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a b s t r a c t

This paper proposes a technique for enhancing the mixing of electroosmotic flows in a microchannel by
means of aperiodic spatio-temporal variations in the zeta potential. The effects of the magnitude of the
time-varying zeta potential, the length of the heterogeneous surface zeta potential patterns, and the ape-
riodic switching frequency of the zeta potential on the fluid flow characteristics and mixing performance
are analyzed by performing a series of numerical simulations in which the aperiodic oscillating source
used to modulate the switching frequency of the zeta potential over time is derived using the Sprott
system. The results show that the aperiodic spatio-temporal variations in the zeta potential generate
irregularly alternating flow recirculations over time, which in turn produce a stirring of the species. In
addition, it is shown that an effective enhancement in the mixing performance can be obtained through
umerical analysis the application of a suitable switching frequency. Moreover, the mixing performance can be further
improved by increasing the strength of the heterogeneous surface zeta potential or the length of the
heterogeneous surface zeta potential patterns, respectively. Overall, it is shown that an average mixing
efficiency of over 90% can be obtained when the length of the heterogeneous surface zeta potential pat-
terns is equal to twice the channel width, the magnitude of the heterogeneous surface zeta potential is
twice that of the homogeneous surface zeta potential, and the value of the oscillating frequency used to

f the z
modulate the variation o

. Introduction

The rapid advancement of micro-electro-mechanical systems
MEMS) techniques in recent decades now makes possible the
ntegration of multiple microfluidic devices on a single chip to
ccomplish micro-total analysis systems (�-TAS) for chemical and
iological analysis purposes. Generally speaking, the performance
f such systems is reliant upon an efficient mixing of the species.
owever, due to the small characteristic scale of microfluidic
evices, the species flow is constrained to the low Reynolds num-
er regime. As a result, the fluid flow is laminar and species mixing
ccurs primarily as the result of diffusion. Therefore, in the absence
f turbulence, a thorough mixing of the species requires both a long
ixing length and a long mixing time. However, neither require-
ent is compatible with the general goals of microfluidic systems,

amely miniaturization and a high throughput. Consequently, a

equirement exists for more efficient micromixing schemes capa-
le of achieving a thorough species mixing within a short mixing

ength and a short mixing time.

∗ Corresponding author. Tel.: +886 6 2757575x62140; fax: +886 6 2342081.
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eta potential is assigned within an appropriate range.
© 2010 Elsevier B.V. All rights reserved.

In general, the proposals presented in the literature for effi-
cient micromixing strategies can be classified as either passive or
active, depending on the manner in which the species are mixed.
In passive mixing schemes, the species are mixed through the
flow disturbances induced by the specific geometric features of the
microchannel, and no additional force is required to perturb the
species other than that required to actually drive them through the
device. Typical passive micromixers include staggered herringbone
mixers [1–3], three-dimensional serpentine mixers [4–6], split-
and-recombine mixers [7,8], and zigzag/waveform mixers [9–11].
In contrast to passive mixing schemes, active mixing strategies
utilize an external perturbing force or mechanical components to
perturb the species, thereby achieving a mixing effect. Typically,
the species perturbation is achieved by utilizing a periodic oscillat-
ing velocity or pressure to generate transverse flows within the
microchannel. Many studies have shown that by specifying the
operating conditions in such a way as to achieve chaotic flow, the
active mixing strategies yield an efficient species mixing as a result
of the repeated stretching and folding of the sample streams at the

interface between them [12–14].

