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In this study, a CFD simulation analysis was used to predict the characteristics of a swirl flow as a reference to optimize a new
design of microbubble generator. To examine the impact of the inlet design, three different configurations of the inlet type were
applied, namely single inlet, double inlet, and tangent-circle inlet. The performance of the microbubble generator was char-
acterized in terms of swirl velocity, pressure drop in radial position, and pressure distribution along the central axis of the
microbubble generator. Generally, the CFD analysis succeeded to visualize the hypothetical bath of the flow streamlines inside the
microbubble generators. The results illustrated that the swirl flow in the tangent-circle inlet was able to generate a negative
pressure zone in the central area of the generator (i.e., self-suction mechanism). In addition, the tangent-circle inlet showed
a high-pressure drop compared with the single inlet microbubble generator. Although the double inlet microbubble generator
illustrated a high-pressure drop between the inlet and the outlet, the streamlines distribution was focused only on the top part of

the microbubble generator. This was a reason why the self-suction mechanism was not well defined.

1. Introduction

Microbubble-based technology has attracted a great deal of
attention and has generally been developed to be a highly
efficient green separation technology. Microbubbles, which
are defined as a bubble with less than 100 ym in diameter [1],
have unique characterizations; for instance, a large contact
surface area per unit volume leads to an enhancement in heat
and mass transfer phenomena, chemical reaction, and
physical absorption between two phases (i.e., gas and liquid)
[2-6]. As a result of these features, the use of microbubble
technology has been introduced in many environmental and
industrial processes such as water purification process [7] to
improve water quality of polluted lakes and marshes [8],
separation process of low-density droplets including sepa-
ration oil from oily water [9], and medical therapeutic
applications [7]. Several techniques can be applied to

generate microbubbles, including porous membrane [10],
Venturi-type [9], electrolysis and ultrasound [11], a constant
flow-nozzle [12], a swirling jet flow [1], and pressurized
dissolution method [13]. Among these techniques, many
advantages are provided by using a microbubble generator
that uses swirl flow, involving low cost and simple design
with high performance to generate very small bubbles [14].
The following steps can describe the principles of the
microbubble generator using swirl flow: downward vortices
generated as a result of a tangent-circle inlet water flow from
the top side of a cylindrical tank. This leads in generating
a vacuum pressure in the central axis of the cylindrical tank
which in turn causes suction of air from an orifice laying in
the center bottom of the cylinder. Afterwards, the mixture
discharges with water from a hole placed in the top base of
the cylindrical tank [7, 15, 16]. Figure 1 demonstrates how
the microbubble generator works.
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Many studies have utilized the microbubble generator
based on swirl flow; for example, Xu et al. [17] discussed the
effect of the nozzle diameter on the gas self-suction, where
the pressure at the gas inlet was detected by using different
nozzle diameters. The results showed that increasing the
geometric criterion K (i.e., K = Dd,/d>, where D is the
inner diameter of the vortex chamber, d, is the nozzle di-
ameter, and d;, is the diameter of the liquid inlet) from 3.2 to
4.8 leads to an increase in the vacuum degree from zero to
the maximum value. Takahashi et al. [15] conformed that the
microbubbles having the peak of distribution around 25 ym
in diameter can be formed using swirl flow. Alam et al.
[18, 19] used unsteady numerical CFD simulation to visu-
alize the characterization of the gas-liquid flow phenomenon
in a dual chamber microbubble generator. According to the
CEFD results, the self-suction mechanism is clearly generated
as a consequence of the swirl flow of liquid in the inner area
of the vacuum chamber.

Despite the wide range of parameters investigated in the
aforementioned studies, including the influence of the inlet
diameter and a particular focus on conducting numerical
simulations in the context of a dual chamber microbubble
generator, there is currently a lack of comprehensive re-
search investigating the impact of entrance geometry on the
generation of vacuum zones.

However, designing a cost-effective and high-efficient
microbubble generator for a wide range of applications is
still a challenge [17, 19]. Therefore, the aim of this study is to
investigate the effect of the different designs of the inlet of
the microbubble generator on creating a low-pressure zone
in the central area.

2. CFD Modeling

2.1. Physical Model. Figure 2 shows the three-dimensional
model of the microbubble generator that was established by
COMSOL Multiphysics based on the geometry developed by
Xu et al. [17]. Table 1 illustrates the dimensions of the
microbubble generator.

