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Abstract: In this study, the mixing performance in a Y-junction microchannel with acoustic streaming
was investigated through numerical simulation. The acoustic streaming is created by inducing
triangular structures at the junction and sidewalls regions. The numerical model utilizes Navier–
Stokes equations in conjunction with the convection–diffusion equations. The parameters investigated
were inlet velocities ranging from 4.46 to 55.6 µm/s, triangular structure’s vertex angles ranging from
22◦ to 90◦ oscillation amplitude ranging from 3 to 6 µm, and an oscillation frequency set to 13 kHz.
The results show that at the junction region, a pair of counter-rotating streaming vortices were formed,
and unsymmetrical or one-sided vortices were formed when additional triangles were added along
the sidewalls. These streaming flows significantly increase the vorticity compared with the case
without the acoustic stream. Mixing performances were found to have improved with the generation
of the acoustic stream. The mixing performance was evaluated at various inlet velocities, the vertex
angles of the triangular structure, and oscillation amplitudes. The numerical results show that adding
the triangular structure at the junction region considerably improved the mixing efficiency due to the
generation of acoustic streaming, and further improvements can be achieved at lower inlet velocity,
sharper vertex angle, and higher oscillation amplitude. Integrating with more triangular structures at
the sidewall regions also improves the mixing performance within the laminar flow regime in the
Y-microchannel. At Y = 2.30 mm, oscillation amplitude of 6 µm, and flow inlet velocity of 55.6 µm/s,
with all three triangles integrated and the triangles’ vertex angles fixed to 30◦, the mixing index can
achieve the best results of 0.9981, which is better than 0.8355 in the case of using only the triangle at
the junction, and 0.6642 in the case without acoustic streaming. This is equal to an improvement of
50.27% in the case of using both the junction and the two sidewall triangles, and 25.79% in the case of
simply using a junction triangle.

Keywords: acoustic streaming; micromixer; acoustofluidics; microfluidics; computational fluid
dynamics

1. Introduction

Fluid mixing is a phenomenon process in microfluidics that involves the combination
of various materials. Homogeneous and rapid mixing in microscales are critical for various
applications such as drug delivery, chemical process industries, biomedical diagnostics, etc.
The main mixing mechanism is governed by molecular diffusion. Micromixers are thus
integrated into microfluidic devices to achieve quick mixing by facilitating mass transfer
between the flow streams. They can be categorized as either active or passive depending on
the amount of energy consumed [1]. Passive micromixers are easy to set up and integrate
with other microfluidic components. However, this type of micromixer has less perfor-
mance compared with active micromixers. The different geometry of the microchannel
section is modified in passive micromixers to induce flow disturbance as well as pressure
difference, which then promotes mixing quality. The most common geometrical features
used as passive micromixers are swirl inducing [2], obstructions [3], the placement of
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obstacles [4], etc. Active micromixers perform mixing to enhance quality and speed by uti-
lizing external power sources such as acoustic field [5], pressure-driven [6], electric field [7],
and magnetic-field [8]. Active micromixers can be activated based on the user’s needs
and provide controllable mixing with electrical voltage, pressure gradient, and integrated
elements. In general, active micromixers improve mixing by magnetically, mechanically,
electrically, and acoustically swirling the fluid streams.

Acoustofluidics is a combination of acoustics and microfluidics. It has many applica-
tion areas such as microfluidic pump [9], bimodal signal amplification [10], mixing and
migration of micro-size particles [11], etc. Acoustic streaming occurs as a result of the
time-averaged nonlinear dynamics of the solid–fluid interaction in a viscous flow [12–14].
It is induced by the second order time-averaged streaming fluctuating components in any
fluid flow. Ovchinnikov et al., studied numerically the flow pattern and scaling around a
single sharp edge and found that it generated a high Reynold body force when compared
with its non-sharp counterparts [15]. Similarly, Doinikov et al., recently reported that sharp
edge structures were used to generate acoustic streaming in a circular microfluidic device of
the fluid domain [16]. Both studies indicated that the sharp edge of the solid body is used
as the origin of acoustic streaming to oscillate the flow. The acoustic streaming production
is strong enough near the apex with a small vertex angle and is also directly related to the
applied amplitude [17]. Its generation is also affected by the fluid’s Reynold number flow
characteristics. Generally, the induced streaming flow pattern is stronger at low Reynold
number flows than at high Reynold number flows [18]. The acoustic stream is produced
more efficiently when the radius of the curvature of the apex is small in comparison with
the thickness of the viscous boundary layer [19]. Acoustic streaming has been recognized
as an important and non-invasive solution for different applications such as mixing [20,21],
heat transfer [22], synthesis of organic nanoparticles [23], and particle patterning [24].
Nama et al., numerically investigated the performance of micromixing by inducing acoustic
oscillated sharp edges in a sidewalls rectangular computational domain [25]. In general,
active and passive mixing in Y-microchannels has previously been performed such as
acoustically induced bubbles [26,27], rotating magnetic fields [28], placement of obstacles
in the microchannels [29,30], electronically driven flow [31], acoustic streaming around the
sharp triangular structure in the sidewall directions [20], adding split and recombination
features [32], side lateral obstructions [33], and symmetrical cylindrical grooves [34].

The Y-microchannel is a micromixer configuration used in microfluidics devices.
Different geometries such as a circle, square, rectangle, various inlet and outlet section
regions, and channel angles are developed, but its configuration is mainly defined by two
inlets and one outlet, with the single outlet acting as a micromixer at various angles [35].
The mixing of two or more fluids is a critical process inside the Y-microchannel. Since
the fluid flow inside the small dimension of the Y-microchannel is mostly laminar, it is
dependent on its outlet effective length and diffusion disturbance to achieve the maximum
optimum species mixture concentration at the common microchannel outlet region. Thus,
fluid flow pattern disturbance is required before passing through the junction region to
minimize the effective outlet length and also reduce the microchannel manufacturing costs.