In recent years, electrokinetic techniques have emerged as
the method of choice for species mixing in microfluidic systems.
Compared to traditional pressure-driven mixing schemes, elec-
trokinetic methods have a number of key advantages, including

dx.doi.org/10.1016/j.cej.2010.08.003
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ckchen@mail.ncku.edu.tw
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Fig. 1. Schematic illustration showing micromixer configuration. Note that th

he ability to manipulate tiny volumes of sample with an extremely
igh degree of precision, a lack of moving parts, a straightforward

ntegration with other microfluidic devices, and so on. In [15,16],
periodically varying electric field was applied to the side chan-
els of a T-/cross-shaped micromixer such that the two species
ere injected alternately into the main microchannel. It was shown

hat the mixing efficiency could be enhanced by increasing the
nterfacial contact area between the two species by applying a suit-
ble switching frequency. Some researchers have demonstrated
hat the mixing performance can be further improved by utiliz-
ng time-varying externally applied electric fields to perturb the

pecies within the microchannel. For example, in [17,18], sinu-
oidally alternating external electric fields were applied to species
ith different conductivities in order to produce an instability phe-
omenon within the species, while in [19], periodic electric fields
ith a 90-degree phase shift were applied to the electrodes at the

Fig. 2. Oscillatory orbits in Sprott system with scalin
and unfilled blocks represent heterogeneous surface zeta potential surfaces.

ends of closed lateral channels in order to excite vortices. In [20],
a complex flow behavior was induced by applying random pertur-
bations to the time-periodic electric field used to drive the species.
Finally, in [21,22], harmonic and chaotic electric fields were applied
to the electrodes of a mixing chamber to produce periodic and
aperiodic perturbation effects within the chamber.

In addition to the active techniques described above, some
researchers have shown that an enhanced mixing performance can
be obtained by applying non-uniform zeta potentials along the
length of the mixing channel in order to induce local flow recir-
culations [23,24]. In contrast to passive mixing methods in which

non-uniform time-independent zeta potentials are applied along
the channel wall [25–27], the application of non-uniform time-
varying zeta potentials to local regions of the channel surface yields
a more efficient mixing performance since the resulting flow recir-
culation structures vary over time and therefore generate a more

g factors of: (a) k = 10, (b) k = 50, and (c) k = 100.
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ig. 3. Flow streamlines. (a) Zeta potential on wall surfaces of filled blocks is given
b) Zeta potential on wall surfaces of filled blocks is given as � = − ∣

�h
∣

while zeta
f �h = 75 mV. Note also that the zeta potential on the remaining wall surfaces of th
atterns is given as Lhet = 1.0W.

omplex flow behavior [24]. Generally speaking, the time-varying
eta potentials can be induced using the field effect [28]. Many
revious experimental and numerical studies have shown that an
ffective mixing performance can be obtained through the speci-
cation of an appropriate time-switching period to modulate the
ariation of the zeta potential [29–31].

The majority of the active mixing schemes presented in the lit-
rature mix the species using some form of periodic perturbation
ource. However, aperiodic oscillating sources have a number of
dvantages, including the generation of a random-like oscillating
ffect, an oscillatory characteristic comprising multiple oscillating
requencies, and so on. Accordingly, the present study proposes an
nhanced micromixing scheme in which the species are perturbed
y an aperiodic oscillating source derived from the Sprott system
32]. In the proposed approach, the local zeta potential on the

icrochannel wall varies over time in accordance with the oscil-
atory behavior of the Sprott system. The resulting time-varying
eta potentials prompt the formation of irregularly alternating
ow recirculations in the microchannel which perturb the species
treams and improve the mixing efficiency as a result. A series of
imulations are performed to examine the respective effects of the
agnitude of the time-varying zeta potential, the length of the

eterogeneous surface zeta potential patterns, and the alternating
requency of the zeta potential on the fluid flow characteristics and
orresponding mixing performance.

. Mathematical formulation

Fig. 1 presents a schematic illustration of the micromixer consid-
red in the present analysis. As shown, the microchannel has a total
ength L, a width W, a mixing region of length Lmix, and an injection
hannel of length Li. Furthermore, the mixing region of the chan-

el incorporates ten pairs of heterogeneous surface zeta potential
atches of length Lhet, where each patch is separated from its
eighbors by homogenous surface zeta potential patches of length
hom.

able 1
hysical properties of solution.