Three suggested designs have been utilized in this study
as follows: single inlet, double inlet with opposite direction,
and tangent-circle inlet as shown in Figures 3 and 4.

2.2. Computational Model. To solve the water flow problems
over the cylindrical surface of the microbubble generator,
a turbulent flow of a single-phase model was used. Among all
the turbulent flow models that were provided by COMSOL
Multiphysics software, v2-f turbulent model is applied in this
study. It is an extension of the k-¢ turbulence model and
according to the release notes for update version 5.3 of
COMSOL Multiphysics, the v2-f turbulence model can be
used to describe the flow over the curved surface, where this
model can provide a high accuracy over the other turbulence
models [20]. In addition, for hydrocyclone, which is the
closest model to this study, COMSOL Multiphysics had used
v2-f turbulence model as a suitable model to describe the
swirl flow [21]. The main feature of this model is the ca-
pability of providing the required calculations of the flow
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FIGURE 1: Schematic diagram of the microbubble generator flow
principle.
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FIGURE 2: Schematic illustration of the dimensions of the micro-
bubble generator [17].

TaBLE 1: Dimensions of the microbubble generator.

Symbol Parameter Value (mm)
H Height 25
D Diameter 20
L, Inlet height 5
L, Outlet height 5
d, Inlet diameter 5
d, Outlet 1 diameter 5
d, Outlet 2 diameter 5

occurring within the whole thickness of the boundary layer.
The v2-f turbulent model is denoted as a low-Reynolds
number model which can solve the Navier-Stokes equa-
tions and the continuity equation for both momentum and
mass conservation laws [22].

The incompressible Navier-Stokes equation is as follows:

p(uViu=V.[pI+K] +F. (1)
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FIGURE 3: Side view of microbubble generators: (a) single inlet, (b) double inlet, and (c) tangent-circle inlet.

FIGURE 4: Top view of microbubble generators: (a) single inlet, (b) double inlet, and (c) tangent-circle inlet.

The continuity equation is as follows:
pV.u =0, (2)

where p is the fluid density, p is the pressure, u is the fluid
velocity, V is the Nabla operator, F is the vector field of mass
forces, I is the intensity of the turbulent flow, and vector K is
calculated as the product of the sum of viscosities (dynamic
and turbulent) and velocity operators as follows:

K=(u+ yT)(Vu + (Vu)T)O, (3)

where y is the dynamic viscosity and yp is the turbulent
dynamic viscosity.

p(uV)k =V. (y + ‘M—T)Vk + Py - p
L Ok |

p(u.V)e = ([4 +Z—:)Ve_

p(uV){=V. <u +—> ¢

where ( is the turbulent relative fluctuations, « is the elliptic
blending function alpha, € is the turbulent dissipation rate, o
is the elliptic blending function, and o is the stresses in the
fluid flow.

The v2-f model presents two principles, the first concept
(i.e., turbulence generation (P})) is depicted in the following
equation:

Py =y [Vu: (Vu + (Vu)T)]. (5)

In v2-f model [22, 23], which introduces two equations,
the first equation explains the movement of turbulence
perpendicular to the wall through a variable represented by
(¢ = u?/k). The symbol u? represents the variance of the
turbulent velocity’s normal component, meanwhile k de-
notes the turbulence kinetic energy. The second equation is
an elliptic partial differential equation used for determining
the blending coefficient («). This elliptic blending equation
takes into consideration nonlocal effects, including the
dampening of turbulence kinetic energy redistribution be-
tween the parallel and normal directions caused by the wall.
Thus, the complete model can be written as follows:

+ % (C;l (, )P, - C;Z (k, €, oc)pe), (4)

+i<o¢y+—>VkV(+(1— )fw+ocfh Pk,

The significance of this concept in physical terms lies in
the creation of vortices and ripples, which make up the
turbulence. The second notion involves the turbulent dis-
persion rate (€), which represents the transforming vortices
from a larger size to a smaller one; this process results in
a reduction in turbulence. The elliptic mixing function o,
which correlates with the length of turbulence, can be
expressed in the following form:

a-L*Va=1, (6)



where L is the turbulence length, which can be expressed in
the following equation:

k(3/2) 3\ 1/4
L =CLmax|:,C,1(v> , (7)
€ €

where v is the kinematic viscosity.

