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ABSTRACT p density
The purpose of this study is presenting an active micro- U viscosity
mixer, which is based on AC electro-osmotic flow driven on 3D o conductivity of electrolyte
micro wires. In order to solve governing equations of AC elec- o frequency
troosmosis, a commercial software COMSOL Multiphysics® is g relative permittivity
implemented. Different wire configurations with various imposed € vacuum permittivity
electric fields and flow rates are tested for evaluating mixing ef- Ap Debye length
ﬁ cencies. The analyses show that mxing p erformance.zs szg.nzf— A ratio of potential drop in the diffuse layer to the potential in
icantly improved by number of the wires as well as wire orien- the double layer

tation. It is also revealed that the degree of mixing can also be

ino offici
controlled by the tuning of the applied voltage for a given flow Mm - mIXINg elficiency

rate.
INTRODUCTION

NOMENCLATURE Microfluidic systems are used in many applications like syn-
Cpr capacitance per unit area across the double layer thesis, chemical reactions, cell separation and characterization.
D diffusion coefficient Microfluidics is not simply a miniaturized version of macroflu-
Vpp  peak-to-peak voltage idic systems since some terms, such as surface tension, diffu-
Pe Peclet number sion and viscous forces dominate the flow field [1]. Typically in
P pressure microfluidic applications, Reynolds number (Re) is sufficiently
gpr charge per unit area in the double layer small to constitute Stokes flow regime, in which the fluid par-
Re Reynolds number ticles follow the flow boundaries; hence, mixing becomes chal-
V; voltage applied to the electrode j lenging. When mixing comes into prominence in microfluidics,
do¢pr potential drop in the double layer Peclet number (Pe), which gives the proportion of advection to
¢ concentration diffusion, reduces below unity. In low Re and Pe, mixing is
d¢, potential drop in the diffuse layer mainly dominated by molecular diffusion and molecular diffu-

sion coefficient, (D), is 10~2 m? /s in most of the microfluidic
applications [2]. Therefore, it is hard to mix fluids with such a
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low D and this situation requires relatively high channel length
and long time period, which do not provide feasible solution for
many microfluidic applications. To speed up micro-mixing pro-
cess, many different methods have been proposed in the litera-
ture, and these mixers are mainly classified as passive and active
micro-mixers.

Passive mixers simply utilize the geometry of the mi-
crochannel and requires no external energy input. Passive micro-
mixers are designed such that the diffusion length, required time
are minimized and the interface between two fluids is enlarged
[1]. Different geometries such as zigzag [3] and serpentine [4]
microchannels have been proposed. To improve mixing, obsta-
cles are also located inside the channel [5]. Active micro-mixers
disturb the stable fluid flow and produce perturbations by apply-
ing external energy, which in turn speeds up diffusion process
and also reduces diffusion time. The external energy methods
implemented on active micro-mixers are categorized as; pres-
sure disturbance [6], dielectrophoretic [7, 8], acoustic/ultrasonic
[9,10], magnetic actuation [11] and electrokinetic [12]. Although
more control parametres in active mixing, such as the external
field strength, the flow rate and the channel geometry increase
the complexity, these parameters enable the control of the mix-
ing more precisely and the enhancement for mixing efficiency.
Among these techniques, electrokinetic mixers are quite popu-
lar since electrokinetic techniques are well-developed for many
microfluidic applications [13]. In this phenomena, electroki-
netic instability is created and the interface between two fluids
are stretched and folded so that this behavior induces mixing in-
side the channels. In most of the studies in the literature, planar
electrodes with very low separation distance are used by placing
them on the walls of the channel in ac electro-osmosis. Elec-
tric field is created by applying voltage directly to the electrodes,
mixing chambers are created. Chen et al. [14] presented a micro-
mixer having electrodes on the walls of the mixing chamber and
they reached 95% mixing efficiency. Oddy et al. [15] offerred Y-
shaped microchannel having 2 ports for applying ac electric field.
By using electrokinetic instability, fluids are mixed within very
small space called as mixing chamber [15]. Another way of gen-
erating small scale vortices is induced-charge electro-osmosis
(ICEO) phenomena. In this case, cylindrical obstacles, in which
electric field is not applied directly to the conductive rods, are lo-
cated vertically inside the microchannel. ICEO is nonlinear elec-
trokinetic phenomenon, which exhibits quadrupolar flow struc-
ture with four microvortices around cylindrical conductive ma-
terial [16]. ICEO flow also increases the degree of vorticity
in the close field of conducting material [16].Therefore, it pro-
vides an alternative tool for micromixing applications. In Wu’s
study [17], conducting hurdles having certain height are placed
on the walls of the microchannel symmetrical to the flow direc-
tion. By applying potential difference between inlet and outlet
of the channel, mixing near these hurdles with varying flow rates
and electric fields is achieved. Although the use of planar elec-
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FIGURE 1. SCHEMATICS OF THE PROBLEM