Symbol Description Value

e Charge of an electron 1.6021 × 10−19C
D Diffusion coefficient 1 × 10−11 m2 s−1

Kb Boltzmann constant 1.38 × 10−23 J K−1

T Absolute temperature 298.16 K
z Valence 1
ε Dielectric constant 80
ε0 Permittivity of vacuum 8.854 × 10−12 F m−1

� Viscosity of fluid 10−3 N s m−2

� Density of fluid 103 kg m−3
+ ∣
�h
∣

while zeta potential on wall surfaces of unfilled blocks is set as � = − ∣
�h
∣
.

tial on wall surfaces of unfilled blocks is set as � = + ∣
�h
∣
. Note that �h has a value

nel is specified as � = − 75 mV. In addition, the length of the heterogeneous surface

2.1. Governing equations

In analyzing the sample flow within the microchannel shown
in Fig. 1, the governing equations are simplified via the follow-
ing assumptions: (i) the sample solutions are incompressible,
Newtonian liquids; (ii) the gravitational and buoyancy effects are
sufficiently small to be ignored; (iii) the two samples have the
same constant diffusion coefficient; (iv) no chemical reactions take
place; and (v) the channel height is neglected such that the flow
fields are two-dimensional [33]. The various governing equations
are described in the sections below.

2.1.1. Poisson–Boltzmann equation
According to electrostatics theory, the electrical double

layer (EDL) potential distribution can be described by the
Poisson–Boltzmann equation, which in the case of symmetric elec-
trolytes such as KCl has the form

∇2 = 2n0ze

εε0
sinh

(
ze

kbT
 

)
(1)

where  is the potential induced by the charge on the walls, n0 is
the bulk concentration of the ions, z is the ionic valence, e is the
elementary charge, ε is the dielectric constant of the electrolyte
solution, ε0 is the permittivity of a vacuum, kb is the Boltzmann
constant, and T is the absolute temperature.

2.1.2. Laplace equation
The distribution of the externally applied electric potential in

the microchannel is described by the following Laplace equation:

∇2� = 0, (2)

where � is the applied electrical potential. Note that the electric
field is equivalent to E = −∇ �.

2.1.3. Navier–Stokes equations with electrokinetic driving body
force term

In a microchannel filled with an aqueous solution, the appli-
cation of an external electric field induces an electrokinetic body
force near the wall surface which affects the characteristics of the
fluid flow. Therefore, the Navier–Stokes equations must be modi-
fied to take account of the electrokinetic body force. The modified
Navier–Stokes equations have the form

∇ · �V = 0, (3)[ ]

�
∂ �V

∂t
+ ( �V · ∇) �V = −∇P +�∇2 �V + �FE, (4)

where � is the fluid density, �V is the velocity vector with com-
ponents u and v in the x- and y-directions, respectively, P is the
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where �h is the specified value of the zeta potential.
C.-C. Cho et al. / Chemical Engi

ressure,� is the fluid viscosity, and �FE is the electrokinetic driving
ody force and is defined as �FE = 2n0ze sinh((ze/kbT) )∇( + �)
10,21].

.1.4. Concentration distribution equation
Assuming that the electrophoretic effect is neglected, the

pecies transport can be described by the following convection-
iffusion equation:

∂C

∂t
+ ( �V · ∇)C = D∇2C, (5)

here C is the species concentration and D is the diffusion coeffi-
ient.

