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Micromixers are crucial parts of microfluidic systems when it comes to efficiency and precision, as mixing is the central process in
most relevant applications, including medical diagnosis, chemical production, and drug discovery. In view of the importance of
improving the mixing quality, for the first time, the present work investigates the simultaneous effects of mixing chamber
geometry (circular, hexagonal, and octagonal), electric field frequency (5, 7, 10, and 15 Hz), inlet velocity (0.1-0.2 mm-sfl), and
phase difference (0-7) on the flow inside an electroosmotic micromixer using the finite-element tool COMSOL Multiphysics 5.4 to
optimize the process and achieve homogeneous mixing. The flow-field, concentration-field, and electric-field equations were
coupled and solved simultaneously. The results of this research indicated that at a given inlet velocity and a specific frequency

range, as frequency increases, more mixing occurs in a smaller chamber, and as the inlet velocity increases, more mixing occurs in

a smaller chamber at a higher frequency. Moreover, the highest mixing level (98.16%) was obtained with a 0.1 mm-s~

! inlet

velocity, 10 Hz frequency, and /2 phase difference in a hexagonal chamber.

1. Introduction

Mixing is a vital process in the chemical and pharmaceutical
industries. Further, mixing by microfluidic systems has been
a favorite topic in recent decades [1]. Micromixers are
notable microfluidic systems that serve to mix two or more
phases. Accordingly, these systems have received consid-
erable attention from the research community.

Based on different mixing mechanisms, micromixers are
classified into two types of active and passive [2]. A passive
micromixer is the one in which mixing percentage is in-
creased by deforming the micromixer geometry [3]. In active
micromixers, external forces such as electric force and
magnetic force are used to make mixtures [4, 5]. An example
of active micromixers is electroosmotic micromixer by
which a considerable mixing percentage can be achieved [6].

To clarify the electroosmotic flow, it should be mentioned
that electro-osmosis is a phenomenon in which the electric
force applied on the net charge of the electric double layer is
created by an external electric field, moving the electric
charges. Therefore, fluid viscosity causes the fluid to move at
sections farther than the electric double layer and the
channel center, and ultimately, the fluid keeps moving
throughout the microchannel [7].

Additionally, there are generally two important con-
siderations in micromixers: one is short mixing time (the
fluid achieves the highest mixing percentage in a shorter
time), and the second one is shortening the microchannel,
thereby saving costs to a considerable extent. Channels of
passive micromixers are typically long with a complicated
geometry, prolonging the time to achieve higher mixing
percentages [8]. Therefore, using an external force such as an
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TaBLE 1: Values of used variables in this simulation.

Parameter Value Unit
p 10° kg/m’
Y 107 Pa.s
e, 80.2 —

o 0.11845 S/m

¢ ~0.1 v
v, 0.1 v
D 10711 m?/s
[N 1 mol/m’

electric force exerted on the fluid by electrodes can, to some
extent, decrease the mixing time and the microchannel
length, yet achieving a higher mixing percentage in a shorter
time [9].

In electroosmotic micromixers, electrodes are the main
cause of fluid eddies and the consequent increase in mixing
percentage. Factors affecting electrode-induced eddy include
electrode length, type of arrangement, and number of
electrodes [10-13].

In AC electroosmotic micromixers, arrangement of
electrodes is of much importance. For instance, a face-to-
face arrangement gives more mixing than a pair of planar
electrodes [14].

Another factor affecting mixing percentage in electro-
osmotic micromixers is phase and frequency differences
[15-17].

Augmenting the electric current can also lead to cre-
ating eddies and increasing mixing percentages [18].
However, it should be noted that higher mixing percentage
is not achieved merely by augmenting the electric current
[19].

One of the factors, having a great effect on increasing
mixing percentage in micromixers, is geometrical changes
and the presence of obstacles along the fluid path, which was
examined in active micromixers [20]. Compared to
T-shaped micromixers, geometrical changes of the mixing
chamber and the presence of obstacles with different shapes
would yield much better results [21].

As stated previously, the shorter the length of the fluid
microchannel, the higher the economic feasibility of fabri-
cating this micromixer. In this regard, increasing the flow
velocity will decrease the fluid inertia and the mixing per-
centage [22]. It can be clearly understood that by increasing
the flow velocity, a longer channel would be needed to
conduct better mixing [23].