trodes for microfluidic applications is common for the ease of
fabrication, the EO flow is confined in the vicinity of the elec-
trode surface. On the other hand, the use of 3D electrodes can
enhance the mixing performance since region where the EO flow
is effective can be extended. Recently, researchers introduced
different techniques to embed 3D electrodes into the microchan-
nels [13,18,19].

In this study, a computational modeling of a micro-mixer
based on ac electro-osmotic flow driven on 3D micro wires is
presented. The flow is pressure driven and vortexes are generated
within the microchannel around the micro-wires strategically lo-
cated inside the microchannel. With the developed model, differ-
ent orientations of micro-wires are assessed in terms of mixing
efficiency as a function of applied voltage and the flow rate.

ANALYSIS

The schematic drawing of the problem is given in Fig. 1.
The microfluidic device has two inlets and one outlet. In the
main channel metal wires are located. In this schematic draw-
ing, the simplest case is given. Two and four wire configurations
are also analyzed. The main channel has a width of 1500 um.
The diameter of the wires are 200 um with a center-to-center
separation (d) of 700 um and 500 um. The fabrication of the
device is planned to be performed by high-precision mechani-
cal machining, therefore the dimensions are selected to ensure
non-problematic fabrication. The flow field is governed by in-
compressible Navier-Stokes equation,

V-(pu) =0 (1
p(u-V)ju=—Vp+uviu+pg )

with the no-slip boundary conditions at the channel walls, speci-
fied flow rates at the reservoirs and zero pressure boundary con-
dition at the exit.
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An ac electric field is applied on the metal wires, this field
generates AC-EOF on the electrode surface. When electric field
is applied around polarizable objects immersed in electrolyte so-
lution, oppositely charged ions in electrical double layer (EDL)
are induced around these objects and { potential changes [20].
Due to non-zero current, conductive object creates a thin layer of
positively charged ion on one side and negatively charged ions on
the other side and so, there are equal amounts of surface charges
induced around the objects as well. When the conductor be-
comes fully-polarized, the conductor behaves like an insulator
and it reaches steady-state condition. The electric field inside the
microchannel can be modeled by Laplace equation:

V29 =0, 3)

Outside of the EDL, the electric potential on the electrode surface
is given in Green et al. [21] for 1D case. For 3D applications,
electric potential on the electrode surface is defined as

d
G% = iquL (4)

where o is the electrical conductivity of electrolyte and gpy, is
the charge per unit area in the EDL [21]. By the assumption
of very small voltage drop across EDL, gp;, is taken as gp; =
Cpr(¢ —V;) in Green et al. [21].

0
687?; = iwCDL(¢ —Vj) (5)

where Cpy, is the capacitance per unit area across the EDL, @ is
the applied frequency and V; is the applied voltage on the elec-
trode j [21]. Based on Debye-Huckel theory, the double layer
capacitance (Cpy,) can be approximated as €/Ap [21]. Here, Ap
is the Debye length, which defines the length of the double layer.
Using the thin EDL approximation, the slip-velocity on the elec-
trode surface can be written as [22]:

(6)

where U is the viscocity and A is a ratio of the potential drop
in the diffuse layer to the potential drop in the whole EDL
(A@y/Adpyr). For the analysis, A is assumed as 1.0. In Green’s
study [21], A value is taken as 1.0 because of the Debye-Huckel
theory of very small double layer approximation. However,
based on the experimental data, A is slightly changed to match
experimental data with numerical data because in real cases, the
capaticance of the double layer does not depend on only diffuse
layer but it also depends on compact layer [21].

The concentration field is governed by convection-diffusion
equation,

u-Ve=DV?c (7

subjected to insulated boundary at the channel walls and the
specified concentration at the reservoirs. Herein, ¢ represents
the dimensionless mole fraction of the acetic acid. Therefore, ¢
is assigned as unity at the inlets of acetic acid, and assigned as
zero for the inlets of water. At the exit, convective flux boundary
condition is assigned.