The main objective of this study is to investigate numerically the mixing performance
of acoustic streaming in a Y-microchannel by inducing a triangular structure starting from
the microchannel junction region. It can achieve quick mixing and improve homogeneity
within the microchannel mixing section by disrupting the flow pattern starting from the
junction region and generating a vortex streaming flow. The paper is organized as follows:
methods are presented in Section 2, results and discussion are presented in Section 3, and
Section 4 concludes with the important findings and future work.

2. Numerical Methods
2.1. Microchannel Geometry and Numerical Scheme

Figure 1 demonstrates the CAD design of the microchannel used in the current study.
The Y-junction microchannel segments are separated by a 120◦ angle. Figure 1a illus-
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trates the dimensions and configuration of the common standard Y-junction microchannel.
The new microchannel configuration includes fillet dimensions to reduce the microchannel
edge effect and enlarge the junction region. The triangle’s apex inside the microchannel
is rounded with 0.30 µm, which is below the viscous boundary layer thickness. Similarly,
the triangle has a characteristic height, h, around the junctions of 0.35 mm, 0.25 mm, and
0.17 mm at the microchannel outlet sidewalls, which is equal to the distance between the
triangle’s tip and the beginning of its base. Figure 1b,c show the new microchannel designs
for numerical modeling. It was designed with an induced single triangular structure only
at the junction region and the addition of two more triangles to the microchannel sidewalls
at the outlet direction. As shown in Figure 1c, the first sidewall triangle induced 0.40 mm
away from the apex of the junction triangle, while the second triangle induced in the other
side at a distance of S away from the first sidewall triangle’s apex. The triangle’s apex is
located between the two edges of the outlet microchannel, as shown in Figure 1b, but below
0.10 mm in the case of the 0.25 mm triangle height, h, as shown in Figure 1c. The base edges
of the triangular structure inside the microchannel are rounded with 0.10 mm and 0.02 mm,
as shown in Figure 1b,c.

The Y-junction microchannel numerical model is in the coordinate rectangular region
ranging in x-axis (0.4398, 0.2598) to (2.4255, 0.2598) and in y-axis (0.5898 and 2.2755, 0) to
(1.1326 and 1.7326, 2.3484) as shown in Figure 2. The origin of the coordinate system is
set to be at the lower-left corner of Figure 2. Throughout this study, the origin is fixed at
this point and the coordinate system is unified in order to express all the data and results.
The Y-shaped microchannel has two inlets and one outlet microchannel for mixing purpose.
The lower and inlet side microchannel edges of the 2D modeling are 30◦ and 60◦ from the
x-axis, respectively. Similarly, the upper and inlet side microchannel edges are 60◦ and 30◦

from the y-axis, respectively.
The numerical model scheme is used to solve the two-dimensional water domain of

the Y-microchannel cross section, which has two inlets and one outlet segment. The material
properties used in the numerical study are listed in Table 1. Figure 2 shows the geometry
of the numerical model discretization of the new Y-junction microchannel. The numerical
model was implemented and the governing equation solved using the finite element
software COMSOL Multiphysics [36]. Three sets of governing equations are used to obtain
the results in this study. Based on the temporal and spatial scales, the acoustic velocity
field is first calculated by using the thermoviscous acoustics module in frequency domain.
The streaming flow velocity field is then calculated by applying the laminar flow physics
module. Lastly, the transport of diluted species module is used to solve the convective
transport of a solute species from one inlet side to the outlet’s common mixing region in
the Y-junction microchannel. Table 2 shows the numerical study input parameters.

Table 1. Material properties.

Water Properties at T = 25 ◦C [37] Value Units

Viscous dynamics viscosity, µ 890 µPas
Specific heat capacity, Cp 4180 J/kg·K

Density, ρo 997 kg/m3

Speed of sound, co 1497 m/s
Compressibility, ko = 1/

(
ρoco

2) 4.47× 10−10 1/Pa
Specific heat capacity ratio, γ 1.012

Thermal conductivity, kth 0.61 W/m·K
Thermal expansion coefficient, α =

√
CP(γ− 1)/(Tc o

2) 2.74× 10−4 1/K

Thermal diffusivity, Dth = kth/
(
ρocp

)
1.464× 10−7 m2/s

Bulk dynamic viscosity, µb 2.47 mPas
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Water Properties at  𝑻 𝟐𝟓 𝐨C  [37]  Value  Units 

Viscous dynamics viscosity, μ  890  μPas 

Specific heat capacity,  𝐶     4180  J/kg.K 

Density,  𝜌     997  kg/m3 

Speed of sound,  𝑐     1497  m/s 

Compressibility,  𝑘 1 𝜌 𝑐⁄   4.47 10   1/Pa 

Figure 1. Designs of Y-microchannel configurations of the present study: (a) normal Y-channel
without triangle structures, (b) triangular structure for acoustic streaming at the junction only, and
(c) triangular structures in the junction and the channel sidewalls. All dimensions are marked in
mm. In (b), where α is the triangle’s vertex angle, w is the width of the triangle; in (c), where S is the
sidewall triangle’s spacing, α1 and α2 are the vertex angles of the triangles at the junction and the
sidewalls, respectively. w1 and w2 are the widths of the junction and sidewall triangles, respectively.
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Table 2. Study input parameters.