Upon reviewing the literature, this question was posed
that whether there is any logical relationship between pa-
rameters such as flow velocity, frequency, phase difference,
and mixing chamber geometry in order to achieve a higher
mixing percentage.

Though totally invaluable, none of these studies exam-
ined the close relationship between the abovementioned
parameters and the mixing chamber geometry. The present
research investigated, for the first time, the simultaneous
effect of these parameters in micromixers and a mixing
chamber symmetric about the x-axis. It was observed that at
a specific velocity and phase difference, a mixing chamber

with the smallest area at frequencies higher than the specific
frequency range and a mixing chamber with the biggest area
at frequencies lower than the specific frequency range have
better efficiencies in achieving a higher mixing percentage.

2. Present Work

This research examined three 2-dimensional electroosmotic
micromixers with symmetric circular, octagonal, and hex-
agonal mixing chambers at 3 different velocities and 3 phase
differences in COMSOL 5.4 finite-element analysis software.

The mixing quality was calculated with each configu-
ration in the simulations by adjusting inlet velocity, fre-
quency, and phase difference. Moreover, the simultaneous
and mutual effects of these factors on the mixing quality
were discussed to determine the optimal mixing conditions.
Different inlet velocities (0.1 <u<0.2mm-s '), phase dif-
ferences (0 < ¢ < wrad), and frequencies (5 < f <15 Hz) were
examined. Table 1 lists the simulation parameters. The
following geometries were used in each micromixer
(Figures 1(a)-1(c)). Further, details of segment A
(Figure 1(d)) are presented, showing the mixing chamber
inlet size.

3. Governing Equations

The present section begins by going through the governing
equations of the electroosmotic flow of a Newtonian fluid inside
a micromixer under incompressible and steady conditions.
Then, the equations governing the concentration of species are
presented to investigate mixing and calculate the efficiency.

3.1. Flow Field. The flow was studied using the time-de-
pendent Navier-Stokes equation for two-dimensional flow.
Continuity and Navier-Stokes equations of the problem are
as follows:

Vu=0,

(1)

Du_ Gt Vu+F
Du _ _ u+F
Py = VP HH

where u represents velocity (m.s™'), p shows fluid density
(kg.m™>), u denotes the dynamic fluid viscosity (kg.m™'.s™"),
and p and F are the pressure (Pa) and the electrokinetic force
(N.m™?), respectively.
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FIGURE 1: Geometries studied in the present work: (a) circular; (b) octagonal; (c) hexagonal (d) detail A.

TaBLE 2: Different solutions to test grid independence.

Case no. 1 2 3 4 5

No. of elements 3703 5057 9022 14407 18076

24916
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FiGure 2: Changes in concentration with time plotted to test the solution’s grid independence.
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FIGURE 3: Meshing of micromixer mixing chambers: (a) hexagonal; (b) octagonal; and (c) circular.
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FI1GURE 4: Concentration contours under sinusoidal potential at 100 Hz and £=0.02/3 s in the (a) present study and (b) Cheng et al. [22].
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FIGURE 6: Mixing efficiency variation based on time in three mixing chambers at « = 0.1 mm-s ™' and ¢ = 0 for different frequencies: (a) 5 Hz;

(b) 7Hz; (c) 10Hz; and (d) 15 Hz.

In this research, from Figure 1 it can be seen that the fluid
entered the microchannel via Boundary No. 1, crossed over the
mixing chamber, and exited from Boundary No. 3. At the inlet,
flow was fully developed and slow. In all walls, the boundary
condition of electroosmotic velocity was established, and at the
outlet, pressure was equal to the atmospheric pressure.

The electric double layer has a zeta potential of { (V), and
the thickness of the electric double layer is referred to as the
Debye length. The thickness is 0.1 nm and can be ignored
when the microchannel width is more than 100 times as

large as the Debye length [22]. All effects of electric charges
and the electric field can be modeled by a single slip velocity
boundary condition from the Helmholtz—Skolimowski
equation [24]:

E=-VV,
(2)
up = —§( = ﬁvVV,
H H
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F1GURE 7: Concentration contour for the circular geometry at three times (f=5, u=0.1, and ¢ =0), (a) t=0.2s; (b) t=0.3s; (c) t=0.4s.
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FIGURE 9: Mixing efficiency in three mixing chambers at u =0.2 mm-s~' and ¢ = 0 for different frequencies: (a) 5 Hz; (b) 7 Hz; (c) 10 Hz; and
(d) 15Hz.

