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ABSTRACT

This study investigates the influence of air discharge on bubble size distribution
across various types of bubble generators. Air discharge rates were adjusted
between 0.1 Ipmand 1.0 Ipm for ejector, ejector-barrier plate, and venturi bubble
generators, under a controlled experimental setup. High-speed camera footage
captured bubble images, which were then analyzed to determine size
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distributions. A predictive correlation for bubble size distribution was

formulated using the Buckingham Pi theorem. Results revealed that increased
air discharge correlated with larger bubble diameters, with average increases of
8.01%, 10.71%, and 9.25% for ejector, ejector-barrier plate, and venturi
generators, respectively. Notably, the ejector-barrier plate generator exhibited
the greatest capability for producing smaller bubbles, with a peak increase in the
probability density function of 13.95% for the ejector type, 18.05% for the
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ejector-barrier plate type, and 9.49% for the venturi type. Experimental findings
aligned well with the proposed predictive model for average diameter and bubble

size distribution.

1. INTRODUCTION

Micro-sized bubbles have significant potential in
various applications due to their large contact area and
ability to interact with other molecules (Huang et al.,
2020a). Microbubbles are employed in wastewater
treatment to reduce pollutants and fine particles during
flotation processes (Khuntia et al., 2012; Liu et al., 2012),
as well as in water and particle circulation through airlift
pump systems (Ligus et al., 2019; Catrawedarma et al.,
2020, 2021; Enany et al., 2021). Additionally,
microbubbles are used for food decontamination, washing
fresh produce, and inactivating microbes (Zhang &
Tikekar, 2021; Lu et al., 2023). In agriculture and
aquaculture, microbubbles enhance the growth rates of
plants and fish (Bagatur, 2014; Lim et al., 2019a).

Various microbubble generators have been developed,
including sonication and mechanical agitation methods
(Xu et al., 2008), electrochemical methods (Wu et al.,
2008), and hydrodynamic methods (Juwana et al., 2019;
Mawarni et al., 2023). The hydrodynamic method is
particularly versatile and involves modifications to

channel shapes, such as the swirl type, which utilizes
centrifugal force to increase shear force (Tabei etal., 2007;
Terasaka et al., 2011; Mawarni et al., 2023), as well as
orifice and spherical body types (Sadatomi et al., 2005,
2012), and venturi types (Gordiychuk et al., 2016; Afisna
etal., 2017; Limetal., 2019b). The orifice, spherical body,
and venturi types rely on the throttling effect to increase
flow velocity and shear force, breaking air into smaller
bubbles.

The orifice type creates a sudden reduction in the
channel cross-section at its center, while the spherical
body type narrows the cross-section toward the channel
edge. Both designs result in higher energy loss compared
to the venturi type, which gradually reduces the channel's
cross-section to enhance flow velocity. The venturi type is
also easier to maintain due to its simple structure and
absence of moving parts, making it more economical with
lower energy losses (Basso et al., 2018; Huang et al.,
2020b).

Researchers have optimized the venturi type to achieve
smaller bubble size distributions and reduced energy
consumption. Innovations include the addition of a porous
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NOMENCLATURE

d nozzle diameter

d,  average bubble diameter

D water inlet diameter

D,  airinlet diameter

M mean of the natural logarithmic microbubble

diameter
Q;  gas volume flow rate
Q,  liquid volume flow rate

Re  Reynolds number

R,  circularity

S standard deviation of the natural logarithmic
microbubble diameter

U, water velocity

Ug air velocity

We, Weber number

oL water density

Pe air density

U water viscosity

gy water surface tension

x2 Lockhart Martinelli parameter
MAPE  Mean Absolute Percentage Error
PDF Probability Density Function
RGB Red Green Blue

pipe to the air inlet to minimize bubble size (Yoon, 1993;
Liu et al., 2012, 2013; Deendarlianto et al., 2017; Afisna
et al., 2017; Juwana et al., 2019) and investigations into
the effects of air and water discharges, throat diameter, and
nozzle angle (Sunetal., 2017; Zhao et al., 2017; Huang et
al., 2020b). Experimental results show that maintaining
constant water discharge, throat diameter, and nozzle
angle results in smaller average bubble diameters at lower
air discharges. While the diameter and number of air inlet
channels appear to have minimal impact on bubble size (Li
etal., 2017; Lee et al., 2019). Baylar et al. (2010) reported
that the air hole diameter significantly influences bubble
diameter and quantity. Ding et al. (2021) developed a two-
stage venturi bubble generator to produce microbubbles
with smaller diameters. The development of ejector
bubble generators has been carried out by various
researchers such as (Lim et al.,, 2019b) designing an
ejector bubble generator with water as a horizontal driving
fluid for waste water treatment and also used in
nitrification and denitrification processes (Lim et al.,
2019a). Some researchers (Park & Yang, 2017; Seo et al.,
2018) made an ejector bubble generator where water flows
vertically and air flows horizontally. Sari et al. (2024)
looked at the outlet pressure of the horizontal ejector
bubble generator using a probability density function and
a power spectrum density.