.2. Initial and boundary conditions

In simulating the species flow in the microchannel shown in
ig. 1, it is assumed that species A and B are initially static and
ompletely fill the upper and lower regions of the microchannel,
espectively. In setting the boundary conditions, a constant electric
eld is applied along the microchannel, and a time-varying zeta
otential is applied to the heterogeneous surface zeta patterns. Fur-
hermore, a slip velocity condition is applied at the wall surfaces.
he initial and boundary conditions are formulated as follows:

Initial conditions

�V = 0, C = CA orCB. (6a)

Boundary conditions
Inlet

� = �in, P = 0, C = Cin. (6b)

Outlet

� = �out, P = 0, ∇C · �n = 0. (6c)

Wall surfaces

∇� · �n = 0, �V = �VHS, ∇C · �n = 0. (6d)

Note that in the equations above, �in and �out are the applied
lectric potentials at the inlet and outlet, respectively; �VHS is
he Helmholtz–Smoluchowski slip velocity and is equal to �VHS =
(εε0�/�)E [34]; � is the zeta potential on the wall surface; E is

he magnitude of the electric field; Cin is the species concentra-
ion in the inlet; and n denotes the normal direction to the wall
urface. Note that the zeta potential is specified as � = −

∣∣�w∣∣ and

= ±
∣∣�h(t)∣∣ for the homogeneous and heterogeneous surface pat-

erns, respectively.

.3. Oscillatory sources and mixing scheme protocol

In the mixing scheme proposed in this study, the time-varying
eta potential applied to the heterogeneous surface patterns is
odulated by an aperiodic oscillating source generated using the

prott system [32]. In other words, the oscillating source has the
orm

˙ 1 = kx2, (7a)

˙ 2 = kx3, (7b)

˙ = k[−p x − p x − p x + p Sign(x )], (7c)
3 1 1 2 2 3 3 4 1

here x1, x2 and x3 are the oscillatory sources, p1 = 1.2, p2 = 1.0,
3 = 0.6 and p4 = 2.0 are the system parameters, and k is the scal-
ng factor. In the present study, the Sprott system is solved using
he fourth-order Runge–Kutta algorithm. Fig. 2(a)–(c) presents the
Fig. 4. Evolution of u-velocity component near wall surface in center of heteroge-
neous surface zeta potential patches for three different values of zeta potential. Note
that the scaling factor is given as k = 50.

oscillatory orbits of x1 for initial values of (x1, x2, x3) = (0.1, 0.1, 0.1)
and scaling factors of k = 10, 50 and 100, respectively. It can be seen
that the oscillatory frequency of x1 can be easily adjusted via the
application of a suitable scaling factor. Note that the oscillatory
behavior of the Sprott system can be generated using simple electric
circuits [32].

In accordance with the Sprott system, the variations over time
of the zeta potentials acting on the surfaces of the filled and unfilled
blocks in Fig. 1 are specified as follows:

Filled blocks

� =
{

−
∣∣�h∣∣ if x1 > 0

+
∣∣�h∣∣ if x1 ≤ 0

, (8a)

Unfilled blocks{
+

∣∣� ∣∣ if x1 > 0
Fig. 5. Evolution of u-velocity component near wall surface in center of heteroge-
neous surface zeta potential patches for three different values of scaling factor. Note
that the zeta potential on the heterogeneous surfaces is given as �h = 75 mV.
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.4. Numerical method

In simulating the sample flows within the microchannel shown
n Fig. 1, the governing equations (Eqs. (2)–(5)) and initial and
oundary conditions were solved numerically using the finite-
olume method [35]. Note that an assumption was made that
he EDL thickness was significantly less than the characteristic
ength of the microchannel. Thus, in performing the simulations,
he variation of the velocity within the EDL was neglected and the
elmholtz–Smoluchowski slip velocity was applied at the wall sur-

aces [34]. As a result, the electrokinetic body force term in Eq. (4)
as neglected, causing the Poisson–Boltzmann equation (Eq. (1))

o become redundant. Consequently, the complexity of the solu-
ion procedure was significantly reduced. The transient time terms
nd convection terms in Eqs. (4) and (5) were discretized using the
ully-implicit method and a second-order scheme, respectively. The
elocity and pressure fields were coupled using the SIMPLE C algo-
ithm [36]. The discretized algebraic equations were solved using
he TDMA (tri-diagonal matrix algorithm) scheme. In the solution
rocedure, the Laplace equation (Eq. (2)) was solved to obtain the
istribution of the externally applied electric potential within the
icrochannel, and the variation of the Helmholtz–Smoluchowski