Parameters Values Units

Inlets velocities 4.46, 8.89, 30, 55.6 µm/s
Oscillation frequency 13 kHz
Oscillation amplitude 3–6 µm

Vertex angles α = 22–60◦, α1 = 30◦, α2= 22–90◦

Spacing gap S of the side walls triangles 0.15, 0.30, 0.40, 0.60, 0.90 mm
Diffusion coefficient (fluorescein sodium salt) 10−9 m2/s

2.2. Governing Equations and Boundary Conditions

Acoustic streaming fundamental governing equations have been presented in various
studies [38,39]. The perturbation theory is used to solve microchannel flow problems in
the context of “weak disturbance”. It is an effective tool for reducing the Navier–Stokes
equation, which includes the nonlinear terms that couple the acoustic and streaming
velocity fields. The general governing equations are continuity, momentum, and energy
equations. The numerical model was performed in three steps: (i) solving the wave
equation to compute the acoustic velocity fields, (ii) computing the streaming flow, and
(iii) solving the flux of the concentration profile in the microchannel.

In the thermoviscous acoustics module, governing equations are obtained from the
linearized Navier–Stokes equations, which are used to solve the continuity and momentum
in the microchannel system. All governing equations fields and sources are assumed
to be harmonic with eiωt. Therefore, the acoustic velocity field was determined in the
following ways:

iωρa +∇.(ρova) = 0 (1)

iωρova = ∇.
[
−PI + µ(∇va + (∇va)

T)−
(

2
3

µ− µB

)
(∇.va)I

]
(2)

whereω is the frequency of actuation, va is the acoustic velocity field, and ρa is the density
at temperature Ta:

ρa = ρo(κT pa − αTa) (3)

κT =
1
ρ
(

∂ρ

∂p
)

T
=

1
ρoco2 (4)
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co is the speed of sound in fluid, κT is the isothermal compressibility coefficient, and α
is the coefficient of thermal expansion.

α =
1
ρ

(
∂ρ

∂T

)
P
=

1
c

√
Cp(γ− 1)

T
(5)

µ and µb are the viscous and bulk dynamic viscosities, respectively. I is the identity
matrix. The walls of the microchannel are solid surfaces with no-slip and isothermal
boundary conditions. The thermoviscous acoustics length scale is defined by viscous and
thermal boundary layer thicknesses, but due to the low oscillation frequency in kHz level,
it is sufficient to describe it with only the viscous boundary layer thickness. Therefore, the
viscous penetration depth (viscous boundary layer thickness) is given by:

δ = δv =

√
2µ

ωρ
=

√
µ

π f ρ
=

√
ν

π f
(6)

According to Equation (6), the thickness of the viscous boundary layer decreases as the
frequency, f, of the oscillation increases, but it can also increase as the frequency, f, decreases.

The ratio of inertia to viscous forces, i.e., the Reynold number (Re = (ρvDh)/µ), is
small, indicating that viscous forces dominate and damp out all disturbance in the mi-
crochannel. Similarly, acoustic streaming at the sharp edge has a dominant body force over
other driving forces in the microchannel. As a result, the fluid flow inside the microchannel
is in a single phase and operates in a laminar flow regime. Likewise, the acoustic wave-
length (λ = c/ f ) is much larger than the width dimension of the microchannel, where
c is the speed of sound in water. The dimensionless number of a fluid flow Mach num-
ber (Ma = va/c � 1) and the temperature variation in the microchannel are very small,
and the density is also nearly constant. As a result, the laminar fluid motion is assumed
to be incompressible, and the governing equations of the continuity and Navier–Stokes
momentum equations are as follows in Equations (7) and (8), respectively:

ρ∇.v = 0 (7)

∂v
∂t

+ (v.∇)v =
1
ρ

(
∇.(−pI + µ

(
∇v +

(
∇v)T

))
+ F

)
(8)

where F = 〈ρa
∂v
∂t 〉+ ρo〈(v.∇)v〉 is the volume force (N/m3) and v is the streaming veloc-

ity field.
As stated previously, the microchannel has a solid wall and is stationary. The wall

boundary condition is therefore no-slip and zero velocity is assumed. Similarly, the fluid
flow at both inlets is considered as fully developed and uniform, so the inflow boundary
condition is assigned by the average velocity. The pressure boundary condition is equal to
zero at inlets and absolute pressure po at the outlet.

The transport of fluorescein sodium salt species in the microchannel via convection-
diffusion is solved using Equation (9):

∂ci
∂t

+∇.Ji + v.∇ci = Ri (9)

where ci is the concentration of the species (mol/m3), Ri is a reaction rate expression
for the species (mol/

(
m3 · s

)
), and v is the streaming fluid averaged velocity vector

(m/s). Ji denotes the mass flux factors that define the diffusive flux vector and are solved
using Equation (10):

Ji = −Di∇ci (10)

where Di is the diffusion coefficient of fluorescein sodium salt species (m2/s).
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The initial boundary condition concentration co of the material species was set to
1 mol/m3 in one inlet direction and 0 in the other inlet side.

The mixing index or degree of mixedness is investigated based on the statistical
method. It is calculated at any cross section of the microchannel width from the standard
deviation of the fluorescein sodium salt species concentration using Equation (11) [40]:

M = 1−

√
σ2

σ2max
(11)

σ =

√
1
n ∑n

i=1(ci − c) (12)

σmax =
√

c(1− c) (13)

where σ is the standard deviation of the concentration species ci in each point on the width
of the cross section, c is the mean of the concentration ci on the width cross section, and
σmax is the maximum standard deviation of the species concentration at the specified width
cross section of the microchannel.