TaBLE 3: Mixing efficiency at f=15Hz and ¢ =

Fluid velocity (mm.s™") u=0.1mm/s (%) u=0.15mm/s (%) u=0.2mm/s (%)
Hexagonal 94.28 89.81 82.97
Octagonal 92.88 88.92 82.88

Circular 91.33 88.23 82.65
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TABLE 4: Mixing efficiency at = 1s in the three geometries at #=0.1 mms™' and f=5Hz.

Phase difference (Rad) 9=0 (%) @=m/2 (%) o= (%)

Hexagonal 93.97 96.34 94.05

Octagonal 95.3 96.72 95.47

Circular 95.58 97.21 95.95

0.445

0.44

» 0.435
=

0.43

0.425

0.42

FiGURE 10: Velocity variations in the hexagonal inlet at f=5Hz and u=0.2mm-s™" for three phase difference levels (0, 7/2, and 7).

TaBLE 5: Mixing efficiencies at t=1s for u=0.1 mm-s~' and ¢ =7/2 at different frequencies.

Frequency (Hz) f=5 (%) f=10 (%) f=15 (%)
Hexagonal 96.34 98.16 95.91
Octagonal 96.72 97.86 95.78
Circular 97.21 97.63 95.23
where V(V) is the electric potential, ur denotes the elec- —6VV.n=0,
troosmotic velocity, E is the electric field intensity (V/m), € .

N . A . V =V,sin(wt + ¢),
shows the fluid’s electric permittivity (F/m), and ¢ is defined (5)
as follows: = 2

€= &y€,s (3)

where ¢, is the vacuum permittivity and ¢, represents the
dielectric constant.

3.2. Electrical Field. Laplace’s equation for obtaining scalar
electric potential is expressed as follows:

ViV = 0. (4)
A time-varying sinusoidal alternating current was ap-

plied on the electrodes of the Boundaries 7 and 8, and other
boundaries were isolated and expressed as follows:

7
where o denotes the permittivity (S/m), w represents angular
frequency, t is the time based on seconds, V is the differential
potential of sinusoidal wave, f is the frequency based on
Hertz, and ¢ is the phase difference. Table 1 indicates the
parameters utilized in this simulation.

3.3. Concentration Field. While being mixed, the fluid is a
function of advection-diffusion equation expressed as
follows:

V-jl-ZO, (6)
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FIGURE 11: Streamlines in (a) circular, (b) octagonal, and (c) hexagonal mixing chambers for the maximum (left) and minimum (right)

velocities in the final cycle at f=5Hz (u=0.1 mm-s ', ¢ =n/2).

where j; is the flux of the species i and j is the mass flux
defined as follows:

j; = -D,VC, +uC,. (7)

Moreover, to express the flux of species, the intended
system can be explicated using the following equation:

% (V. V)C = DVC, (8)

where ¢ denotes the concentration of species (in mol/ m?), D
denotes the diffusion coefficient (in m?*/s), and U is the flow
velocity. Boundary conditions in concentration modeling
are established as equal to 0 at the lower half of the inlet wall
and equal to 1 at the upper half.

3.4. Evaluation Criteria for Mixing. Mixing quality, as de-
fined by Eq. (5), is used to show how well the micromixer is
able to mix the species.

L
MQ=1 _Jole-enldy ©9)

J-§|C0 - Cm|dy)

where MQ is the mixing quality, C,,, is the concentration of
the species in a perfect mix (0.5), C, is the concentration at
the micromixer inlet, and C is the concentration distribution
at an arbitrary downstream cross-section. The outlet size is
denoted as L to calculate the mixing quality at the micro-
mixer outlet.

4. Mesh and Validation

The solution’s independence of the number of elements and
six levels of solution with different meshing conditions as
listed in Table 2 were carried out. It is evident from Figure 2
that increasing the number of elements from that in the
fourth solution to the level of the fifth solution makes little
change in terms of C,., and adding even more elements, as
in the sixth solution, results in negligible difference.
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10 (Hz)

f=

1

velocities in the final cycle at f=10Hz (u=0.1mm-s ', ¢ =7/2).