lip velocity at the wall surfaces over time was then calculated

n accordance with the specified zeta potential and the externally
pplied electric field. Thereafter, the Navier–Stokes equations (Eqs.
3) and (4)) and convection-diffusion equation (Eq. (5)) were solved
o obtain the evolution over time of the flow field and species con-
entration field. Finally, at each time step, the mixing efficiency was

ig. 6. Evolution of mixing efficiency at x = 2000 �m as function of time for scaling fac
eterogeneous surfaces is given as �h = 75 mV. Note also that the length of the heterogene
g Journal 163 (2010) 180–187

estimated following the convergence of the species concentration
field. Note that prior to the simulations, a sensitivity analysis was
performed to establish a suitable mesh size and time step.

2.5. Mixing efficiency

The performance of the proposed mixing scheme was quantified
by evaluating the mixing efficiency (�m) at a specified cross-section
of the microchannel in accordance with [25]

�m =

⎡
⎣1 −

∫ W/2
−W/2

∣∣C − C∞
∣∣dy∫ W/2

−W/2

∣∣C0 − C∞
∣∣dy

⎤
⎦ × 100%, (9)

where C is the species concentration; C∞ is the species concen-
tration in the perfectly mixed condition, and C0 is the species
concentration in the completely unmixed condition. Thus, a mix-
ing efficiency of�m = 100 % indicates a perfectly mixed state, while a
mixing efficiency of �m = 0 % indicates a completely unmixed state.

3. Results and discussion

The model presented in Fig. 1 was used as the basis for a series of

numerical simulations designed to examine the effects of the ape-
riodic spatio-temporal variations of the zeta potential on the fluid
flow characteristics and corresponding mixing performance. In the
simulations, the width of the channel was specified as W = 50 �m,
the length of the injection channel was set as Li = 10W, and the

tors of: (a) k = 10, (b) k = 50, and (c) k = 100. Note that the zeta potential on the
ous surface patterns is set as Lhet = 1.0W.
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Fig. 7. Average mixing efficiency at x = 2000 �m over time t = 5–10 s when (a) length
of heterogeneous patterns is set as L = 1.0W, and (b) magnitude of heterogeneous
C.-C. Cho et al. / Chemical Engi

ength of the homogeneous surface zeta patches in the mixing sec-
ion was given as Lhom = 0.5W. In addition, it was assumed that
he microchannel was made of silica glass and had a zeta poten-
ial of � = − 75 mV. The intensity of the externally applied electric
eld was set as E = 200 V/cm. Furthermore, the working fluids were
ssumed to be aqueous solutions. The physical properties of the
olutions are summarized in Table 1. Finally, the Reynolds number
Re = � �VHSW/�) and Peclet number (Pe = �VHSW/D) of the sample
ows were specified as Re = 5 × 10−2 and Pe = 5.3 × 103, respec-
ively.

Fig. 3 presents the flow streamline distributions within the
icrochannel for two different assignments of the zeta potential on

he heterogeneous wall surfaces. Note that the zeta potential on the
omogeneous wall surfaces is assumed to be negative. It can be seen
hat in both cases, a series of flow recirculations are generated along
he length of the mixing channel. In electroosmotic flow, an elec-
rokinetic driving force is induced by the interaction between the
DL potential and the externally applied electric field. This driving
orce acts only on the fluid near the walls of the microchannel. How-
ver, the bulk fluid is also dragged into motion via a momentum
oupling effect with the driven fluid. If the external electric field has
constant distribution along the microchannel and a uniform zeta
otential is applied along the channel wall, the electrokinetic driv-