2.3. Mesh Independence Test

The mesh independence test is required in the simulation to find the optimal mesh.
An optimal mesh is one in which the computational time is minimized while the accuracy
of the result is maintained. The independence test was evaluated by considering the
acoustic velocity fields and streaming velocity magnitude at various mesh element sizes.
The computational mesh is created by combining a maximum element size length dmesh
at the domain boundaries and bulk of the fluid. The bulk water domain region mesh
size dmesh,dk is kept constant with 12δ, where δ is the thickness of viscous boundary layer
thickness. Then, the mesh independent test was verified by different boundary element
sizes, dmesh,db. Moreover, the smallest mesh element size dmesh,db = 0.25δ is taken as a
reference computational mesh element size and evaluated the mesh independent test in
terms of relative convergence parameter C(g) using Equation (14) as follows [41]:

C(g) =

√√√√√√
∫ (

g− g(re f )

)2
dxdy∫ (

g(re f )

)2
dxdy

(14)

where g(ref ) is the reference value at the smallest mesh element size.
The evaluation was performed at the junction tip edge triangles up to 10 µm from

the numerical model, as shown in Figure 2a. Figure 3 shows the relative convergence
parameter C vs. δ/dmesh,db, demonstrating that the value of the parameter C(g) is very
small in all ranges of mesh element size. As a result, δ/dmesh,db = 1.33 is chosen for all
succeeding study cases. The velocity fields v1x and v1y are for acoustic velocity components,
and v2 is the velocity magnitude for streaming flow.

When the size of the boundary mesh element is reduced to a minimum, the relative
convergence parameter approaches zero as shown in Figure 3.
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3. Results and Discussion
3.1. Normal Y-Junction Microchannel

Figure 4 illustrates the flow vector plot, velocity magnitude, and species concentration
distribution in the original Y-junction microchannel without the triangle structure and
acoustic field. The fluid flow from the inlet side of the microchannel followed its path
to the microchannel outlet as demonstrated in Figure 4a. Because of the layered stream
formed between the two side fluid streams, concentrated species were difficult to diffuse
and convect to the other sides of the microchannel outlet region as shown in Figure 4b.
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Figure 4. Visualization in standard Y-junction microchannel at 55.6 µm/s; (a) velocity vector and
magnitude; and (b) species concentration distribution.

3.2. Acoustic Streaming Generation

The Y-junction microchannel has an induced triangle edged in the junction and also
integrated with the sidewall triangle’s edges, which are positioned in an oscillation fluid to
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create a vortex stream in both clockwise and anti-clockwise rotation. The generated acoustic
field and streaming flow problems are addressed using perturbation theory. The viscous
boundary thickness was much less than the height dimensions of the microchannel-induced
triangle’s sharp edge structure. The triangle’s sharp edge is rounded to avoid a numerical
solution discontinuity purpose. However, its radius curvature of the round is sufficiently
sharper in comparison with the viscous boundary layer thickness dimension, i.e., r � δ.
This implied that the length scale was enough to create acoustic streaming flow.

Figure 5 shows the quiver plot and velocity magnitudes after inducing triangular
structures in different positions. The streaming flow originated from the two inlet sides,
whereas acoustic streaming flows began from the triangle’s sharp edges. Acoustic stream
line patterns followed a revolving circular structure and produced strong vorticity on
both sides of the induced triangular structure. Figure 5a shows the streaming flow and
revolving caused by inducing only the triangular structure around the junction region.
Streaming velocity has a high magnitude of streaming velocity around the sharp tip edges,
but produces two strong counter-rotating vortices on both sides of the triangle regions.
The strength of the vortices expressed interims of vorticity. It was extracted and plotted on
both the left and right sides at equal distances from the tip edge, then compared in different
junction triangle vertex angles.

The side walls of the isosceles triangle vibrated highly in the study conducted in two-
dimensional X- and Y-directions. The results indicated that two sides streaming layers were
created starting from the tip sharp edge during the induction of one triangular structure at
the junction region, as shown in Figure 5a. When the sidewalls triangles were induced, the
layer’s curve length size was minimized and rotated in a similar manner into two circular
counter vortices, as shown in Figure 5b–f. First and foremost, the effect of the placement
of the gap, S, between the two sidewall triangles was considered and investigated. When
the spacing between the sidewall triangles was reduced to 0.15 mm, it produced a short
curved revolving streaming from the first right sidewall triangle’s apex to the second left
sidewall triangle edge, as shown in Figure 5b, but when the space, S, was increased to 0.90
mm, the stream pattern became less curved and the second left sidewall triangle created
two unsymmetrical streaming vortices, as shown in Figure 5f.

Figure 6b shows symmetrical vortices and high vorticity on both sides of the junction-
induced triangle, as plotted by cutting plane lines X = 1.283 mm, X = 1.583 mm, and
Y = 0.485 to 2.30 mm. There are clockwise and anti-clockwise vortices on both sides of the
triangular structure. Therefore, there is a higher tip velocity maximum as well as vorticity at
the very sharp-edged tip of 22◦ than 60◦. It has a maximum velocity of around 5 mm/s on
a 30◦ triangle tip sharp edge angle, as shown in Figure 5. Figure 5c also shows the vorticity
generation at a specified geometry coordinate region of both sides of the junction triangle
in different oscillation frequencies from 3 to 13 kHz. The 13 kHz oscillation frequency has
better vorticity generation performance. Therefore, this frequency is selected for the input
parameter to evaluate all numerical study work.
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3.3. Mixing Performance

The acoustic streaming produced increased the disturbance of the concentrated species
beginning at the junction of the Y-microchannel region as shown in Figure 7.
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The diffusional movement of concentrated species followed the streaming pattern and
more disturbances originated from the junction triangle’s apex. Due to the high streaming
velocity around the sharp edge compared with other regions, it created a high-streaming
curved layer. Therefore, with only a sharp edge at the Y-junction, mixing was incomplete
and did not to fully achieve the desired objective. Another microchannel design and
the number of integrated triangles was used to improve the mixing performance of the
microchannel. Figure 7b–f shows the visualization of successive mixing performance after
integrating two sidewall triangles and shortening the two strong layers created in the
junction triangle’s apex.

