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Abstract

The Microbubble Generator (MBG) is an aeration technology capable of producing micron-sized
bubbles. Several researchers have conducted previous studies and developed various types related
to the microbubble generator. The swirl-type microbubble generator has demonstrated
advantages over other types. It has been widely explored recently due to its simple structure,
efficiency in producing micron-sized bubbles, and potential applications across various fields.
Therefore, this article reviews recent developments in swirl-type bubble generator research,
encompassing the definition of microbubbles, methods for generating microbubbles through
experimental and numerical approaches, the performance of microbubble generators, and their
applications. Based on optimized geometric parameters combined with appropriate flow
conditions, the swirl-type bubble generator is predicted to produce bubbles with controlled sizes
and concentrations that meet specific requirements. However, further studies are needed to
delineate the fluid-gas interactions comprehensively.

Keywords: Microbubble, Microbubble generator, Swirl-type generator

1.Introduction

Microbubbles are micron-sized bubbles with a diameter smaller than one millimeter and
larger than one micrometer [1]. They exhibit unique characteristics, including high gas dissolution,
low rising velocity, and a high interfacial area. Researchers hold varying opinions on the definition
of microbubbles. According to Tabei et al. [2], microbubbles are bubbles with a diameter of less
than 100 um that can be evenly distributed. Sadatomi et al. [3] microbubbles as small bubbles with
a diameter of less than 100 um, possessing high solubility in water. On the other hand, Liu an Bai
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Figure 1.
Schematic of MBG
Swirl-Type [29]
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[4] defines microbubbles as bubbles with a diameter of 50-200 um, while Temesgen et al. [5]
characterizes them as small bubbles with a size ranging from 1 to 100 um. Then, Juwana et al. [6]
states that microbubbles have a diameter of 200 um, and Agarwal [7] defines microbubbles as
bubbles with a diameter of 150 pm.

Bubble flow, characterized by the intermingling of gas and liquid phases with gas or vapor
present within the liquid, represents a common and fundamental pattern. This flow pattern holds
significant importance across various applications due to its favorable features, including a large
contact surface facilitating efficient heat and mass transfer, as well as effective mixing processes.
Applications span from reducing organic pollutants, water disinfection, and cleaning solid surfaces
to detoxifying water [7]. Bubble flow is also effective in eliminating diverse pollutants like colloids,
fine particles, ultrafine particles, sediments, ions, microorganisms, dispersed proteins, and
emulsified oils in water [8], [9]. Its versatility extends to simultaneous cleaning and preventing
pollution by the same substances water purification processes utilizing bubbles with a diameter of
70 - 100 um [10], and enhancing mass transfer to improve water purification effectiveness [11] as
reviewed by Temesgen et al. [5]. It is employed in wastewater purification [11], greywater
purification processes [12], wastewater purification [12]-[15], coagulation processes in textile dye
wastewater [16], purification of Palm Qil Mill Effluent (POME) [17], acting as a tracer in Particle
Image Velocimetry (PIV) [18], reducing pressure waves in Helium gas [19], [20], shellfish and oyster
cultivation, reducing radicals (such as antibacterial, deodorizing, liquid purification), increasing
human blood flow rate during bathing with microbubble-containing water, and fermentation [21].
In the realm of biotechnology, bubble flow aids in enhancing mass transfer for improved
microalgae growth rates, releases Oz through algae photosynthesis, and prevents algae from
adhering to reactor walls [9].

With the increasing applications of bubble flows, controlling the size and concentration of
bubbles has become a crucial issue, drawing significant attention [22], [23]. To meet diverse
application requirements, various methods for producing fine bubbles have been developed. The
swirl-type microbubble generator is particularly effective in generating small-sized bubbles
compared to other types [2], [13], [24]. The swirl-type Microbubble Generator (MBG) consists of
three main components: tangential water inlet, swirling chamber, and mixing channel. The
tangential flow method has garnered significant attention for its capability to produce relatively
small-sized bubbles and its simple construction, making it easily manufacturable [25]. The
operational principle involves pressurized fluid being tangentially introduced into a cylinder to
create a swirling flow [2], [26]. As the velocity increases, following Bernoulli's principle of energy
conservation, the rise in velocity (kinetic energy) at a certain point in the flow results in reduced
pressure [27]. This negative pressure formation causes air to flow through the gas nozzle due to
self-suction [28]-[30]. The dimensional parameters of this type of MBG generally include the gas
inlet radius, air inlet radius, outlet nozzle radius (mixing channel), and the volume of the swirl
chamber. The schematic diagram of this type of MBG, as presented in the work [29], can be
observed in Figure 1.