ng force near the wall acts in the same direction at all points along
he microchannel. Consequently, all of the bulk fluid moves in the
ame direction and flow recirculations are not induced. Under such
ircumstances, a poor species mixing is obtained since the species
treams are mixed as the result of diffusion alone. However, in the
ase shown in Fig. 3, the external electric field is constant along
he length of the microchannel and a non-uniform zeta potential
s applied along the wall surfaces. The fluid near the positive zeta
otential surfaces moves in the opposite direction to that near the
egative zeta potential surfaces, and thus local flow recirculations
re formed near the positive zeta potential surfaces in order to
atisfy the continuity condition. These flow recirculations perturb
he two species streams and enhance the mixing between them
s a result. When time-varying zeta potentials are applied to the
ocal wall surface in accordance with the Sprott system described
n Section 2.3, the two flow recirculation patterns shown in Fig. 3
witch alternately at irregular intervals. The switching of the two
ecirculation structures results in a repeated aperiodic folding and
tretching of the species streams, and therefore leads to a significant
mprovement in the mixing efficiency.

Fig. 4 shows the effect of the magnitude of the zeta poten-
ial on the time-varying flow velocity near the wall surface
n the center of the heterogeneous zeta patches. In electroos-

otic flow, the direction and magnitude of the flow velocity
nduced by the electrokinetic driving force are determined by the
elmholtz–Smoluchowski equation. Hence, given the assumption
f a constant external electric field, the electroosmotic velocity in
he region of the heterogeneous surface patches acts in the same
irection (when the surface zeta potential is negative) or the oppo-
ite direction (when the surface zeta potential is positive) as that
n the region of the homogeneous surface patches. When the vari-
tion of the electroosmotic velocity on the heterogeneous surface
atches is as shown in Fig. 4, an irregularly alternating series of
ecirculating flow structures are generated over time within the
ixing region, prompting a stirring of the species. According to

he Helmholtz–Smoluchowski equation, given a constant exter-
al electric field, the electroosmotic velocity is proportional to the
agnitude of the surface zeta potential. Therefore, when a stronger
ime-varying zeta potential is applied to the heterogeneous sur-
ace zeta patches, a larger acceleration force (when the surface
eta potential is negative) or deceleration force (when the surface
eta potential is positive) is produced. Consequently, the size of
he recirculation structures near the heterogeneous surface zeta
het

surface zeta potential is given as �h = 1.0�w . Note that the scaling factor is set as
k = 50 in both cases. Note also that • indicates the average value of the mixing
efficiency, while the error bars indicate the variation range of the mixing efficiency.

patches is increased and a further improvement in the mixing per-
formance is obtained. By contrast, a smaller zeta potential results in
smaller recirculation structures, and therefore reduces the mixing
efficiency.

Fig. 5 illustrates the evolution over time of the u-velocity com-
ponent near the wall surface in the center of the heterogeneous
surface zeta potential patches for different values of the scaling
factor. It can be seen that the alternating frequency at which the
electroosmotic velocity varies increases as the value of the scaling
factor is increased due to the corresponding increase in the aperi-
odic oscillatory frequency of the oscillatory source. In other words,
the results presented in Fig. 5 imply that an improved species
perturbation effect can be achieved by increasing the oscillating
frequency of the oscillatory source to an appropriate value.

Fig. 6(a)–(c) illustrate the evolution over time of the mixing
efficiency at x = 2000 �m (cross-section A − A ’ in Fig. 1) for scaling
factors of k = 10, 50 and 100, respectively. Since the formation of the
recirculating structures within the mixing region takes place aperi-
odically, an irregular perturbation of the species occurs. Therefore,

it can be seen that the mixing efficiency within the microchannel
varies irregularly over time at all values of the scaling factor. How-
ever, at lower values of the scaling factor, the switching frequency
of the recirculation structures reduces. Consequently, the species
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[

ig. 8. Average mixing efficiency at x = 2000 �m over time t = 5–10 s for differ-
nt scaling factors, heterogeneous surface zeta potential pattern lengths, and zeta
otential magnitudes.