2.3. Mesh Generation and Boundary Condition Setup. The
grid models of the different inlets of the microbubble gen-
erators are shown in Figure 5. The option “physics-induced
sequence” was used to generate the computational mesh. It is
a physical control mesh, where it can automatically create
a mesh according to what is required in the physical interface
of the studied model. It depends on three main features,
which are physical property setting (i.e., finer mesh for the
turbulence model than a laminar flow), certain feature (i.e.,
finer mesh for walls with boundary layer meshes), and ge-
ometry bounding box size (i.e., control the size of the ele-
ments) [21, 24]. The physics-controlled meshing sequence for
this study includes the subnodes, which are coarse mesh for
the size which depends on the property settings and the
bounding box of the geometry; fine mesh (size 1) for all no-
slip walls; finer mesh (corner refinement 1) used to decrease
the element size at sharp corners, free tetrahedral 1 to con-
struct a mesh for the remaining regions, boundaries, edges,
and individual points; and boundary layers 1 applied to create
a dense mesh and long no-slip walls.

The following considerations have been used: the
problem of the fluid flow is a steady state, single phase,
Newtonian, and incompressible fluid
(water, density = 1000 kg/m3, viscosity = 0.00102 Pa.s).
The inlet is set as a velocity (i.e., normal inflow velocity) at
1-4m/s. A no-slip condition (i.e., the velocity value is zero
on the wall) was applied for all walls. The overflow and
underflow outlets were defined with the boundary condition
of pressure (i.e., atmospheric pressure).

3. Results and Discussion

Figures 6(a) and 6(b) show the horizontal and vertical lines
where the swirl velocity, pressure gradient, and pressure
distribution graphs are determined, respectively. Mean-
while, Figures 6(c) and 6(d) display a plane where the surface
pressure and velocity streamlines were drawn.

3.1. Swirl Velocity. Four different inlet velocities (1, 2, 3, and
4m/s) were studied to examine the influence of the inlet
velocity on the swirl velocity. The swirl velocity was cal-
culated using the following equation (21):

(xxv—-yxu)
2 2 ’ (8)
\Jx"+ ¥y +eps

where uand vvelocity field components in x and y co-
ordinates, respectively, and eps is a very small nonzero term
(machine epsilon).

swirl velocity =
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Figure 7 displays the swirl velocity as a function of the
radial position for each geometry. In single inlet micro-
bubble generator, the graph is not fully axisymmetric.
Meanwhile, a symmetric graph can be achieved around the
center region of the double inlet and tangent-circle inlet
generators. Generally, the same trend was noticed for the
three microbubble generators, where the swirl velocity in-
creased sharply to reach the maximum value somewhere on
the radius and then decreased gradually to become close to
zero at the center line.

For quantity comparison, from Figure 7, the double inlet
microbubble generator exhibited a twofold increase in the
swirl velocity compared to the swirl velocity of the single
inlet microbubble generator. For example, when the inlet
velocity was 1m/s, the swirl velocity of the single inlet
microbubble generator was 0.956 m/s, whereas the swirl
velocity was 1.761 m/s for the double inlet microbubble
generator. On the other hand, the tangent-circle inlet
microbubble generator displayed around one-fold and half
increase in the swirl velocity. For instance, when the inlet
velocity was 1m/s, the swirl velocity of the single inlet
microbubble generator was 0.956 m/s. In the meantime, the
swirl velocity was 1.36m/s for the tangent-circle inlet
microbubble generator. Table 2 shows the influence of the
inlet velocity on the swirl velocity for different types of
microbubble generators.

3.2. Velocity Streamline. Generally, the swirl velocity distri-
bution for the three microbubble generators is nearly identical
in pattern. From the contour plots of the swirl velocity
(Figure 8), the following comments can be said. Two regions
can be recognized, which are an inner region and an outer
region. In the inner region, the swirl velocity decreased
sharply until reaching the minimum value at the center line.
Meanwhile, in the outer region, the swirl velocity increased
with a radius until reaching the inner wall of the microbubble
generators. To compare between the generators, it observed
from Figure 8 that the intensity or high shearing rate on the
wall of the double inlet generator is higher than that of the
other generators. However, the distribution of the shearing
rate in the double inlet generator is not homogenous. It
focuses only in the upper part of the generator. Meanwhile,
the distribution of the shearing rate is homogenous in all parts
of the tangent-circle inlet microbubble generator.