Liquid inlet

% .
Outlet = * Gas inlet

The influence of gas inlet radius has been examined by Levitsky et al. [30], while Tabei et al.
[2] investigated the impact of outlet channel radius, finding that a smaller outlet channel diameter
results in smaller bubble diameters. Research on the effect of swirl chamber volume was
conducted by Amini [31], revealing that reducing the swirl chamber area leads to an increase in
axial velocity. On the other hand, Dhiputra and Wijayanta [32] studied nozzle dimensions using LPG
gas vapor and observed that the discharge coefficient and Reynolds number are directly
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Figure 2.
Twisted tape scheme
(41]
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proportional to the swirling chamber volume. The length of the swirling chamber was varied.
However, to date, there has been no investigation into the influence of swirling chamber volume,
especially by varying the length of the space, on the produced bubbles. The effect of swirling
chamber length was elucidated by Sheen et al. [33], indicating that friction with the walls reduces
axial and tangential momentum flux, a phenomenon referred to as swirl decay. This phenomenon
was further explored by Fitzgerald et al. [34] and Carnevale et al. [35] using numerical methods.

In the subsequent study, tangential inlet water was employed to enter the swirling chamber,
varying water and air flow rates [24]. Bubbles with a size of 150 microns were obtained by adjusting
the water flow rate to 70 Ipm and the air flow rate to 0.1 [pm. Likewise, Parmar and Majumder [36]
and Tabei et al. [2] investigated the impact of varying inlet water pressure on the MBG. Their
findings indicated that higher inlet pressure led to a significantly elevated swirl flow rotation
number and increased flow velocity from the exit nozzle. The MBG in this scenario produced
bubbles with an average diameter ranging from 40 to 70 microns. Additionally, Liao and Lucas [37]
noted that an increase in water flow reduced bubble size due to heightened shear stress.
Conversely, increasing air flow had the opposite effect, enlarging bubble size. Moving forward,
Temesgen et al. [5] observed that an increase in water flow resulted in a decrease in the average
diameter of formed bubbles and a more uniform bubble distribution. Conversely, an increase in air
flow led to a rise in the average diameter of formed bubbles. Similar observations were made by
other researchers [27], [28], [38]. Ohnari [28] emphasized the importance of optimal pump
pressure for achieving higher microbubble concentrations, with air flow playing a crucial role in
optimal bubble formation. In a related context, Kukizaki and Goto [39] highlighted that the swirl
effect enhances fluid turbulence, increasing the instability of contact between bubbles and liquid,
thereby reducing bubble size. Furthermore, Ohnari [28] suggested that a swirl MBG design,
featuring an outlet channel protruding into the swirl space, can minimize kinetic energy loss and
increase shear force, resulting in the production of smaller bubbles. The bubbles generated in this
setup exhibited a diameter range of 50 - 200 nm. Rehman et al. [11] and Kukizaki and Goto [40]
investigated a swirl MBG injecting helium gas into the generator containing mercury through a
narrow gap. The generator, comprising a cylinder with vanes, facilitated the breakdown of gas into
bubbles through the utilization of swirl flow.

Swirl flow in pipes is defined as a combination of vortex and axial movements with a spiral
streamline [42]. Swirl flow, characterized by a non-zero tangential (azimuthal) velocity component,
is always accompanied by an increase in velocity fluctuations. It represents a flow with a spiral
motion on the tangential axis, in addition to the axial and radial directions [33]. There are several
methods for generating swirl [42],
[43], such as using twisted tape,
where tape inserts are attached to a
shaft as illustrated in Figure 2 [4],
[41], [44]-[46]; fixed-blade impellers
attached to a shaft [33], [47]-[50];
rotating pipes [51], [52]; and
tangential injection [2], [28]-[32],
[53]-[56].