re stirred less vigorously as they pass through the mixing region.
s a result, a relatively poor mixing performance is obtained (see
ig. 6(a)). However, as the scaling factor is increased, the frequency
t which the recirculation structures alternate also increases. Thus,
more vigorous stirring of the species takes place and a more effec-

ive mixing performance is obtained as a result (see Fig. 6(b) and
c)). Overall, the results presented in Fig. 6 confirm that the mixing
erformance can be improved by applying an appropriate scaling
actor to the aperiodic oscillating sources used to modulate the
ariation of the zeta potential on the heterogeneous surfaces.

Fig. 7(a) and (b) shows the average mixing efficiency at
= 2000 �m over the time interval t = 5–10 s as a function of the
agnitude of the heterogeneous zeta potential and the length of

he heterogeneous surface zeta potential patterns, respectively. It
s seen that the mixing efficiency increases with both an increasing
eta potential and an increasing heterogeneous zeta pattern length.
s discussed earlier in relation to Fig. 4, the size of the recircula-

ion structures reduces as the zeta potential is reduced, causing a
orresponding reduction in the mixing performance. However, as
he magnitude of the zeta potential is increased, the size of the
ow recirculations also increases, and thus the mixing efficiency is
orrespondingly improved. Furthermore, as the length of the het-
rogeneous surface zeta potential patterns is increased, the extent
f the recirculations also increases, and hence a further improve-
ent in the mixing performance is obtained.
Fig. 8 shows the average mixing efficiency at x = 2000 �m over

he time interval t = 5–10 s for different values of the scaling factor,
eta potential magnitude, and heterogeneous zeta pattern length.
he results confirm that the mixing efficiency not only increases
ith an increasing zeta potential and heterogeneous zeta potential
attern length, but also with an increasing scaling factor. As dis-
ussed earlier, the recirculating structures within the mixing region
re formed irregularly over time due to the aperiodic variations of
he oscillating source. As a result, the two species streams are also
tirred irregularly. For a given heterogeneous surface zeta poten-
ial and heterogeneous zeta pattern length, the mixing efficiency
ttains its maximum value once the scaling factor exceeds a cer-
ain threshold value. From inspection, it can be seen that the mixing
fficiency exceeds 90% when the magnitude of the heterogeneous

urface zeta potential is twice that of the homogeneous surface
eta potential, the length of the heterogeneous surface zeta poten-
ial patterns is equal to twice the channel width, and the scaling
actor exceeds 25.

[

[
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4. Conclusions

This study has proposed a novel micromixing scheme in which
the species are mixed by the flow recirculation structures induced
by aperiodic spatial–temporal variations of the zeta potential
applied to the microchannel walls. In the proposed mixing method,
the variation of the zeta potential over time is modulated by
an aperiodic oscillating source defined in accordance with the
Sprott system. The effects on the mixing performance of the
heterogeneous zeta pattern length, the magnitude of the time-
varying zeta potential, and the switching frequency of the zeta
potential have been systematically examined using a numerical
simulation approach. The simulation results have shown that the
temporal- and spatial-varying zeta potential distribution within
the microchannel results in the formation of a series of irregularly
alternating recirculation structures which prompt the repeated
stretching and folding of the species streams and therefore enhance
the mixing performance. Moreover, it has been shown that the mix-
ing efficiency can be improved by increasing the magnitude of the
heterogeneous surface zeta potential and the length of the hetero-
geneous zeta potential surface patterns. In addition, the mixing
performance can be further improved by increasing the aperi-
odic alternating frequency of the zeta potential to an appropriate
value. Overall, the simulation results show that the proposed mix-
ing scheme can achieve a mixing efficiency of more than 90% given
an appropriate specification of the magnitude of the heterogeneous
surface zeta potential, the length of the heterogeneous surface zeta
patterns, and the aperiodic oscillating frequency of the oscillating
source used to modulate the zeta potential.
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