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This study investigates the two-phase flow simulation in a Y-type
micromixer with a circular pit at the junction with a 1.7 MHz ultrasonic
(US) transducer. A CFD simulation is conducted on the micromixer
under varying fluid flow rates. Initially, the simulation is performed
without US waves, and subsequently, the US waves are applied. The
influence of US waves on flow behavior, mass transfer coefficient (K a),
and extraction efficiency (E) is assessed and contrasts with the same in
the scenario where no ultrasound is applied. The simulation outcomes
exhibit strong agreement with the experimental findings of a reliable
reference. The findings indicate that the flow pattern for both aqueous
and organic phases is parallel within the micromixer when ultrasound
is absent. However, applying the US waves alters the flow pattern and
enhances the mixing. Under the US field, the interface between the two
phases is completely disrupted and the contact between them increases.
It is concluded that applying US waves into the liquid medium enhances
turbulence, mixing, and the mass transfer rate inside the micromixer.
The influence of the flow rate of the aqueous phase at different US
powers on Kia and E was investigated. The decreasing trend of K.a is
observed. The effect of the power of ultrasound (P=3.5, 5.25, and 7W)
on Kia and E is investigated and results show that P=7 W has the more
ability to enhance the mass transfer rate. The maximum error that is
obtained for K a is 5.43 %, which shows the high accuracy of the CFD
model.
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1. Introduction

The wide applications of ultrasonic (US)
waves have attracted the attention of many
researchers[1]. The transmission of US energy
into a liquid medium results in the generation
of cavitation and acoustic currents, which
cause small-scale physical effects[2]. When
waves propagate, the alternating cycles of
compression and expansion form in the liquid,
leading to the continuous formation, growth,
and collapse of numerous tiny bubbles, this
phenomenon is known as acoustic
cavitation[3]. Mass and heat transfer rates as
well as fluid turbulence are increased by
acoustic cavitation and bubble explosions.
These phenomena are significant for a variety
of applications, including molecular-scale
liquid mixing. The cavitation phenomenon is
more significant at low-frequencies, which
produces mixing because of the explosions of
bubbles. In addition to causing circular flow in
the fluid, high-frequency waves can also
produce micro-streams and  micro-jets.
Furthermore, high-frequency US waves use
less power, which is significant for reducing
energy consumption. Mixing can be carried
out by mechanical stirrers (propellers) or fluid
jets.[4] Before using US waves in
micromixers, the cost and time required for
mixing and the mass transfer can be estimated
using the CFD simulation. Moreover, using the
CFD simulation, it is possible to estimate the
efficiency of various reactions on which
mixing is very effective and to optimize the
suitable dimensions for the micromixer.
Rahimi et al. [5] carried out an experimental
investigation to find out how high-frequency
US waves affected the micromixing efficiency
in a tubular sonoreactor with inert
microparticles. Via the Villermaux-Dushman
reaction, the efficiency of micromixing was
investigated while the size and volume fraction
of the microparticles varied. The results
showed that the efficiency of micromixing
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increased when ultrasonic was used to move
and disperse microparticles. Parvizian et al.
[6], to examine the impact of 1.7 MHz
ultrasound on micromixing efficiency using
the Villermaux-Dushman reaction,
constructed a continuous tubular sonoreactor.
The experimental results demonstrated that as
the flow rate and solution viscosity decreased,
so did the segregation index. According to the
findings, the continuous sonoreactor has a
micromixing time of 0.001-0.01 seconds and
an energy efficiency of 63%. The investigation
of bubble implosion under hydrostatic pressure
was first mathematically modeled by Lord
Rayleigh, who continued theoretical studies in
the field of acoustic cavitation and succeeded
in presenting his theory about bubble
dynamics under acoustic cavitation. Sochar et
al.[7], examined US waves to improve the
mass and heat transfer of homogeneous
reactions. An important assumption applied is
the stability of the bubble's spherical shape
during its oscillation. The effect of the
ultrasound energy applied to the reactor was
defined by the following equation:

Py (r,t) = Py — P4(r)sin(wt) 1)
Where P, P, and w are the static pressure,
acoustic pressure, and the angular frequency in
the liquid respectively. Moholkar et al. [8]
compared acoustic and hydrodynamic
cavitation using the  Rayleigh-Plesset
equation's numerical solution. The results of
simulating the implosion behavior of bubbles
shows that hydrodynamic cavitation provides
better control than acoustic cavitation in all
operational parameters. Abolhasani et al. [9]
utilizing Computational Fluid Dynamics
(CFD) modeling, looked into how heat transfer
was affected by US waves with a frequency of
1.7 MHz. They used the input velocity-a time-
dependent oscillation function-as the boundary
condition of the piezoelectric transducer to
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model the ultrasonic effect. This equation is as
follows:

v(t) = wAysin(wt) 2)
Where w and A, are the angular frequency and
the maximum displacement of the transducer
respectively. The velocity of acoustic currents
caused by 1.7 MHz US waves was measured
through a series of experiments in their
research. According to their analysis, high-
frequency ultrasound waves can produce
acoustic flows that enhance the fluid mixing
and uniform fluid temperature. Sajjadi et al.
[10] studied the influence of the acoustic flow
caused by low-frequency (24 kHz) US waves
on the mass transfer in a two-phase system.
The results showed that the additional
turbulence caused by US waves played a
crucial role in enhancing the mass transfer.
Rahimi et al. [11] explored the CFD simulation
of the micromixing efficiency with inert
microparticles in a continuous-flow tubular
sonoreactor. The Eulerian-Eulerian multiphase
model, utilizing the kinetic theory of granular
flow, was employed for simulating the
existence of the microparticles. Additionally,
the vibration of 1.7 MHz transducers was
modeled using the dynamic mesh method.
CFD modeling results showed the highly
effective velocity distribution inside the
sonoreactor which is due to the capability of
high-frequency US waves in the movement
and dispersion of microparticles. Parvizian et
al. [11] investigated the effect of 1.7 MHz US
waves on micromixing in a sonoreactor using
CFD modeling. The piezoelectric transducer's
vibration modeling was conducted utilizing the
dynamic mesh technique. According to the
mentioned contents, it can be said that US
waves can lead to the improvement of the
liquid-liquid mass transfer. However, no
numerical literature has investigated the effect
of high-frequency US waves on the liquid-
liquid mass transfer in pitted micromixers. In

addition, so far, the CFD modeling of high-
frequency ultrasound with different input
powers is not evaluated. High-frequency
ultrasonic waves (more than 1 MHz) lead to
the generation of micro-bubbles that, after
exploring, produce micro-jets in the fluid
stream and improve micro-mixing and the
mass transfer. For this reason, the use of
ultrasonic waves with a frequency of 1.7 MHz
to improve the liquid-liquid mass transfer is
considered in this study. In this research, the
intensification of the micromixing process and
the improvement of the liquid-liquid mass
transfer in a Y-type pitted micromixer by
applying 1.7 MHz US waves are discussed
numerically. In order to validate the modeling
results, a comparison of CFD results with the
experimental data in the experimental study of
Rahimi et al [12] is performed. The CFD
modeling of the micromixer is conducted in
the presence of US waves and the absence of
them, and the effect of the US power and
aqueous phase flow rate on the mass transfer
characteristics is considered.

2. CFD Simulation

2.1. Geometry

In this study, the CFD simulation of the mass
transfer is done in a typical pitted micromixer
that has the junction of two Y-type inlet
streams. In order to validate the simulation
results, the studied geometries (Y-type
micromixer and Y-type micromixer with
circular pit at junction (CPJ)) were selected
from the experimental work of Rahimi et al.
[12] . The studied CPJ micromixer includes a
circular pit with a diameter of 10 mm and a
height of 1.6 mm at the junction. The pit's
bottom surface is an ultrasonic transducer
operating at a frequency of 1.7 MHz. In the
mentioned experimental work [12], all used
microtubes are glass with the diameter of 0.8
mm. The length of the inlet tubes is 25 mm and
the length of the outlet channel is 50 mm. The
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angle between the fluid inlet microchannels is
120 °. The illustration in Figure 1 depicts the
geometry of the CPJ micromixer.