The swirl number, which can be employed to quantify the strength of swirl, is defined as the
ratio of the azimuthal momentum flux to the axial momentum flux, expressed by Eq.(1) [42],
where, p represents the fluid density. Then, Sinaga [43] stated that the increasing swirl number is
directly proportional to the increase in velocity.

helical blade central body

nose section tail scction

2mp fOR y2UVdy

Jo o T (1)
2mpR fOR yU2dy

Sf(x) =

At present, considerable attention is directed toward swirl bubble generators in both applied
and research domains, with their performance emerging as a pivotal parameter. The size and
distribution of bubbles stand as primary indices for assessing MBG efficacy. The profound
interaction between gas and liquid is strategically employed within the mixing channel to yield a
substantial quantity of bubbles. Given the escalating emphasis on swirl bubble generators, this
discourse systematically reviews the advancements in fundamental research within this domain,
facilitating a nuanced understanding applicable to optimal industrial implementation.
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o2 miciobubble e formation Based on the results of the
N A VOSViewer analysis, as seen in the
venturi type bubble generator overlay visualization presented in

Figure 3, it depicts a mapping
illustrating  the  degree  of

» prevalence of research topics
venturt microtgppie genecstor related to Swirl-type Microbubble
R sobumiegenersior Generators (MBG). The color of
s v & cavitation type each node represents the
publication time of the articles.

flowtype

venturi type microbubble generator i e Consequently,  darker  colors

type microbubble generator indicate that the research topic has
been studied for a longer period,

phas:?::w.,,,‘(,,,,,J,J,,,.t,_,.,‘,.,‘,(,_‘, while lighter colors suggest that

- the research topic is relatively

recent. As observed in the figure,

swirl type micrabubble generator research on the Microbubble
ozone migrobubble Generator type is a relatively new
field, spanning around 2020-2021.

Studies specifically focusing on the

Gt R Swirl-type Microbubble Generator

[ » & Vociiewer are limited, as indicated by the
2019 2021 2022 smaller size of the nodes compared

to research related to the Venturi-
type microbubble generator. Therefore, a comprehensive review manuscript on Swirl-type
microbubble generators is highly warranted to advance research efforts and enrich the database
about swirl-type microbubble generators.

2. Microbubble Generation Methods

MBGs are devices capable of producing microbubbles, and the methods for generating them
are classified into three categories [36]. The first method involves the use of fluid flow. Some
methods falling into this category include the spherical body in flowing tube, rotary liquid flow
type, venturi [57]-[59]; rotary liquid flow type [60]; multifluid mixture device [3]; pressurize
dissolution, ejector [25], [61], [62]; jet reactor [63]; and sparger [64], [65]. Fujikawa et al. [22]
investigated a novel approach using a rotating porous plate to produce small bubbles. Meanwhile,
[11] generated microbubbles using a fluid oscillator. The fluid oscillator can generate microbubbles
with a diameter of 100 um by oscillating the gas flow to a pair of diffuser membranes. The fluid
oscillator consists of two components: an amplifier and a feedback loop. The amplifier is fabricated
using a CNC machine with acrylic glass plate material to form a specially designed cavity. The
feedback loop connects the two control terminals of the amplifier. The second method involves
the absence of fluid flow assistance. Some methods falling into this category include shirasu porous
glass, porous membrane, electrolysis, vapor condensation system, and porous mullet ceramic
technique [40]. Shirasu is volcanic ash containing core materials (SiO2 and Al.0z) and impurity
materials (NaO, K20, Ca0, MgO, Fe»03). Meanwhile, the third method is the Low Power Generation
Technique, which encompasses mechanical agitation and sonication [66]. Therefore, Table 1
presents the comparison of several MBGs produced by various researchers.