In order to investigate the circulation flow in the
microbubble generators, a 3D view was used to show the
streamlines of the swirling flow inside the microbubble
generators. Generally, the flow circulations are directly af-
fected by inlet velocity; higher the inlet velocity, higher the
flow circulations. Furthermore, it can be seen from Figure 9
that the forward motion was close to the wall of the
microbubble generators. Meanwhile, the reverse motion was
along the center line of the microbubble generators.

The main reason of the counter flow phenomenon is the
negative pressure that generated in the central axis of the
microbubble generator. On the other hand, it is worth
pointing that this phenomenon had been confirmed by
many experimental and CFD simulation studies [17-19, 24].
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FiGgure 7: Swirl velocity at different inlet velocities: (a) single inlet, (b) double inlet, and (c) tangent-circle inlet.

TaBLE 2: The influence of the inlet velocity on the swirl velocity.

Position from left

Type Inlet velocity (m/s) to right (mm) Maximum swirl velocity
1 0.48283 0.956296
Single inlet 2 0.48283 1.957903
& 3 0.48283 2.977925
4 0.48283 4.017543
1 5.018579 1.761682
. 2 5.018579 3.819073
Double inlet 3 5.018579 5.943624
4 5.018579 8.14321
1 1.649087 1.361161
Tangent-circle inlet 2 1.649087 2.964799
g 3 1.649087 4.594135
4 1.842395 6.250447

To compare quantitatively between the microbubble
generators, for the single inlet and the tangent-circle inlet,
the flow can reach all parts of the microbubble generators
(i.e., upper part and lower part). Conversely, for the double
inlets, Figure 9 shows that the flow could not reach the lower
face of the generator and concentrated at the upper part of
the microbubble generator.

It also confirms the circulation flow from Figure 10,
where it shows the velocity vectors of fluid flow in a parallel
plane of the inlet section. The high intensity of the arrow
volume of the velocity field starts from the inner wall of the
microbubble generator until reaching the low-pressure zone
for both the single inlet and tangent-circle inlet microbubble
generators. On the other hand, in the double inlet
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FIGURE 10: Velocity field at different inlet velocities: (a) single inlet, (b) double inlet, and (c) tangent-circle inlet.

microbubble generator, the arrow volume of the velocity ~ 3.3. Pressure Drop. Pressure distribution inside the micro-
field concentrated in a small area around the low-velocity =~ bubble generators is investigated, and the results are illus-
zone due to the effect of the double inlet generator. trated in Figure 11 where they show the pressure profile for
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FIGURE 11: Pressure distribution at different inlet velocities: (a) single inlet, (b) double inlet, and (c) tangent-circle inlet.

each geometry as a function of its length at velocities 1-4 m/
s. The pressure distribution for each case is generally the
same as it can be seen from Figure 11, where the graph
clearly shows three different pressure magnitude regions.
The vacuum pressure was generated at the lower region (i.e.,
the underflow outlet (0-5cm)), while the high pressure
appeared to be on the wall of the middle region (i.e., the
central part of the generator (5-30 cm)). The main reason
can be explained by the tangent-circle inlet velocity, which
increases as a result of increasing the inlet velocity which in
turn results in the increase of the turbulent kinetic energy,
consequently, leading to produce high pressure [25, 26]. The
intensity of the swirl flow is obviously dependent on the inlet
velocity and the design of the generator. As it can be seen
from Figure 11, the intensity increased gradually with an
increase in the inlet velocity for all types of microbubble
generators. Finally, in the overflow region, which includes
the overflow outlet (30-35 cm), vacuum pressure can also be
detected. The negative pressure value of the overflow and
underflow increased continuously as the inlet velocity in-
crease, and the underflow negative pressure is slightly higher

than the overflow in the beginning. However, the difference
became larger as the inlet velocity increased. This results in
the form of the low-pressure zone. The liquid stream is
pumped tangentially into the central part of the microbubble
generator (i.e., the swirl chamber), leading to generate
a high-speed swirl motion. This consequently leads to cre-
ating a low-pressure zone along the center line of the
microbubble generator (for better understanding see Fig-
ure 12 that shows the low-pressure zone).