The effect of streaming velocity and vortices strength on the concentration species
distribution in the microchannel outlet region was evaluated using only the junction region
induced triangular structure, as shown in Figure 7a. The mixing performance was evaluated
using the concentration flux in comparison with the expected optimum concentration of the
species across the width of the outlet microchannel and also the dimensionless parameter
mixing index along the flow direction in the measurement region as shown in Figure 8.
The width of the microchannel outlet ranges of from X = 1.1326 to 1.7326 mm along the
horizontal axis.
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The performance of acoustic streaming on mixing is affected by variables such as inlet
velocity, oscillation amplitude, and the vertex angles. Considering the evaluation mecha-
nism of mixing effectiveness is a concentration profile in the microchannel perpendicular to
the flow direction in comparison with the expected optimum species concentration. At the
end of the mixing process, the expected optimum concentration species is 0.50 mol/m3

inside the outlet microchannel. Figure 9 illustrates the species concentration profile at
Y = 2.30 mm perpendicular to the flow direction with various parameters. As shown
in Figure 9b, the concentration profile resulted in less than the expected optimum concen-
tration in all cases due to the low inlet velocity as well as the junction and sidewalls with the
same vertex angle. However, it was improved at high inlet velocity, as shown in Figure 9c.
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Similarly, it improved sufficiently at low inlet velocity when the junction triangle’s vertex
angle was more than the sidewall triangle tip angles, as displayed in Figure 9d.
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Figure 9. Species concentration profile comparison with 13 kHz, 6 µm oscillation amplitude at
Y = 2.30 mm; (a) only junction α = 30◦; (b) at α1= 30◦,α2 = 30◦, at 4.46 µm/s with different S; (c)
at α1 = 30◦,α2= 30◦, at 55.6 µm/s inlet velocity with different S; and (d) at 4.46 µm/s inlet velocity
and S = 0.30 mm.

Acoustic streaming produces more body force around sharp edges than other non-
microchannel parts, which is expected to result in a 3D flow phenomenon. However,
the mixing process takes place in small microchannel dimensions and follows the bulk
movement of fluids. The Y-microchannel must always have an inlet and an outlet with
a continuous flow process. As a result, the mixing performance is always evaluated far
from the high disturbance and around the outlet cross section. Therefore, it is one of
the primary reasons to focus on mixing performance evaluation in 2D. Figure 10 illus-
trates the concentration profile when the sidewall triangle’s vertex angle is reduced from
α2 = 30◦ to 50◦. The results show that the sidewall triangles at a distance of S = 0.15 mm and
0.30 mm delivered close to the expected optimum concentration flux profile compared with
other dimensions, as shown in Figure 10a. Similarly, low inlet velocity has better output
performance than high inlet velocity, as displayed in Figure 10b, but has worse output
performance at lower oscillation amplitude, as seen in Figure 10c.
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Figure 10. Concentration profile comparison with 13 kHz at Y = 2.30 mm, and α1= 30◦,α2 = 50◦;
(a) at 4.46 µm/s with different S; (b) α1 = 30◦,α2= 50◦, S = 0.30 mm, and at different inlet velocity;
and (c) α1= 30◦,α2= 50◦, S = 0.30 mm, 4.46 µm/s inlet velocity, and at different oscillation amplitudes.

The mixing index M is determined using Equation (11) by a concentration of species
taken in the measurement region between y = 0.75 to 2.30 mm in all cases, as shown
in Figure 8. It is increased along the flow direction and its acoustic streaming performance
is also more effective at low inlet velocity, as indicated in Figure 11a,d,e. Figure 11a
illustrates a mixing index profile ranging from 0.631 to 0.88 after inducing a single triangle
at the junction region with an inlet velocity of 4.46 m/s, however, when the inlet velocity
increased to 55.6 m/s, the performance, M, profile changed from 0.45 to 0.84.

Mixing performance is improved with the same inlet after sidewall triangles are
induced and integrated. The distance, S, between the sidewall triangles was investigated
with different values, as shown in Figures 5, 7, 9b,c and 10a. The distance, S, was better
at 0.30 mm based on the streaming vortices profile shown in Figure 5 and the expected
optimum concentration profile shown in Figure 9b. Moreover, the dimensionless mixing
index, M, was investigated for all values of S, as shown in Figure 11b,c. However, the
mixing index M value did not result in an exaggerated result at the microchannel outlet in
all S value cases except around the sidewall triangles regions. In general, the sharp edge
design of three integrated triangles performed better than the sharp edge design of a single
junction triangle. As shown in Figure 11f, the sharper edge of the sidewall provided a better
mixing index than the junction triangle’s apex, but its concentration profile was lower than
the expected optimum concentration value at Y = 2.30 mm plane cutting line. As a result,
to satisfy those conditions at low inlet velocity, the junction triangle’s vertex angle should
be sharper than the sidewall triangles’.
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Figure 11. Mixing index with 13 kHz, 6 µm, (a) only induced triangular structure at junction with
α = 30◦; (b) at α1= 30◦,α2 = 30◦, at 4.46 µm/s with different sidewalls triangles spacing; (c) at
α1= 30◦,α2= 50◦, at 4.46 µm/s with different sidewalls triangles spacing; (d) at α1= 30◦,α2 = 30◦,
S = 0.30 mm and different inlet velocities; (e) at α1= 30◦, α2 = 50◦, S = 0.30 mm, and different inlet
velocities; and (f) at 4.46 µm/s, S = 0.30 mm, and different α2.