The swirl-type Microbubble Generator (MBG) is a bubble generation technology utilizing a
tangential inlet method to induce rotational flow. In accordance with Bernoulli's law of energy
conversion, as the liquid fluid passes through the tangential inlet channel located on one wall of
the swirling chamber, it generates swirling flow. The increase in the ratio of angular momentum
flux to axial momentum flux (swirl number) significantly enhances turbulence intensity, leading to
reduced pressure at the center of the swirling water vortex. A sudden constriction event in the
mixing channel causes water pressure to drop below atmospheric pressure, resulting in automatic
air suction. The two phases mix within the mixing channel, forming a bubbly flow and subsequently
creating secondary bubbles (ligaments), which undergo breakup due to sudden enlargement at the
MBG outlet [24].
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MBG types Usage .
A D
and refs. Recommendations dvantages EELITIELED
Injector - ¢ Simple construction. Air supply through the pump's
[67] ¢ Does not require a suction side can lead to

Porous [68]

Clean water and
wastewater

compressor to deliver air.
Does not require a
compressor to deliver air.

cavitation in the pump.

The size of the generated
microbubbles is influenced by
fluid velocity and pore diameter.

High shear Clean water and Does not require a pump to It requires electrical power to
[68] wastewater generate microbubbles. drive the blade used for bubble
fragmentation.
Inline [68] Clean water Air supply does not need to be  The process of manufacturing
pressurized. and installing the blade (vane) is
quite challenging.
Spherical Clean water ¢ Does not require a ¢ The size of the generated
body [38] compressor to deliver air. microbubbles is affected by
e Can produce bubbles with a water and air flow rates.
diameter of 0.12 mm. ¢ The placement of the spherical
body affects bubble size.
® The gap between the sphere
and the channel is very narrow,
posing a high risk of blockage if
the flowing water contains
impurities.
Shirasu Clean water Capable of producing bubbles e Pressurized air supply is

porous glass
[39]

with a diameter of 360-720
nm.

achieved using a compressor.
The study is conducted
employing a surfactant, with no
information provided regarding
its use in pure water.

Swirl jet [2] Clean water and ¢ Simple construction. o Sufficient fluid velocity at the
wastewater * Frequently occurring bubble outlet is necessary for the
diameter ranges between 40 bubble formation process.
pm and 70 um. * The size of the generated
microbubbles is influenced by
the fluid and air flow rates.
Venturi Clean water dan ¢ Simple construction. The size of the generated
structure wastewater ¢ Average produced bubble microbubbles is influenced by the
[18], [69] diameter is 50 um. water and air flow rates.
Multi fluid Clean water dan ¢ Does not require a The size of the generated
mixture wastewater compressor for air flow. microbubbles is influenced by the
with orifice e Can generate bubbles with a  fluid and air flow rates.
[3] diameter of 0.01-0.05 mm.
Porous Clean water The porous media structure Pressurized air supply is
membrane results in shear stress changes  employed due to the very small
[70] in the fluid having no pore diameter (0.8 and 0.1 um).
significant effect on bubble
diameter changes.
Porous Clean water e Simple construction. The size of the generated
orifice-type ¢ Average produced bubble microbubbles is influenced by the
MBG [6] diameter is 200 um. fluid and air flow rates.
Swirl-type Clean water ¢ Simple construction. The size of the generated
MBG [24] ¢ Average produced bubble microbubbles is influenced by the
diameter is 150 um. fluid and air flow rates.
3. Discussion

3.1. MBG Performance

The performance of the Microbubble Generator (MBG) can be determined based on the
diameter and distribution of the generated bubbles [2], [23], [71], [72]. Small bubble diameters
result in a decrease in bubble rise velocity, a characteristic that allows bubbles to persist for an
extended period in water. Meanwhile, the distribution of bubble sizes influences the gas-liquid
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contact area, gas holdup, and bubble rising velocity [3], [71], [72]. These parameters serve as
references in designing an efficient MBG [23].

The smaller the diameter of the bubbles, the larger their surface area [10], [23]. Surface area
significantly influences mass transfer performance [25], a crucial factor in various applications such
as distillation, absorption/desorption, and multiphase agitation [10], [73]. High mass transfer
coefficients and interfacial areas can reduce the size of mass transfer contactors significantly,
thereby minimizing operational costs in water treatment processes [74]. In flotation and aeration
processes, smaller bubbles have been proven to be more effective in capturing flocs and facilitating
gas transfer [71]. Gas holdup is a crucial parameter for characterizing mixing and mass transfer
between gas and liquid. Gas holdup (€G) is the volume fraction occupied by bubbles or gas, defined
by Eq (2) [7], [75], [76]. Where, VG represents the volume occupied by the gas phase, while VL
denotes the volume occupied by the liquid phase.