Accordingly, based on the resulting C,,. for each level of
meshing, the fifth solution (obtained with 18,076 elements)
was adopted as the optimal meshing, guaranteeing the so-
lution’s grid independence.

Figure 3 depicts the mesh used in the fifth solution of
Table 2 for the three geometries.

A case from the literature was also considered to validate
and evaluate the accuracy. Cheng et al. [22] created a nu-
merical simulation of electroosmotic mixing with three
periodic potential functions, namely, sinusoidal, square, and
zigzag, in a T-shaped micromixer. They studied a micro-
mixer with two inlets for two fluids of different concen-
trations (0 and 0.1 mol-m™) running at the same velocity
(0.002 m-s™Y). Further, four electrodes were installed on the
outlet channel walls. Figure 4(a) depicts the concentration
contours for the sinusoidal potential for comparison with
the reports of Cheng et al. at 0.02/3s and 100Hz
(Figure 4(b)). Further, Figure 5 plots concentration changes
against time under sinusoidal voltage at 400 Hz for a more
accurate investigation. Figures 4 and 5 are suggestive of the

11
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FIGURE 12: Streamlines in (a) circular, (b) octagonal, and (c) hexagonal mixing chambers for the maximum (left) and minimum (right)

consistency of the present work’s results with the reports of
Cheng et al. [22], which can be seen in terms of the trends in
the diagrams, as well as the data.

5. Results and Discussion

5.1. The Effect of Geometry on the Mixing Quality in Various
Frequencies. Figure 6shows the mixing quality of the three
mixing chambers at 0.1 mm-s }, 0 rad phase difference, and 5, 7,
10, and 15 Hz frequencies. As evident from Figure 6(a), at 5 Hz,
the micromixer with a circular mixing chamber offers the
highest mixing efficiency, and reducing the number of sides at
this frequency has an adverse effect undermined mixing.
Figure 6(b), plotted at 7 Hz, shows a change in behavior in terms
of mixing efficiency, and this frequency range can be considered
a turning point for the effect of the number of sides on the
mixing efficiency. Figures 6(c) and 6(d) indicate a decline in
mixing efficiency at higher frequencies as the sides are increased.
The outcome can be attributed to the increased vortex for-
mation in geometries with fewer sides and angles, which
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FIGURE 13: Streamlines in (a) circular, (b) octagonal, and (c) hexagonal mixing chambers for the maximum (left) and minimum (right)

1

velocities in the final cycle at f=15Hz (u=0.1mm-s ', ¢ =7/2).

promotes fluid mixing. Further, according to Figure 6(d), at
15 Hz, the highest mixing quality corresponds to the hexagonal
chamber followed by octagonal and circular geometries.

According to Figures 6(a)-6(d), a sudden drop in mixing
efficiency is found at 0.3 s in all geometries and frequencies.
It is evident from the mixing contours plotted for the cir-
cular geometry at different times (Figure 7) that the drop in
mixing efficiency can be attributed to the imperfect mixing
of the two fluids in the 0.2-0.4 s interval, when a substantial
volume of the high-concentration input fluid reaches the
micromixer’s outlet boundary, resulting in a sudden hike in
the concentration. According to Eq. (5), this move away
from the 0.5 concentration (perfect mix) reduces the mixing
efficiency of the two fluids. It should be noted that with
increasing frequency, the amount of this sudden drop has
decreased, which is due to the formation of more vortices at
a higher frequency, which causes higher mixing of the two
fluids.

Figure 8 depicts the average concentration at each
micromixer outlet of the three mixing chambers at

