field is initially applied the fluid within the double layer  field gradually decreases, and hence the positive axial veloc-
starts to move, but the fluid in the central region of the mi- ity of the flow within the double layer decreases. The peaks
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1.17

Fig. 6. Evolution of axial-velocity contosrin transverse section during period frem 1 to+ = 1.5 under influence of applied AC electric field.

t

t=1.15

, while theial flow at the corners attains

in the net charge density cause particles in the corners to re-velocity of the bulk flow in tle positive direction reaches an

spond rapidly to the change in the applied AC electric field, almost equal value

the positive intensity

of the applied AC electric field continues to decrease, and

’

and consequently there is a reduction in the local maximum a local minimum value. At = 1.45

inertia forces cause the
axial velocity of the flow in the center of the microtube to momentum diffusion causes the region of flow with slower

continue to increase in the positive direction.zAt 1.4, the

velocity at each corner. Meanvié

positive axial velocity to expand toward the central region.
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Fig. 6. (Continued).

At t = 1.5, the axial velocity in the central region attains its applied AC electric field intensity is the mirror image of the
maximum value. At = 1.5, it is noted that the axial-flow-  variation described from= 1 to r = 1.5, and accordingly,
velocity contours strongly resemble those evidentatl in the axial flow velocity in the central region of the microtube
terms of their shape. However, it is important to note that the reverses from a positive direction to a negative direction. Es-
direction of the axial velocity is reversed. During the second sentially, the evolution of the axial velocity contours during
half of the cycle, frony = 1.5 tor = 2, the variation of the  the cycle fromr = 1.5 tor = 2 follows the same process as
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Fig. 7. Axial velocity distribution along’-coordinate during period from Fig. 9. Axial velocity distribution along’-coordinate during period from
t=1tor=15. t=15tor=20.
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Fig. 8. Axial velocity distribution along(-coordinate during period from  Fig. 10. Axial velocity distribution along(-coordinate during period from
t=1tor=15. t=15t0r=20.

that described for = 1 tor = 1.5. However, it is noted that  inner wall (X = —1) is greater than that near the outer wall

the axial flow directions are reversed. Consequenthsa®, (X =1) at different instants, as shownfig. 8.
the axial velocity contours are identical to those observed Figs. 9 and 1lQindicate the axial velocity distribution
atr =1. along theY-coordinate and-coordinate during the period

Figs. 7 and 8ndicate the axial velocity distribution along  from s = 1.5 to s = 2. During this period, the axial velocity
the Y-coordinate and-coordinate during the period from in the transverse center of the microtube gradually decreases
t =1tor=15. The axial velocity in the transverse center from its maximum value to its minimum value. The intensity
of the microtube gradually increases from its minimum value of the applied AC electric field gradually increases between
to its maximum value during this period. It is noted that the =15 andr = 1.75 and then decreases fram= 1.75 to
intensity of the applied AC electric field gradually increases r = 2.0 in the negative direction. Consequently, the fluid near
fromt =1tot = 1.25, and then decreases fram- 1.25 to the upper and lower walls accelerates rapidly in the nega-
t =1.5. Consequently, the fluid near the upper and lower tive direction fromr =1 to+ = 1.75 and then decelerates in
walls accelerates rapidly in the positive direction between the negative direction from= 1.75 tor = 2.0. However, the
t =1 andr = 1.25, and then decelerates in the positive di- bulk fluid is only gradually dragged into motion in the neg-
rection froms = 1.25 tor = 1.5. However, the movement of  ative direction due to the delassociated with the momen-
fluid within the double layer only gradually drags the bulk tum diffusion from the double layer. Due to the centrifugal
fluid into motion in the positive direction, since the momen- effect, the magnitude of axial velocity near the inner wall
tum diffusion requires a finite time to take effect. Due to the (X = —1) is greater than that near the outer wall£ 1) at
centrifugal effect, the magnitude of axial velocity near the differentinstants, as shown Fig. 10
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5. Summary applied electric field intensity in either the positive or nega-
tive direction. It has been shown that the axial-flow velocity
The flow-field conditions within the electrokinetic mi- tends to follow the varying intensity of the applied AC elec-
crochannel of a microfluidic device have a significant influ- tric field. When the electric field is initially applied, a certain
ence upon the performance of the device in the separation phase shift between the applied electric field and the flow re-
extraction, and mixing of chemical or biological compo- sponse is inevitable because a finite time is required for the
nents. Therefore, it is essential to develop a thorough un-momentum of the double layer to diffuse to the bulk fluid.
derstanding of the evolution of these flow-field conditions The evolution process of the axial velocity contours during a
when such a device is designed. The present study has conhalf cycle follows the same peess as for the preceding half
sidered the case of transient electroosmotic flow in a rec- cycle. However, the axial flow directions are reversed.
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