—_ Ve
& = VitVg (2)

In general, gas holdup is crucial for determining the interfacial area per unit volume and is
thus utilized to assess the efficiency of MBG [13], [66]. Gas holdup determines the quantity of
floating material that can adhere to the gas phase [65]. In MBGs functioning as photobioreactors
to enhance microalgae growth, gas holdup can serve as an indicator of solubility and bubble
residence [9]. Gas holdup can be measured using various methods [25], [59] including the
differential pressure method, volume expansion method, and X-ray tomography. The
measurement method for holdup formulated by Amagai [75] involves a constant flow carried
through a liquid flow pipe with a DC power supply.

Dissolved Oxygen (DO) serves as a crucial parameter to assess the performance of
microbubble generators concerning the enhancement of dissolved oxygen levels in water.
Microbubbles facilitate a quicker dissolution of oxygen [12], [13]. DO is also employed as a
performance parameter for MBG in applications aimed at enhancing microorganism productivity
[13], [77]. Agarwal et al. [7] assert that air and nitrogen in the form of microbubbles and
nanobubbles can enhance the activities of aerobic and anaerobic microorganisms. DO is
significantly influenced by the size and distribution of bubbles generated by MBG [3], [6], [38]. The
low bubble rise velocity allows bubbles to persist in water for an extended period [23], thereby
improving mass transfer, which can enhance aeration performance [6], [72].

3.2. Methods for Investigating MBG Performance

The methods employed to investigate the performance of microbubbles have been
extensively pursued by previous researchers. Generally, the methodologies are designed to acquire
data on bubble size along with its distribution. Bubble sizes are predominantly measured through
images captured using a high-speed camera [2], [6], [24]. Subsequently, the images are processed
using algorithms to identify bubbles within the water [23] and determine their sizes. The image
analysis algorithm is outlined by Lau et al. [78] and comprises four main operations:

1. Image filtering. Firstly, the correction of inhomogeneous background illumination is performed
using thresholding. Secondly, an edge detection algorithm is employed to enhance the
distinction between bubbles and the background. Thirdly, the image is converted into a binary
image, and noise is subsequently eliminated.

2. The separation of bubble objects into single bubbles and overlapping bubbles is conducted
using the roundness level. If Ro<1.25, it is classified as a single bubble.

3. The utilization of the water-shedding technique to segment overlapping bubbles. The water-
shedding technique is processed as follows: inverting the contrast color of the image to
enhance the brightness of bubbles compared to the background; detecting the area within
bubbles due to their distinct color intensity from the background in grayscale images; applying
thresholding to the image to identify the number of overlapping bubbles; marking the identified
bubbles according to local minima; and recognizing overlapped bubbles as distinct individual
entities.

4. Combining single bubbles with separated overlapping bubbles.

This method was subsequently refined by Juwana et al. [6] employing a roundness ratio (Ro)
of <1.1 for individual bubbles and >1.1 for overlapping conical bubbles.

The development of image processing based on MATLAB code, aimed at recognizing gas and
liquid interfaces while simultaneously eliminating noise, was conducted by Liu et al. [79]. The steps
undertaken are as follows:
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1. Obtaining images for image processing using a high-speed camera.

Highlighting the effective regions of the image to reduce computational load.

3. Filtering and enhancing contrast. The median filter (medfilt2 function) with a sliding window
(3x3) is applied to reduce the impact of pixel-level noise, and histogram adjustment (imadjust
function) is used to enhance image contrast.

4. Binarizing the image is converted from grayscale to binary mode using Otsu's method. The
optimal threshold for distinguishing between gas and liquid interfaces is identified using the
graythresh function. Once the threshold value is determined, a binary image is obtained using
im2bw.