To compare between the different microbubble genera-
tors, an irregular configuration of a low-pressure zone (in the
center line of the microbubble generator) with the tangent-
circle inlet microbubble generator can be displayed in Fig-
ure 13 which is represented by the blue area or low pressure.
Furthermore, the low-pressure zone initially developed at
1 m/s and gradually became stabilized, clear, and continuous
for the entire microbubble generator while increasing the inlet
velocity from 1 to 4m/s. It can also be noticed that this
configuration had regular shapes for both lower and upper
outlets compared with the central part of the microbubble
generator. The pressure contours of the three different
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FIGURE 12: Gradient pressure contours at different inlet velocities: (a) single inlet, (b) double inlet, and (c) tangent-circle inlet.

geometries are shown in Figure 12. The blue area (i.e., core or
vacuum area), particularly in the tangent-circle inlet geom-
etry, became clearly visible compared to the other models.
This phenomenon mainly happened as a result of a low-
pressure region developed along the center line of the
microbubble generator. Figure 14 illustrates the character-
istic of the pressure gradient over a diameter line at different
inlet velocities. Generally, the pressure gradient increased
with an increase in the inlet velocity for all types of the
microbubble generators. The maximum value of pressure
rose at the wall, whereas the minimum value appeared at the
center line. In addition, it can be seen from Figures 7 and 14
that there is a correlation between the pressure drop and the
gradient of the swirl velocity in the radial direction. This

explained that the pressure gradients and the centrifugal
forces are equal to each other (i.e., the higher the pressure
gradient, the higher the velocity gradient) [27].

Pressure drop can also be an indicator to determine the
operation cost for different geometry designs of the
microbubble generators. Therefore, the differences between
the static pressure at the inlet and outlet were applied to
calculate the pressure drop. Table 3 shows the pressure drop
of various microbubble generators. The results indicated that
the maximum pressure drop can be obtained by the double
inlet microbubble generator. The pressure drop is equal to
116.95, 62.23, and 29.68 kPa at 4 m/s as an inlet velocity for
double inlet, tangent-circle inlet, and single inlet generators,
respectively. It can be concluded from Figure 14 that the
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FIGURE 13: Pressure contours at different inlet velocities: (a) single inlet, (b) double inlet, and (c) tangent-circle inlet.
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FIGURE 14: Pressure gradient at different inlet velocities: (a) single inlet, (b) double inlet, and (c) tangent-circle inlet.

TaBLE 3: The pressure drop of different inlet-type microbubble generators.

Inlet velocity (m/s) Sinele inlet
ingle inle

Pressure drop (kPa)
Double inlet

Tangent-circle inlet

1.71
7.08
16.31
29.68

AW N

5.86 3.08
26.31 14.29
62.88 33.96

116.95 62.23

pressure distributed systematically along the center line of all
microbubble generators and gradually increased from inside
to outside. The differences between the generators have
clearly appeared for single and double inlet microbubble
generators; the low-pressure zone (i.e., the central area or the
blue area) is not well defined and the vacuum pressure
concentrated only at overflow and underflow outlets areas.
Meanwhile, in the tangent-circle inlet, the low-pressure zone
was formed and continued from the bottom to top.

4. Conclusions

To explore the influence of the inlet design on the formation
of the self-suction phenomenon in the swirl flow microbubble
generator, a CFD simulation study was performed using

COMSOL Multiphysics by employing the v2-f turbulent flow
model interface. Three different inlet designs of the micro-
bubble generators, which are single inlet, double inlet, and
tangent-circle inlet, were investigated in this study. Generally,
the CFD simulation results indicate that the vacuum zone
(i.e, low-pressure zone) in the central area of the three
microbubble generators was successfully formed as a result of
the swirl flow of the fluid in the main body of the generator.

However, the low-pressure zone was clear and well
defined with cylindrical shape in the tangent-circle inlet
microbubble generator. Meanwhile, the low-pressure zone is
not clear in the single inlet microbubble generator, and for
the double inlet microbubble generator, the low-pressure
zone is not well defined with a clear narrow area in the center
of the microbubble generator.
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The CFD simulation showed a strong ability to visualize
the hydrodynamic flow in precise detail through the
microbubble generator. However, there is a need to validate
the CFD results with experiments because the friction loss
between fluid and the internal structure of the microbubble
generator was not taken into consideration.
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