In general, when compared with a standard Y-junction microchannel, the generated
acoustic streaming disturbance has a significant effect on fluid disturbance and improved
mixing performance. It performed well in both the concentration profile with a reference
to the expected optimum concentration of 0.50 mol/m3, as indicated in Figure 12, and the
mixing index M, as shown in Figure 13 below.
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The concentration of species profile varied between 0.7129 and 0.2871 mol/m3 in
the normal Y- junction microchannel cases, whereas with one triangle at the junction, the
species concentration profile ranged between 0.6008 and 0.3989 mol/m3, but using three
triangles improved its range between 0.5015 and 0.4991 mol/m3.

Similarly, at Y = 2.30 mm, the mixing index M performance of a normal Y-junction
microchannel, with only one triangle at the junction, and an integrated three triangles is
0.6642, 0.8355, and 0.9981, respectively.
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4. Conclusions

In this study, a new configuration of acoustofluidics was proposed to improve the
mixing performances of a Y-junction micromixer. By introducing acoustic streaming with
triangular structures at the junction and sidewall regions, the acoustic streaming vortices
created by the structure at the junction can improve the mixing efficiency, and the streaming
vortices generated by this triangular structure at the junction region can be further inte-
grated with two additional ones at the channel sidewalls to produce successive vortices in
the mixing channel to elongate the mixing enhancement. Through numerical simulations,
the strength of the vortices is evaluated in terms of the Z-vorticity magnitude, whereas the
mixing effectiveness is measured by the concentration profile across the width of the outlet
microchannel section and the dimensionless mixing index, M, in the measurement region
X = 1.1326 to 1.7326 mm and Y = 0.75 to 2.30 mm along the flow direction. Conclusions can
be drawn from the obtained results:

First, introducing the acoustic streaming considerably increased the vorticity in the
flow field, and therefore increased the mixing index. In the present study, the Y-junction
microchannel without acoustic streaming had a mixing index of 0.6642. By introducing
the acoustic streaming with a single triangular structure at the junction region, the mixing
performance improved to 0.8355. Three triangular structures at the junction and sidewall
regions further improved the result to 0.9981 at Y = 2.30 mm with an inlet velocity of
55.6 µm/s. This corresponds to an increase of 25.79% and 50.27% in the case without
acoustic streaming, respectively.

Second, the strength of the streaming vortices and mixing performance are influenced
by the parameters such as inlet velocity and the vertex angles of the triangular structure.
Higher inlet velocities result in slightly worse mixing performance. In the present study,
inlet velocities were tested from 4.46 µm/s to 55.6 µm/s. The mixing index, M, gradually
decreased from 0.880 at 4.46 µm/s inlet to 0.8355 at inlet velocity 55.6 µm/s. The same
trends can be observed for the cases with three triangular structures, decreasing from 0.9989
to 0.9981 at low and high inlet velocities, respectively. Sharper vertex angles produced
higher vorticities and more uniform species distributions in the microchannel. To achieve
even better performances in terms of both concentration profile and mixing index, the
junction triangle’s apex should be sharper than the sidewall triangles’. The sharper case,
α2= 30◦, has a mixing index of 0.9989, while the case of α2= 90◦ only has a mixing index
of 0.9729. Further optimization of the geometrical details might be achieved by adopting
methods such as topology optimization, if certain design restrictions or requirements can
be specified to form the objective function. However, the results might be sensitive around
the apexes of the triangular structures due to the higher curvature.

Finally, the Z-vorticity calculated from the velocity fields correlated with the mixing
performance well. The improvement of performances, namely, the species concentration
profile with respect to optimum concentration and mixing index, M, due to acoustic
streaming, can be explained by the increase in the vorticity magnitude in the vorticity map.
This correlation can be applied to experimental studies to evaluate the mixing performance
using velocimetry techniques such as micro-particle image velocimetry (µ− PIV). More
ongoing works are currently conducted to investigate the flow patterns experimentally and
take the three-dimensional boundary effects into account, such as the channel height and
vertical triangular structure.

Author Contributions: Conceptualization, W.-H.T. and S.A.E.; methodology, S.A.E.; formal analysis,
S.A.E.; writing—original draft preparation, S.A.E.; writing—review and editing, W.-H.T.; supervision,
W.-H.T.; funding acquisition, W.-H.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Ministry of Science and Technology (MOST), Taiwan,
under Grant No. MOST-110-2221-E-011-072-.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.



Micromachines 2022, 13, 338 19 of 20

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bayareh, M.; Ashani, M.N.; Usefian, A. Active and passive micromixers: A comprehensive review. Chem. Eng. Process. Process

Intensif. 2020, 147, 107771. [CrossRef]
2. Matsunaga, T.; Nishino, K. Swirl-inducing inlet for passive micromixers. RSC Adv. 2014, 4, 824–829. [CrossRef]
3. Alam, A.; Afzal, A.; Kim, K.-Y. Mixing performance of a planar micromixer with circular obstructions in a curved microchannel.

Chem. Eng. Res. Des. 2014, 92, 423–434. [CrossRef]
4. Antognoli, M.; Stoecklein, D.; Galletti, C.; Brunazzi, E.; Di Carlo, D. Optimized design of obstacle sequences for microfluidic

mixing in an inertial regime. Lab Chip 2021, 21, 3910–3923. [CrossRef]
5. Luong, T.-D.; Phan, V.-N.; Nguyen, N.-T. High-throughput micromixers based on acoustic streaming induced by surface acoustic

wave. Microfluid. Nanofluid. 2011, 10, 619–625. [CrossRef]
6. Xia, Q.; Zhong, S. Liquid mixing enhanced by pulse width modulation in a Y-shaped jet configuration. Fluid Dyn. Res. 2013,

45, 025504. [CrossRef]
7. Usefian, A.; Bayareh, M. Numerical and experimental study on mixing performance of a novel electro-osmotic micro-mixer.