#D1=0.8mm

Figure 1. Geometry and dimensions of the CPJ micromixer [12].

2.2. Gridding and mesh dependency
Tet/Hybird type meshes with the size of 0.25
was used for micromixer meshing. For mesh
independency, five sizes were checked, and the
number of the resulting control volumes were
8.4x10% 7.6x10% 11.7x10° 1.5x10% and
1.2x10% To wverify that the model was
independent of the mesh size, the mixing
parameter in each micromixer was taken into
consideration. When the number of control
volumes exceeded 7.6x10% there was no
significant change in the mixing parameter.

2.3. Initial and boundary conditions

The boundary conditions defined for this
problem are the input velocities (the velocities
are equal for both inputs) and the output flow
from the micromixer and the boundary
conditions of the plates on which the magnetic
field is applied. The details regarding the
boundary conditions can be found in Table 1.
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Table 1.

Boundary conditions.

Type of boundaries Boundary conditions
Output flow Output

Input velocity
Input velocity

Aqgueous fluid inlet
Organic fluid input

Wall Input channel 1
Wall Input channel 2
Wall Output channel
Wall Micromixer wall

2.4. Properties of aqueous and organic
phases

In this study, the CFD modeling of the removal
of Cu (II) from water (aqueous solution) using
Di-2-ethylhexyl phosphoric acid (D2EHPA),
as the organic phase, was conducted in a CPJ
micromixer equipped with ultrasound. The
properties of phases are presented in Table 2.

Table 2.
Properties of phases.
Property  Agqueous phase

Organic phase

Density 995 789
(kg/m?)
Viscosity 0.000895 0.1209
(kg/m's)
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3. Governing equations

The continuity equation for immiscible flow is
only solved for the second (organic) phase, as
described below [16]:

a (QOTPOT) (3)

at + V (aorpori_o_r))
= mor—mq - maq—mr

The value of the volume fraction of the first

phase (a,q) is obtained from the following

equation:

Aor + Agqg =1 4
Moraq 1S the amount of the mass transfer
from the organic to the aqueous phase, and
Mag-or 1S the mass transfer in the opposite
direction. Since the mass transfer does not take
place from the aqueous to the organic phase,
Mag-or IN EQ. (3) was considered equal to
zero. The momentum equation for this system
is written as follows[13]:

a(pv)

at

V.3T)) + pg + F,

+ V. (pv?v) = —Vp + V. (u(VV +

()

Equation (5) relies on the volume components
of two phases in the form of p and u properties
[18]. Where v and P are the fluid velocity and
static pressure respectively. p and p are the
density and viscosity of the two-phase mixture,
which are defined as follows[14]:

p = QorPor + (1 — aor)paq (6)
K= Qorllor + (1 — aor).“aq (7
Interfacial tension, and viscous and inertial
forces decide how two immiscible fluids flow.
The effect of gravity on the flow pattern in
mixers in micro dimensions is negligible.
Therefore, modeling the wall adhesion and
interfacial tension plays a crucial role in this

study. The interfacial tension force F, in
equation (5) is calculated as follows[14]:

_ kA 8
F o= 20| l (8)

(Por + Paq)

Where o and 7 are the surface tension
coefficient and surface normal respectively. k
is the curvature of the local surface, which is
calculated from the following equation[15]:

k=V.A 9)

that 7 = n/|n| and n = A. a,,. The interface
was rebuilt using a geometric reconstruction
methodology based on the PLIC method. Due
to the fact that the modeling of micromixers
has been associated with mass transfer, the use
of the boundary condition of pressure or input
velocity to model the oscillation, resulted from
the piezoelectric plate, will not be accurate
enough. If these two boundary conditions are
applied, due to the entry of an additional
current into the micromixers, the concentration
of the components will be a problem,
therefore, the moving mesh method has been
used to model the oscillations of the
piezoelectric transducer. The moving mesh
method assumes that there is a moving layer on
the surface of the piezoelectric transducer, of
which the oscillating movement causes the
movement of the fluid in contact with it. In this
method, only the mesh is placed on the screen
and no external flow enters the system. To
model the piezoelectric’ effect, it was
considered a plate that vibrates according to an
oscillation equation as follows[16]:

&(x,t) = Asin(wt)cos(2mx /1) (10)

Where, t, A, x x, and A are the time, the
wavelength, the length of the piezoelectric
plate, and the maximum velocity of sound
currents on the surface of the transducer plate
respectively. In this research, due to the small
radius of the piezoelectric plate, it is assumed
that the velocity is the same in the entire
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piezoelectric plate, therefore, Eq. (11) can be
written as follows[9]:

v(t) = Asin(wt) (11)

The value of coefficient A is the maximum
velocity at the transducer surface, which has
been obtained for 1.7 MHz transducer by
Abolhasani et al. [11] based on the
experimental method similar to the hot wire
method, and is equal to 0.0146 m/s.

To use Eq. (11), a UDF was written and then
introduced to the software. To determine the
flow regime, the Reynolds number must be
calculated. According to the theory of sound
currents presented by Lighthill, at powers
higher than 4x10% sound currents act as
entangled jets. Therefore, after the activation
of 1.7 MHz transducers, which produce waves
with the power of about 6.28 W, the flow
regime will be turbulent. The Reynolds
number of the sound flow can be obtained
using the following equation [17]:

2
Reg = A_a) (12)

v
The value of coefficient A is the magnitude of
the wave displacement and v is the kinematic
viscosity. w is the angular frequency obtained
from the following equation:

w = 2nf (13)

Where f is the frequency.

4. Solution strategy

Due to the laminar flow regime present in
micromixers, the calculations were conducted
accordingly. The SIMPLE algorithm was
implemented for the coupling of pressure and
velocity, while the PRESTO model was used
to discretize pressure. The second-order
upwind method was used for the momentum
and volume fraction. The volume fractions of
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the phases were discretized based on the
geometric-reconstruction scheme. The
Courant number was set at 0.25. To regulate
the Courant number, the time step for the
unsteady solution needs to be significantly
reduced. Therefore, the calculations were
performed unsteadily with the time intervals of
from 107 to 107 and using the second-order
implicit formula, and the convergence

criterion for the predictable parameters was 10°
6

5. Results and discussion
5.1. Hydrodynamic flow behavior without
the presence of US waves in a Y-type
micromixer
The flow pattern of both aqueous and organic
phases inside the micromixer is drawn and
analyzed further. In this section, the flow
pattern at two flow rates Q,, = Q44 €qual to
1.875 and 6 mL/min were investigated. Figure
2 illustrates the flow behavior of oil and water
in the mixing channel without the presence of
US waves in the Y-type micromixer. The
numerical results were compared with the real
images of the fluid movement inside the
mixing channel. As Figure 2 shows, various
flow patterns are observable within this range
of flow rates in the organic phase, depending
on the flow rate of the aqueous phase.
Immiscible two-phase flow patterns depend on
the surface tension, inertial forces, and viscous
forces. In these micromixers, inertial forces
and the surface tension are the dominant
stresses that affect the interface of the two
phases. The Weber number (We) is defined to
show the importance of inertial forces and the
surface tension on the flow pattern which is
calculated from the following equation [18]:
pU?D (14)
B o
We is the ratio of inertia forces to the surface
tension. Figure (2a) shows that when the flow
rates are low, the slug flow occurs in the

We
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channel. This shows that We < 1, which means
the surface tension is the dominant force and

stronger than inertial and viscous forces.
Unlike the slug flow, the parallel flow in

Figure (2b) occurs in the case where the flow
rates are high. As seen in this figure, the wavy
interface is formed in the parallel flow.
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Figure 2. CFD and experimental results of the phase contour in a horizontal cross-section (y=0) of the
mixing channel in the Y-type micromixer in the absence of US waves, (a) Qo = Quq = 1.875::—51 and