0.1 mm-s~' and 5 Hz with 0 rad phase difference. Evidently,
the highest average concentration was achieved in the 0.2-
0.4s interval, showing a decline in the mixing efficiency.
Further, Figure 7(c) shows that the fluid reaching the
micromixer outlet at the specified intervals has a higher
concentration and, accordingly, a lower mixing efficiency.
According to Figure 9, the direct effects of the chamber
geometry on the mixing quality when increasing the electric
current frequency will be observed at a higher frequency
range when the inlet velocity is raised from 0.1 to 0.2 mm-s .
As evident from Figures 6 and 9, the simulations show
that, for both 0.1 and 0.2 mm-s™" inlet velocities, the circular,
octagonal, and hexahedral geometries produced the highest
to lowest mixing quality at 5Hz, while at 15Hz, the hex-
agonal offered the highest efficiency, followed by the oc-
tagonal and the circular. It must be noted that the geometry
effects of the mixing chamber on the mixing quality are
manifested in a transition range from 5 to 15 Hz. That is to
say, at 0.1 mm-s', the octagonal, circular, and hexagonal
geometries produce the highest to the lowest mixing quality
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in the 5-7Hz range. By raising the inlet velocity to
0.2mm-s~", the same observation can be made in the 7-10 Hz
range, showing the effect of mixing chamber geometry on
the mixing quality at different inlet velocities and fre-
quencies. It is safe to say that by raising the frequency from 5
to 15Hz, a higher mixing quality can be achieved with a
mixing chamber with fewer sides. Another noteworthy point
is that by comparing Figures 6 and 9, it can be seen that the
sudden drop in mixing efficiency occurs faster and is in the
time range of 0.1 to 0.2, and this issue was completely

predictable. For example, the speed of the fluid has increased
and it causes a large volume of the input fluid with a higher
concentration to reach the outlet boundary of the micro-
mixer faster. Similarly, with increasing frequency, more
vortices are created and as a result, the amount of this
sudden drop decreases.

5.2. Changes of Mixing Efficiency under Different Parameters.
Table 3 lists the mixing efficiencies for the output fluid in the
three micromixers at t=1 s and 15 Hz for different velocities
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F1GURE 16: Contours of the changes in the concentration in the diamond-shaped mixing chamber when u = 0.1 [mm/s], ¢ = /2, f = 5[Hz]

(up) and u = .01[mm/s], ¢ = n/2, f = 10[Hz] (down).

(namely, 0.1, 0.15, and 0.2 mm-s ') for a phase difference of
7. From the data in Table 3, it can be concluded that by
increasing the speed of the fluid at the entrance of the
micromixer, the time the fluid remains in the mixing
chamber decreases and it is exposed to the electric field from
the electrodes embedded in the mixing chamber for a shorter
period of time. By reducing this time, less eddies are formed
in the fluid and two fluids with different concentrations are
mixed with each other to a lesser extent, and therefore the
mixing effect decreases with increasing speed.

It is evident from the results in Table 4 that the highest
mixing level in all chambers is achieved with the 77/2 phase
difference, which maximizes sin (wt) for the most number
of times. Figure 10 shows the axial velocity at the middle
point of the hexagonal chamber inlet in the three fre-
quencies. It is also evident that the fluid reaches maximum
velocity more in this case (6 times) than in the other two
configurations (5 times), forming more vortices, which
improves mixing.

Table 5 presents the mixing efficiency of the three studied
geometries at t=1s for u = 0.1 and ¢ = 77/2. With knowledge
of the fact that the highest mixing quality is achieved with a
velocity of 0.1 mm-s~' and a phase difference of 7/2, Table 5
presents the efficiency at different frequencies for this ve-
locity and phase difference.

Based on the data in Table 5, the highest mixing quality is
achieved in all chambers at 10 Hz. In view of the results,
based on the Helmholtz-Skolimowski equation and given
the effect of electric current on the fluid motion on the one
hand, and the effects of current frequency on vortex for-
mation on the other, two concurrent effects can be said to be
in force. Increasing the frequency hinders mixing due to the
increased fluid velocity and reduced fluid retention time in

the mixing chamber, but it also promotes vorticity and
changes the flow pattern, which improves mixing. The two
simultaneous effects make 10 Hz the optimal frequency for
mixing.

5.3. Changes of Streamlines. Figures 11-13 depict the fluid
streamlines in the mixing chamber at u=0.1 mm-s
¢ =m/2, and different frequencies (5, 10, and 15 Hz). Based
on the mixing quality and mixing improvement by the end
of the studied interval, the streamline graphs indicate two
periods. These periods correspond to the highest and lowest
velocities along the x-direction in the final cycle at each
frequency and are calculated, according to T=1/f, at 0.8 and
0.9s for 5Hz, 0.9 and 0.95s for 10 Hz, and 0.934 and 0.968 s
for 15Hz. The figures show the effects of frequency on the
flow pattern and vertex formation in the chambers, verifying
the influence of the chamber sides’ geometry on mixing.