Meccanica 2019, 54, 1149–1162. [CrossRef]
8. Hejazian, M.; Nguyen, N.-T. A Rapid Magnetofluidic Micromixer Using Diluted Ferrofluid. Micromachines 2017, 8, 37. [CrossRef]
9. Ozcelik, A.; Aslan, Z. A practical microfluidic pump enabled by acoustofluidics and 3D printing. Microfluid. Nanofluidics 2021,

25, 10. [CrossRef]
10. Hao, N.; Pei, Z.; Liu, P.; Bachman, H.; Naquin, T.D.; Zhang, P.; Zhang, J.; Shen, L.; Yang, S.; Yang, K.; et al. Acoustofluidics-Assisted

Fluorescence-SERS Bimodal Biosensors. Small 2020, 16, 11. [CrossRef]
11. Gelin, P.; Sukas, O.S.; Hellemans, K.; Maes, D.; De Malsche, W. Study on the mixing and migration behavior of micron-size

particles in acoustofluidics. Chem. Eng. J. 2019, 369, 370–375. [CrossRef]
12. Bach, J.S.; Bruus, H.J.P.R.L. Suppression of acoustic streaming in shape-optimized channels. Phys. Rev. Lett. 2020, 124, 214501.

[CrossRef] [PubMed]
13. Marmottant, P.; Raven, J.P.; Gardeniers, H.; Bomer, J.G.; Hilgenfeldt, S. Microfluidics with ultrasound-driven bubbles. J. Fluid

Mech. 2006, 568, 109–118. [CrossRef]
14. Lutz, B.R.; Chen, J.; Schwartz, D.T. Microscopic steady streaming eddies created around short cylinders in a channel: Flow

visualization and Stokes layer scaling. Phys. Fluids 2005, 17, 023601. [CrossRef]
15. Ovchinnikov, M.; Zhou, J.; Yalamanchili, S. Acoustic streaming of a sharp edge. J. Acoust. Soc. Am. 2014, 136, 22–29. [CrossRef]

[PubMed]
16. Doinikov, A.A.; Gerlt, M.S.; Pavlic, A.; Dual, J. Acoustic streaming produced by sharp-edge structures in microfluidic devices.

Microfluid. Nanofluid. 2020, 24, 13. [CrossRef]
17. Liou, Y.-S.; Kang, X.-J.; Tien, W.-H. Particle aggregation and flow patterns induced by ultrasonic standing wave and acoustic

streaming: An experimental study by PIV and PTV. Exp. Therm. Fluid Sci. 2019, 106, 78–86. [CrossRef]
18. Nama, N.; Barnkob, R.; Mao, Z.; Kähler, C.J.; Costanzo, F.; Huang, T.J. Numerical study of acoustophoretic motion of particles in a

PDMS microchannel driven by surface acoustic waves. Lab Chip 2015, 15, 2700–2709. [CrossRef]
19. Zhang, C.; Guo, X.; Royon, L.; Brunet, P. Unveiling of the mechanisms of acoustic streaming induced by sharp edges. Phys. Rev. E

2020, 102, 043110. [CrossRef]
20. Zhang, C.; Guo, X.; Brunet, P.; Costalonga, M.; Royon, L. Acoustic streaming near a sharp structure and its mixing performance

characterization. Microfluid. Nanofluidics 2019, 23, 104. [CrossRef]
21. Huang, P.H.; Xie, Y.; Ahmed, D.; Rufo, J.; Nama, N.; Chen, Y.; Chan, C.Y.; Huang, T.J. An acoustofluidic micromixer based on

oscillating sidewall sharp-edges. Lab Chip 2013, 13, 3847–3852. [CrossRef] [PubMed]
22. Legay, M.; Simony, B.; Boldo, P.; Gondrexon, N.; Le Person, S.; Bontemps, A. Improvement of heat transfer by means of ultrasound:

Application to a double-tube heat exchanger. Ultrason. Sonochem. 2012, 19, 1194–1200. [CrossRef] [PubMed]
23. Rasouli, M.R.; Tabrizian, M. An ultra-rapid acoustic micromixer for synthesis of organic nanoparticles. Lab Chip 2019, 19, 3316–

3325. [CrossRef] [PubMed]
24. Vuillermet, G.; Gires, P.-Y.; Casset, F.; Poulain, C. Chladni Patterns in a Liquid at Microscale. Phys. Rev. Lett. 2016, 116, 184501.

[CrossRef] [PubMed]
25. Nama, N.; Huang, P.-H.; Huang, T.J.; Costanzo, F. Investigation of micromixing by acoustically oscillated sharp-edges. Biomi-

crofluidics 2016, 10, 024124. [CrossRef] [PubMed]
26. Ozcelik, A.; Ahmed, D.; Xie, Y.; Nama, N.; Qu, Z.; Nawaz, A.A.; Huang, T.J. An Acoustofluidic Micromixer via Bubble Inception

and Cavitation from Microchannel Sidewalls. Anal. Chem. 2014, 86, 5083–5088. [CrossRef]
27. Wang, S.S.; Jiao, Z.J.; Huang, X.Y.; Yang, C.; Nguyen, N.T. Acoustically induced bubbles in a microfluidic channel for mixing

enhancement. Microfluid. Nanofluid. 2009, 6, 847–852. [CrossRef]
28. Lee, S.H.; van Noort, D.; Lee, J.Y.; Zhang, B.-T.; Park, T.H. Effective mixing in a microfluidic chip using magnetic particles. Lab

Chip 2009, 9, 479–482. [CrossRef]
29. Lee, C. Optimum design of a y-channel micromixer for enhanced mixing according to the configuration of obstacles. Adv. Appl.