(0) Qor =

5.1. Hydrodynamic flow pattern in the
absence and presence of US waves in the
CPJ micromixer

Figure (3a) shows the flow inside the mixing

channel of the CPJ micromixer at Q,, =

Qaq = 61?—;1. Figure (3a) and Figure (3b) show
that by the application of US waves (with a

mL

min’

power of 5.25 W), the shape of the slugs is
messed up, and the flow pattern is similar to
that of parallel flow. Because, the fluid flow
experiences displacement in the direction of
the flow and perpendicular to it due to the
combined effects of hydrodynamic and
ultrasonic forces. The dynamic movement of
the organic phase within the mixing channel
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and in the direction of the propagation of US
waves cause a change in the shape of the
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organic phase slugs, leading to lateral mixing
of the two phases.
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Figure 3. Results of the phase contour in a horizontal cross-section (y=0) of the mixing channel in
the CPJ micromixer in the presence of US waves, (a) CFD result, (b) experimental result.

The flow pattern within the CPJ micromixer is
depicted in Figure (4a) at a high flow rate for
both phases (Qor = Quq = 6::—; ) without US
waves. The two-phase flow pattern in this case
is parallel; however, when US waves are
applied, the flows become non-parallel (Figure
4b). Actually, using the US waves has altered
the shape of the flow pattern and enhanced
mixing. In this case, the interface separating
the two phases has completely collapsed,

1
0.95
09
085
' 08
" |

(@)
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resulting in an enhanced contact between
them. This issue arises because the ultrasonic
force acting on the fluid flow induces a
secondary motion that is perpendicular to the
flow and aligned with the direction of the wave
propagation. The organic phase undergoes
dynamic motion within the mixing channel
and in the direction of the US wave
propagation, resulting in the change of its
movement pattern and causing the lateral
mixing of the two phases.

(b)
Figure 4. Phase contour in a horizontal cut (y=0) in the pit section of the CPJ micromixer (a) without
and (b) with US waves.
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The flow velocity in the CPJ micromixer at a
high flow rate for both phases (Q,r = Qqq =

6$—;) is illustrated in Figure (5a), without US

waves. The flow velocity within the pit is very
low; however, upon applying US waves

01

01

m/s @

Figure 6 illustrates the velocity magnitude
distribution along the center line of the CPJ
micromixer channel. A comparison has been
made between the magnitude of the velocity
before and after the application of US waves.
In this figure, X represents the distance from
the junction of two inlet channels for a simple
micromixer and the distance from the center of
the pit for the pitted micromixer, and L denotes
the length of the mixing channel for each type
of micromixers. The average value of the
velocity in the pit for the flow without US

(Figure 5b), the fluid velocity increases within
this region. Essentially, the utilization of US
waves induces turbulence and disturbance in
this region, thereby improving the mixing
process.

(b)
Figure 5. Flow velocity (m/s) in a horizontal cut (y=0) in the CPJ micromixer (a) without, and (b) with
US waves.

waves (P = 0 W) was almost equal to 0.002
m/s, while in the case of the application of US
waves (P = 5.25 W), the velocity in the area
where the US waves are applied increased and
reached about 0.01 m/s. The US waves excite
the fluid flow and result in the formation of a
secondary flow that is perpendicular to the
direction of the primary flow. The movement
of the fluid in the direction of the propagation
of US waves causes an increase in the
turbulence and velocity in this area.
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Figure 7 displays the velocity vector on a
horizontal plane (y=0) within the CPJ
micromixer, before and after the application of
US waves. For the flow without US waves, the
velocity vectors in the direction of the exit
channel are visible with straight arrows and in
the direction of the flow, while for the flow in
the presence of waves, the eddy and swirling
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m/s

motion of the streamlines can be seen. This
figure confirms that the US waves create a
flow perpendicular to the direction of the flow
and, as a result, the two phases spread into each
other. The movement of the fluid in the
direction of the propagation of US waves leads
to an increase in the turbulence and velocity in
this area.