In order to quantify the mixing performance, the mixing ef-
ficiency at the exit of the mixing section is determined. Mixing
efficiency can be determined as [14],

/ |c — coo|dA
A

Mp=1--F— ®)
/ |co — Coo|dA
A

where c is the sample concentration, and ¢, and c.(= 0.75) are
the sample concentrations in the completely unmixed and com-
pletely mixed conditions, respectively. Therefore, 1, = 0 indi-
cates a completely unmixed state, and 1, = 1.0 indicates com-
plete mixing.

COMPUTATIONAL MODELING

For computation, electric currents (ec), laminar flow (spf)
and transport of diluted species (tds) modules of COMSOL
Multiphysics® are used. In ec module, the parameters needed to
solve electric potential are identified as follows; relative permit-
tivity (&) is 80, vacuum permittivity (&) is 8.854 x 1078 F/m,
Debye length ( Ap) is 4.858 nm conductivity of the liquid (o) is
6mS/cm and frequency (@) is 100kHz. Different voltage val-
ues between 0V to 125V are applied to the wires. The velocity
field parameters that are deficient in spf module are defined as
follows; viscosity (i) is 1073 Pa-s, density (p) is 1000kg/m>.
As flow rates, 5mL/h, 1.0mL/h and 0.02mL/h are applied. For
concentration field, non-dimensional concentration of unity and
zero is assigned from the inlets.

Strictly speaking, a pressure driven flow coupled with an
AC-EOF around 3D metal electrodes is 3D and the concentra-
tion field is 3D as well. However, the purpose of this study is to
assess the different electrode configuration in terms of the mix-
ing performance. Therefore, as an initial study, a 2D model is
compared to a full 3D model. The thickness in 3D model is de-
termined as 100 um but at the top surface of the model, symmetry
boundary condition is given. That’s, 200 um channel thickness
is acquired. By this way, computation time of the simulation is
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(A) 2D (V; = 100V) (B) 3D (V, = 100V) 0

FIGURE 2. Comparison between 2D and 3D modeling

reduced. Quadratic elements are used for electric and concentra-
tion field. Element order of P2 + P1 is used for fluid flow. In 2D
case, free triangular mesh is used on the interface and around the
wires. Three different physics; potential field, velocity field and
concentration field are solved separately and the number of de-
grees of freedom (DOF) values are approximately 315K, 700K
and 315K, respectively. In 3D case, a free triangular mesh is de-
fined around the wires for both top and bottom surfaces. Upon
applying free triangular mesh, swept mesh is introduced through
the channel thickness. DOF is about 1.5M for the electric field,
about 4.5M for the flow field and 1.5M for the concentration
field. The simulations were performed on a HP Z840 Work-
station (Intel Xeon E5-2620, 6-core, 2.40GHz, 128GB RAM).
As a first step of the simulations, the electric field is obtained
followed by the flow field. At the final step, the concentration
field is determined and the mixing efficiency is evaluated when
needed. These two simulations are performed for an average in-
let velocity of 4.6mm/s. Figure 2 shows the concentration field
of the two solutions. As seen from the figure, the concentration
fields are in good agreement and the two simulations yield al-
most the same mixing efficiencies which are 64.7 % for 3D case
and 67.5 % for 2D case. This initial study reveals that a 2D mod-
eling is sufficient to predict the mixing performance, therefore
herein after all the simulations are performed in 2D to reduce the
computational load.

RESULTS AND DISCUSSION

Considering the constraints and the ease of fabrication, four
different wire configurations, which are seen in Fig. 3 are tested
in this study. The wires have a center-to-center separation of
d. In the staggered and aligned configuration, the vertical and
the horizontal spacing of two consecutive wires are set as d1
and d respectively. Each case is studied with three different
flow rates (0.2mL/h, 1.0mL/h and 5.0mL/h) and distinctive
imposed electric field strengths.

Figure 4 shows the 2-wire symmetric case (see Fig. 3-A) for
different flow rates and applied voltages. The case for complete

(A) 2-WIRE (B) 2-WIRE STAGGERED

(C) 4-WIRE STAGGERED (D) 4-WIRE ALIGNED

FIGURE 3. Wire configurations

mixing (red dashed line) and no mixing (black dash line) is also
included in the figure. As the voltage increases, the electric field
increases and so does the slip-velocity, which results in a vortex
with a higher intensity and a better mixing. As seen from the
figures the curves are moving from no mixing case to complete
mixing case as the voltage increases. The important parameter
is the ratio of the pressure driven velocity and the slip-velocity,
which is proportional with the applied voltage, on the electrode
surface. Inside the channel, the mixing depends on the lateral
motion of the species which is dominated by diffusion due to
the low Pe number nature of the flow. Therefore, the secondary
flow induced around the wires generates convection in the lateral
direction and enhances the mixing. As the flow rate decreases,
the mixing is better for a given voltage. This can be clearly seen
as the two blue curves on Fig. 4-A and Fig. 4-B. As the flow rate
is further decreased, similar mixing performance is achieved for
lower voltages. As shown from Fig. 4-C, the maximum voltage
applied is almost 1/3 of that of Q = 5mL/h.