Fluid Mech. 2016, 19, 1–22. [CrossRef]

http://doi.org/10.1016/j.cep.2019.107771
http://doi.org/10.1039/C3RA44438D
http://doi.org/10.1016/j.cherd.2013.09.008
http://doi.org/10.1039/D1LC00483B
http://doi.org/10.1007/s10404-010-0694-0
http://doi.org/10.1088/0169-5983/45/2/025504
http://doi.org/10.1007/s11012-019-01018-y
http://doi.org/10.3390/mi8020037
http://doi.org/10.1007/s10404-020-02411-w
http://doi.org/10.1002/smll.202005179
http://doi.org/10.1016/j.cej.2019.03.004
http://doi.org/10.1103/PhysRevLett.124.214501
http://www.ncbi.nlm.nih.gov/pubmed/32530665
http://doi.org/10.1017/S0022112006002746
http://doi.org/10.1063/1.1824137
http://doi.org/10.1121/1.4881919
http://www.ncbi.nlm.nih.gov/pubmed/24993192
http://doi.org/10.1007/s10404-020-02335-5
http://doi.org/10.1016/j.expthermflusci.2019.04.011
http://doi.org/10.1039/C5LC00231A
http://doi.org/10.1103/PhysRevE.102.043110
http://doi.org/10.1007/s10404-019-2271-5
http://doi.org/10.1039/c3lc50568e
http://www.ncbi.nlm.nih.gov/pubmed/23896797
http://doi.org/10.1016/j.ultsonch.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22546297
http://doi.org/10.1039/C9LC00637K
http://www.ncbi.nlm.nih.gov/pubmed/31495858
http://doi.org/10.1103/PhysRevLett.116.184501
http://www.ncbi.nlm.nih.gov/pubmed/27203325
http://doi.org/10.1063/1.4946875
http://www.ncbi.nlm.nih.gov/pubmed/27158292
http://doi.org/10.1021/ac5007798
http://doi.org/10.1007/s10404-008-0357-6
http://doi.org/10.1039/B814371D
http://doi.org/10.17654/FM019010001


Micromachines 2022, 13, 338 20 of 20

30. Wang, C.-T.; Hu, Y.-C. Mixing of Liquids Using Obstacles in Y-Type Microchannels. Tamkang J. Sci. Eng. 2010, 13, 385–394.
31. Wu, Z.; Nguyen, N.-T.; Huang, X. Nonlinear diffusive mixing in microchannels: Theory and experiments. J. Micromech. Microeng.

2004, 14, 604–611. [CrossRef]
32. Shah, I.; Kim, S.W.; Kim, K.; Doh, Y.H.; Choi, K.H. Experimental and numerical analysis of Y-shaped split and recombination

micro-mixer with different mixing units. Chem. Eng. J. 2019, 358, 691–706. [CrossRef]
33. Sahu, P.K.; Golia, A.; Sen, A.K. Investigations into mixing of fluids in microchannels with lateral obstructions. Microsyst. Technol.

2013, 19, 493–501. [CrossRef]
34. Wang, L.; Ma, S.; Han, X. Micromixing enhancement in a novel passive mixer with symmetrical cylindrical grooves. Asia-Pac. J.

Chem. Eng. 2015, 10, 201–209. [CrossRef]
35. Hsieh, S.-S.; Lin, J.-W.; Chen, J.-H. Mixing efficiency of Y-type micromixers with different angles. Int. J. Heat Fluid Flow 2013, 44,

130–139. [CrossRef]
36. COMSOL Multiphysics 5.6. Available online: www.comsol.com (accessed on 23 September 2021).
37. CRCnetBASE Product. Handbook of Chemistry and Physics, 97th ed.; CRC Press: Boca Raton, FL, USA, 2016–2017.
38. Bruus, H. Acoustofluidics 2: Perturbation theory and ultrasound resonance modes. Lab Chip 2012, 12, 20–28. [CrossRef]
39. Friend, J.; Yeo, L.Y. Microscale acoustofluidics: Microfluidics driven via acoustics and ultrasonics. Rev. Mod. Phys. 2011, 83,

647–704. [CrossRef]
40. Rafeie, M.; Welleweerd, M.; Hassanzadeh-Barforoushi, A.; Asadnia, M.; Olthuis, W.; Warkiani, M.E. An easily fabricated

three-dimensional threaded lemniscate-shaped micromixer for a wide range of flow rates. Biomicrofluidics 2017, 11, 014108.
[CrossRef]

41. Muller, P.B.; Barnkob, R.; Jensen, M.J.H.; Bruus, H. A numerical study of microparticle acoustophoresis driven by acoustic
radiation forces and streaming-induced drag forces. Lab Chip 2012, 12, 4617–4627. [CrossRef]

http://doi.org/10.1088/0960-1317/14/4/022
http://doi.org/10.1016/j.cej.2018.09.045
http://doi.org/10.1007/s00542-012-1617-7
http://doi.org/10.1002/apj.1864
http://doi.org/10.1016/j.ijheatfluidflow.2013.05.011
www.comsol.com
http://doi.org/10.1039/C1LC20770A
http://doi.org/10.1103/RevModPhys.83.647
http://doi.org/10.1063/1.4974904
http://doi.org/10.1039/c2lc40612h

	Introduction 
	Numerical Methods 
	Microchannel Geometry and Numerical Scheme 
	Governing Equations and Boundary Conditions 
	Mesh Independence Test 

	Results and Discussion 
	Normal Y-Junction Microchannel 
	Acoustic Streaming Generation 
	Mixing Performance 

	Conclusions 
	References