Figure 14 shows mixing at the channel outlet for the
initial and the last time periods of the most optimum mixing
state that occurs at a velocity of 0.1, a frequency of 10 Hz, and
a phase difference of 7/2, for all three mixing chambers; as
can be seen, at the end of the solving time, fluid concen-
tration in the outlet of the hexagonal micromixer is better
than that of the other two mixing chambers, being almost
fully mixed. The reason for this is the creation of more
vortices and changes in the speed and direction of fluid
movement, which, as a result, increases the time the fluid
remains in the mixing chamber.

To verify the results, a rhombic mixing chamber, sur-
rounded by a circle, with all boundary conditions of previous
micromixers was simulated. Figures 15 and 16 show the
mixing percentage and the concentration contour,
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respectively. It was found that in micromixers with sym-
metric chambers and a specific velocity and phase difference,
higher mixing rate is achieved by using a mixing chamber
with a higher number of sides and a bigger area at lower
frequencies and a mixing chamber with lesser number of
sides and a smaller area at higher frequencies.

6. Conclusion

Rapid technological advancement in the field of micro-
mixing urges further investigation due to extensive appli-
cations in engineering, medicine, and biology. Notable
objectives regarding micromixers include achieving the
highest mixing efficiency in the shortest time possible. In this
light, the present study investigated three two-dimensional
electroosmotic micromixers with circular, hexagonal, and
octagonal mixing chambers through a coupled solution of
the flow, concentration, and electric fields by the finite-el-
ement tool, COMSOL Multiphysics 5.4. The aim was to
study and optimize the simultaneous and mutual effects of
inlet velocity, frequency, phase difference, and the mixing-
chamber geometry on the mixing efficiency of the micro-
mixer output. The most notable findings of the simulations
can be summarized as follows:

(i) Increasing the electric current frequency amplifies
the chamber geometry effects. That is, mixing is
improved at higher frequencies in geometries with
fewer sides, and these effects are observed at a higher
frequency range when the inlet velocity is increased.
For example, with an inlet velocity of 0.1 mm-s™’,
the octagonal and hexagonal offered the highest
mixing quality at 7 and 10 Hz. However, raising the
inlet velocity to 0.2 mm-s~' pushed the frequencies
to 10 and 15 Hz, respectively.

(ii) Increasing the inlet velocity reduced the mixing
efficiency in all geometries—due to the lower re-
tention time in the mixing chamber—while in-
creasing the slope of mixing efficiency variations
against time, as well as the number and amplitude of
the variations due to the increased vorticity.

(iii) The highest mixing quality was achieved with an
inlet velocity of 0.1 mm-s, a frequency of 10 Hz,
and a phase difference of 77/2 in all geometries.

(iv) The overall highest mixing efficiency (98.16%) was
achieved with the hexagonal mixing chamber under
optimal conditions.

Abbreviations

Parameters

c Concentration of fluids (mol/m?)

co: Initial concentration of diffusing species (mol/m®)
cm: Concentration of fully mixed state (mol/m?)

D: Diffusion coefficient of the solution (m?%/s)

ug:  Electro-osmotic velocity (m/s)

E: Electric field intensity (V/m)

f: Frequency applied to the electrodes (Hz)

F Body force (N/m’)

15

J Diffusive flux (mol/m?s™)

L:  The width of inlet and outlet

MQ: Mixing quality

n:  Normal vector

p Pressure (Pa)

t Time (s)

T Period (s)

u Velocity vector (m/s)

Up:  Mean inflow velocity (mm/s)

Vo:  Amplitude of voltage applied to the electrodes (V)
V:  Electric potential (V)

Greek symbols

e:  Electric permittivity of fluid (F/m)

: Relative permittivity of the fluid (F/m)
€y: Permittivity of free space (F/m)
Zeta potential (V)

Dynamic viscosity (Pa.s)

Density (kg/m”)

Conductivity of ionic solution (S/m)
Phase difference (rad)

: Angular frequency

Subscripts

Ave: Average

E:  Electro-osmosis

x:  x-direction

y:  y direction.

E® QAR TE I
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