(b)
Figure 7. Velocity vectors (m/s) in a horizontal cut (y=0) in the CPJ micromixer (a) without, and (b)
with US waves.
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5.3. Results of the mass transfer coefficient
and extraction efficiency

The transfer of copper from the organic phase
to the aqueous phase is the basis of the liquid-
liquid mass transfer in this research. In the
experimental work carried out by Rahimi et
al.[12], the mass transfer coefficient and
efficiency without and with US waves have
been calculated for two micromixers at
different flow rates of the inlet fluid. Because
of the unknown interface of two immiscible
phases in the liquid-liquid mass transfer
process, the mass transfer coefficient cannot be
calculated through the common relations in
which the interface of two phases is needed.
Therefore, in the liquid-liquid mass transfer, a
coefficient called the total volumetric mass
transfer coefficient (K, a) is defined, which can
be calculated using the experimental results
and the following equation [19]:

_ Qor(Cor,i - Cor,o) (15)
VAC,,

K, a

Where C,, , and C,, ; are the concentration of
copper in the outgoing and the incoming
organic phase, V is the micromixer volume,
and Q,, is the flow rate of the organic phase.
AC,,, which is the logarithmic mean driving
force of the concentrate of copper ion, is
expressed as follows[19]:

ACm — (Cor,i - Cor,i*) - (Cor;o - Cor,o*)
ln (Cor,i_cor,i)
(Cor,o_cor,o*)
(16)

Where C,,-;" and C,,.," are the concentrations
of copper in the organic phase in equilibrium
with the aqueous phase of the actual input and
the actual output respectively. The efficiency
of the extraction of copper in this system can
be calculated as follows[20]:

Caq,i
E =
Caq,i - Caq,o

Caq,i and C,q , are the concentrations of copper
in the incoming aqueous phase and the
outgoing aqueous phase respectively. As the
aqueous phase in this work is pure distilled
water, Coq; = 0. In other words, Cqq, is
derived from the mass balance relationship
between the total concentration and C,, ,. The
density and viscosity of the mixture of two
immiscible phases are calculated as follows:

- Caq,o (17)

*

Xaqg , 1= Xor _4 (18)
=(—4+ —-
Pm Pag  Por )
Xaqg 1 —Xor 4 (19)
= (=22 4
Hm (.uaq Hor )

Figure 8 shows the value of K; a in the simple
and the CPJ micromixer different flow rates.
According to Figure 8, the values of K; a in the
simple micromixer (without ultrasonic) have
the lowest values due to poor mixing. In the
case of applying US waves into the pitted
micromixer, three different powers of US
waves have been investigated. By enhancing
the ultrasonic power, the piezoelectric power
to throw the fluid on it increases, and actually,
the disturbance in that area increases. For this
reason, the power of 7 W has the highest values
of Kra, which can be seen in Figure 8. The
influence of the flow rate of the aqueous phase
at different frequencies on Kia was
investigated. The decreasing trend of K.a is
observed by increasing the flow rate of the
aqueous phase. The reason is that increasing
the flow rate of the aqueous phase decreases
the residence time in the micromixer, and
therefore, the mass transfer is reduced.
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16 - & with ultrasound. P=5.25 W
| 4 ) with ultrasound, P=3.5 W
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Figure 8. CFD results of the values of K; a in simple Y-type and CPJ micromixers in the
absence and presence of US waves.

Figure 9 shows the value of the mass transfer as well, with the increase in the ultrasonic
efficiency (E) in the simple and CPJ power, the piezoelectric power to throw the
micromixer at different flow rates. According fluid on it increases, and in fact, the
to Figure 9, the values of the mass transfer disturbance in that area increases. For this
efficiency in the simple micromixer (without reason, the power of 7 W has the highest value
ultrasonic) have the lowest values. In this form of the mass transfer efficiency.
1 -
09 - . "
08 -

0.7 - ;
06 4 —+—Simple micromix er
#— with ultrasound, P=7 W
—— with ultrasound, P=323 W
with ultrasound, P=3.3 W
0_5 T T T T T 1
0 0.5 1 15 2 25 3

Qzq (mL/min)

Figure 9. CFD results of the mass transfer efficiency (E) in the simple and CPJ micromixer without
and with US waves.
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5.4. Validation of CFD results
The Kias obtained in the CFD modeling was
validated by their experimental values, which
were obtained by Rahimi et al.[12]. An
absolute relative error, ARE (%), was
calculated as follows[13], [21]:

Table 3.