5. Filling bright 'holes.' Due to uneven brightness in the source image, the gas core regions may
not be entirely dark in the binary image. To address this, the imfill and imcomplement functions
are employed to define bright 'holes' in the gas core areas.

The similar method has also been employed by Swart et al. [72] and Bao el al. [73],
incorporating edge detection processes. To determine the frequency of bubble occurrence at
specific sizes or probability density function [2], [6], [23]-[25], [80]. Kress and Keyes [81] employed
a Polaroid camera and strobe flash lamp to measure bubble diameter. To investigate bubble
distribution, the LTM-BSizer technique was employed [82], Particle Tracking Velocimetry (PTV) was
utilized [83], simulations were conducted using a Multifase Compact Cyclonic Separator [54], such
as the Gas-Liquid Cylindrical Cyclone (GLCC), which operates based on the centrifugal force
generated by the rotating two-phase flow, the Malvern RTsizer was employed [79], a pressure
drop-based measuring device was used to accurately monitor flow rates and fluid densities in a
mixture of foamy air, water, and ethanol [84]. The Dynamic Exhaust method was employed to
measure mass transfer coefficients [85]. The volumetric expansion method was used to determine
gas holdup by measuring the solubility difference with bubbles in the solution.

N

3.3. Numerical Method

In addition to employing experimental methods, the investigation of Microbubble Generators
(MBG) performance has also been pursued through numerical techniques. Wang et al. [86] utilized
a two-fluid numerical calculation approach to investigate one-dimensional bubbly flow through a
converging-diverging nozzle. The equation model assumes gas bubbles within the liquid, assuming
them to be spherical and monodispersed across all cross-sections. Mass transfer, turbulence,
bubble coalescence, and fission are neglected. The liquid phase is treated as incompressible and
uniform in temperature. The effect of viscosity on pressure gradients in the liquid is modeled using
a wall friction model. The two-phase mixture employs the average momentum equation. Inertia
effects related to bubble growth and destruction are calculated using the Rayleigh-Plesset
equation. Effective viscosity is utilized to model the damping of bubble motion in the radial
direction. Liu and Bai [87] modeled a steady, incompressible 3D gas-liquid flow, Luo et al. [41]
utilizing the ANSYS numerical simulation method to simulate the continuous flow of gas. The
employed model is a multiphase mixture consisting of continuity and momentum equations.
Turbulence modeling for swirling flow utilized the RNG k-¢ model. Meanwhile, Sun et al. [88]
performed simulations for Venturi-type Microbubble Generator (MBG) in the context of a Thorium
Molten Salt Reactor (TMSR) using CFD FLUENT. The algorithm employed was SIMPLE, involving
pressure, momentum, turbulent kinetic energy, turbulent dissipation rate, and Reynolds stress in
second order. The simulation employed the k-€ turbulence model due to its ability to produce high
pressure drops in low-flow-rate water scenarios.

The simulations conducted by Sharma et al. [61] and Alam et al. [26] employed the Reynolds-
Averaged Navier-Stokes (RANS) equations to model swirl flow. The turbulence model employed
the k-€ equations, including momentum, continuity, and energy conservation equations. The
meshing process utilized tetrahedral elements with boundary conditions set as follows: gas inlet
pressure at one atmosphere and liquid inlet flow rate at 50 I/min.

The CFD simulation method using ANSYS CFX was formulated by Alam et al. [89] involving the
modeling of swirl flow through the Reynolds-Averaged Navier-Stokes (RANS) equations and
employing conservation equations to model multiphase flow. Particle Image Velocimetry (PIV)
measurements were conducted to determine microbubble velocity, as Basso et al. [90] utilized the
Discrete Phase Model (DPM) combined with the Rosin-Rammler method to simulate air bubbles in
the form of dispersed particles in water. Meanwhile, Huang et al. [91] utilized the ANSYS-ICEM
software to generate both structured and unstructured meshes. Unstructured meshes were
produced to ensure sufficient adaptation to the complexity of the geometry. Vortex evolution was
observed by Kudela and Kosior [92] using paint particles through numerical simulation. Typically,
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the observation of vortex evolution employs paint particles. However, in viscous fluids, paint
particles may not accurately track vortex evolution, necessitating the use of numerical methods
for observation.