Figure 5 illustrates the mixing efficiency for different wire
configurations. The spacing d is taken as 700 um for the first
case and for the others, it is defined as 500 um. The distance d1
is determined as 700 um. The figure shows the results for three
different flow rates. The performance of the mixing can be en-
hanced quite significantly with the wire configuration. First ob-
servation is that as the spacing reduced from 700 ym to 500 pm,
the electric field strength increases, the intensity of the vortex in-
creases and the mixing efficiency improves for a given voltage.
This trend holds for three cases. The 2-wire staggered configu-
ration has a better performance than the 2-wire symmetric case.
The reason is that as seen from the streamline given in Fig. 2-
B, symmetric case generated two symmetric vortexes, and ac-
tually penetration of one stream into another is mainly through
diffusion. However, in the staggered configuration, one electrode
generates a vortex and disturbs the other stream with the lower
concentration, and the second wire generates a lateral motion for
the already disturbed fluid flow. Implementation of one more set
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FIGURE 5. Mixing efficiency of different configurations at different
flow rates

of staggered electrodes significantly improves the mixing perfor-
mance. With a relative low voltage, complete mixing is achieved.
The 4-wire staggered and aligned configurations give approxi-
mately the same performance. Since the disturbance introduced
in the channel for both of the configurations is also the same. As
the flow rate decreases, the required voltage for complete mixing
also drops.

Although the focus of this study is to assess the wire con-
figuration for a better mixing which is usually the goal of the

Inlet 1 Inlet 2

Outlet

1935.6
$00.0 )
i

FIGURE 6. Photograph and microscope image of the mold

microfluidic mixer, the results also reveal that the proposed mi-
crofluidic mixer can also control the degree of mixing by tuning
the voltage for a given flow rate. The flow is driven by pres-
sure difference, and the mixing can be controlled by the voltage
which are two separate control parameters. In many of the pas-
sive mixers, the flow rate and the degree of mixing is related. The
control of the degree of mixing as a separate parameter may be
quite important for microfluidic drug delivery applications [23].
The accuracy of the control may be even further improved by
applying different voltages for 4 wire configurations, and such a
computational model can be an essential tool for the design of
such a microfluidic mixer.

For the realization of this microfluidic mixer, the precise
alignment of the metal wires inside the microchannel is a crit-
ical step. We are planing to achieve this by using high-precision
mechanical machining. A preliminary trial has been performed,
and a metal mold with holes with the diameter of the metal wires
has been fabricated for the center-to-center spacing of 700 um.
The photograph of the mold is given in Fig. 6. The holes located
on the mold will enable the precise positioning of the metal elec-
trodes within the microchannels before the PDMS molding. For
the conducting wires commercially available brass and stainless
steel wires will be utilized. It is thought that the conductivity of
the wire material is significant in terms of double layer capaci-
tance. Therefore, it can be said that capacitance change would
affect the mixing performance. To understand this effect, vari-
able materials will also be compared.

CONCLUSIONS

An AC-EOF based electro-kinetic mixer is presented in this
study. The mixing is achieved by the induced AC-EOF around
conducting wires located strategically inside the microchannel.
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The effect of the different wire orientations, applied voltage
and flow rate on the mixing performance is assessed. It has
been shown that the mixing performance can be significantly im-
proved by the number and orientation of the wires. Furthermore,
the results also reveal that the degree of mixing can be managed
accurately by controlling the applied voltage, which may be quite
useful for drug delivery applications.

The essence of the proposed mixer is the 3D strategi-
cally and precisely located metal wires inside a microchannel.
The fabrication of the structure will be performed using high-
precision mechanical machining, which is one of our research
group’s strong suits. A preliminary mold for the fabrication of
the mixer is also presented.The experimental verification of the
findings of this study will be our future research direction. We
also would like study the effect of material type of the wire and
the frequency as a next step.
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