Experimental value -Numerical value y
Experimental value

100

ARE (%) =

(20)
The maximum error of 5.43 %, in Table 3,
demonstrates the high precision of the CFD
simulation.

Comparison between the experimental K a and the CFD-predicted K.a (P=7 w).

Qag (ML/min) Experimental K.a Numerical K.a Error (%)
0.75 1.53 1.58 3.26
1 1.33 1.26 5.26
15 1.41 1.36 3.54
2.5 0.92 0.97 5.43

1. Conclusion

The study investigated the impact of 1.7 MHz
US waves for enhancing the mixing efficiency
and mass transfer within a CPJ micromixer. In
the hydrodynamic model of the micromixer,
the mixing was weak under the condition of no
ultrasound. The flow inside the mixing channel
of the CPJ micromixer at a low flow rate for
two phases indicates that the presence of pit
and the application of US waves disrupt the
shape of the slugs and change the flow pattern.
The fluid flow experiences displacement in the
flow direction and the direction perpendicular
to it due to the influence of the two
hydrodynamic and ultrasonic forces. The
organic phase undergoes dynamic movement
as it flows through the mixing channel in the
direction of the US wave propagation, causing
a change in the shape of the organic phase
slugs and promoting the lateral mixing of the
two phases. The flow behavior within the CPJ
micromixer under the high flow conditions of
two phases is initially parallel without US
waves. However, upon the application of US
waves, the flow patterns deviate from being
parallel, leading to a transformation in the
shape of the flow pattern and an improvement
in the mixing efficiency. Indeed, in this case,
the boundary between the aqueous and organic

phases has disintegrated entirely, leading to an
enhanced contact between the two phases. The
utilization of US waves induced the fluid flow
excitation, resulting in the generation of a
secondary flow oriented perpendicular to the
direction of the primary flow. The flow of the
fluid in the direction of the propagation of US
waves results in the enhanced turbulence and
velocity within this region. The mass transfer
coefficient (K, a) and extraction efficiency (E)
in the simple micromixer without ultrasonic
waves have the lowest values and in the
presence of US waves with the highest power
have the highest values. By applying US waves
and by increasing the ultrasonic power, the
piezoelectric power to move the fluid on it
increases, and in fact, the disturbance in that
area increases. The effect of the flow rate of
the aqueous phase at different US powers on
Kra and E was evaluated and a decreasing
trend of Kia was seen. The effect of the power
of ultrasound (P=3.5, 5.25, and 7W) on K.a
and E is investigated and P= 7 W was the more
efficient case for enhacing the mass transfer.
The results indicate that the maximum error
that is obtained for Kia is 5.43 %, which shows
the high accuracy of the CFD model.
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Nomenclature

4o

S
*

)

FQl WMo

o
Q

TS S 3

[1]

Maximum  displacement of the
ultrasonic transducer (m)

Sound velocity (m/s)

Concentration (mg/L)

Equilibrium concentration (mg/L)
Diameter of micromixer channels (m)
Efficiency of extraction (-) [2]
Frequency (Hz)

Interfacial tension force (N)

Gravitational acceleration (m/s?)
Curvature of the local surface (-)
Overall volumetric mass transfer
coefficient (1/s)

Mass flow rate (kg/s)

Surface normal

Static pressure (Pa)

Input electrical power to ultrasonic
transducer (W)

Acoustic pressure (Pa)

Static pressure in the liquid (Pa)
volume flow rate (m®/s)

Reynolds number of sound flow (-)
Time (s)

Superficial velocity (m/s)

Velocity (m/s)

Volume of the micromixer (m?) [4]
Weber number (-)

Length of the piezoelectric plate (m) or

mass fraction (-)

[3]

Greek symbols

a Volume fraction (-)
AC,, Logarithmic mean driving force
v Kinematic viscosity (m?/s)
Angular frequency (1/s) [5]
@ gular frequency
A Wavelength (m)
u Dynamic viscosity (Pa.s)
p Density (kg/m?®)
o Surface tension (kg/s?)
Subscripts
aq Aqueous phase [6]
i Inlet
m Mixture of the two phases
) Outlet
or Organic phase
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