3.4. Mechanism of Bubble Formation from Swirling Flow

The mechanism of bubble breakup occurs because of the balance between the external
pressure from the liquid phase attempting to break up the bubble and the surface tension of the
bubble tending to restore its shape. The breakup mechanism is categorized into four main
categories: (a) turbulent fluctuations and collisions; (b) viscous shear stress; (c) separation
processes due to shear stress; and (d) surface instability [37]. In swirl-type Microbubble Generators
(MBG) employing tangential inlets, the variation in swirling velocity results in increased shear
stress. This shear stress is utilized to break down the bubbles into smaller sizes [2], [26], [30], [53].
Forces such as friction, lift, additional mass, and turbulent dispersion on the MBG will significantly
influence the movement, deformation, and breakup of moving bubbles [59], [93].

Kuo and Wallis [93] developed a balance model for bubbly flow in the nozzle, Lasheras et al.
[80] conducted a study on the breakup frequency of bubbles under highly controlled turbulent
conditions. Meanwhile, Wilkinson et al. [94] conducted experiments using turbulent flow in both
vertical and horizontal pipes. Single bubbles were manually injected using a syringe for easy
observation. The fluid flow velocity near the injection point was kept low to prevent bubble
destruction. Flow circulation speed was controlled using valves and a flowmeter. Optical
instrumentation with a high-speed film at 5000 fps was utilized to determine the number of bubble
fragments. In horizontal pipes, bubbles tended to approach the upper wall due to buoyancy forces
directed towards the wall, resulting in the highest shear force. The higher the bubble density and
the larger the bubble diameter, the greater the likelihood of bubble destruction. Longer pipes led
to more bubble destruction due to prolonged turbulence. Breakup of bubbles in turbulent flow
commonly occurred due to the loss of small bubbles in the vicinity of the pipe wall. In our previous
study [24], The bubble burst mechanism was visually found at a water flow rate of 30 lpm and an
air flow rate of 0.1 Ipm. When fluid flows through a suddenly expanded cross-section, there is a
sudden change in flow velocity from high to low, leading to the formation of bubbly flow along the
mixing channel. This results in the formation of a ligament in the MBG(a) exit channel.
Subsequently, due to changes in pressure difference, this movement undergoes breakup, forming
small bubbles (b). The bubble sizes are then separated by the rotating flow (c), as illustrated in
Figure 4. After experiencing the breakup event, where small-sized bubbles move away from the axis
of rotation and large-sized bubbles move towards the axis of rotation, the subsequent flow
separates the bubbles with a rotational motion. Due to pressure changes, the rotational flow
propagates away from the MBG outlet.

4. Conclusion

The Swirl-type bubble generator is one of the promising methods for producing fine bubbles,
thus motivating researchers to conduct extensive experimental and theoretical studies. This paper
reviews published papers on recent developments in research on Swirl-type bubble generators,
including definitions of microbubbles, methods of microbubble generation through experimental
and numerical approaches, microbubble generator performance, and its applications. The
following conclusions can be drawn:

1. Microbubbles are micron-sized bubbles characterized by a size scale ranging between
micrometers and millimeters in diameter.

2. The swirl-type microbubble generator can produce small-sized bubbles more effectively
compared to other types, with broad applications. The bubble breakup phenomenon in swirl-
type microbubble generators begins with the formation of bubble channels in the mixing
channel, followed by ligament formation at the outlet side of the microbubble generator
(MBG), leading to the subsequent breakup into small-sized bubbles.

3. The probability distribution of the generated bubble sizes and their mean diameter are key
parameters reflecting the performance of the Swirl-type bubble generator. This performance
is highly dependent on flow conditions (gas and liquid flow rates) and geometric configurations.
Particularly, the ratio between air and water velocities within the microbubble generator and
the turbulence force of the flow are crucial factors. The precise combination of flow conditions
and geometric configurations will yield well-controlled bubble sizes suitable for practical
applications.
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Figure 4.
Mechanism of bubble
breakup in Swirl-type
MBG [24]
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