Theoretical models for predicting bubble diameter
often rely on dimensional analysis. For example, Yinetal.
(2015) proposed a correlation as a function of the Weber
number, gas volume ratio, Reynolds number, and surface
tension. Gordiychuk et al. (2016) developed a model based
on the water Reynolds number, air Reynolds number, and
air-water discharge ratio. Similarly, Juwana et al. (2019)
presented an empirical model incorporating the air/water
discharge ratio, air Reynolds number, and air Weber
number. All these correlations emphasize the Reynolds
number, as fluid discharge significantly affects it
However, none explicitly account for the Lockhart-
Martinelli parameters, critical for two-phase flow
interactions.

The literature review highlights that researchers have
focused on individual bubble generator types, and varying
geometric and operational parameters, yet discrepancies
remain regarding the effects of air input diameter and
quantity on microbubble formation. This study examines
the influence of air discharge across various venturi

bubble generator types, including ejector, ejector-barrier
plate, and conventional venturi designs. The analysis
begins with visual observations of bubble distributions in
photographic  images, followed by quantitative
measurements using image processing methods. A new
correlation is proposed, incorporating experimental data to
predict bubble size while accounting for the Lockhart-
Martinelli parameter's impact.

2. APPARATUS, PROCEDURE, AND METHODS

The schematic diagram of the apparatus utilized in the
present study is shown in Fig. 1(a). The apparatus was
designed at the Mechanical Engineering Workshop of
Politeknik Negeri Banyuwangi, with its primary
component being a transparent test pool measuring 100 cm
in length, 50 cm in width, and 50 cm in height. A Sony
ZV-1 high-speed camera, featuring 1000 fps, a 1/12800
shutter speed, an /8.0 aperture, and an ISO setting of
4000, was employed to record the bubble flow videos. The
study used three types of bubble generators—ejector,
ejector-barrier plate, and venturi—whose dimensions are
detailed in Figs 2(a), 2(b), and 2(c), respectively. The
water input and output diameters for all bubble generator
types were standardized at D=7 mm, while the nozzle
diameter was d=2.33 mm. An aerator with 2.2 Watt power
and a maximum output of 3.0 Ipm was used to inject air to
the bubble generator. A water pump with 12 Volt, 5
Ampere direct current, 100 psi, and a maximum of 5.0 Ipm
was conducted to supply pressurized water to the bubble
generator.

The data collection process commenced by filling the test
pool with tap water to a height of 45 cm. The bubble
generator was positioned 5 cm above the pool bottom and
centered along the pool width. A series of 50W LED lamps
with a diffuse layer were installed behind the test pool to
ensure uniform illumination, as depicted in Fig. 1(b). The
camera was positioned 25 cm from the observation area
directly in front of the bubble generator outlet. A ruler was
placed in the observation area to establish a focus point
and convert distance measurements from centimeters to
pixels. A background image was captured while ensuring
the water in the test pool remained static, facilitating the
distinction between moving and stationary parts during
image processing. The pump was then activated to deliver
pressurized water to the bubble generator at maximum
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Fig. 1 (a) Apparatus schematic, (b) Image
capturing schematic

Airinlet

Air space

(@)

Airinlet

Air space Barier plate

(b)

Air inlet

(©)
Fig. 2 Section view: (a) Ejector bubble generator type,
(b) Ejector-barrier plate bubble generator type, (¢)
Venturi bubble generator type

discharge, as measured by a water flow meter with 2.5%
accuracy. Subsequently, air was introduced from the
aerator to the bubble generator, with discharges varying
between 0.1 Ipm and 1.0 Ipm by using air flow meter with
3.0% accuracy. The mixture of water and air formed
bubbles that exited through the outlet and dispersed into
the pool. The bubble flow was recorded using the high-
speed camera, and the footage was processed using image
processing tools in the MATLAB commercial toolbox to
measure bubble diameters.

The image processing procedure began with loading
the image using the "imread" toolbox and converting the
RGB image to grayscale with the "rgb2gray” command.
The "imcrop" command was used to crop a uniformly lit
section of the image, producing results shown in Fig. 3(a).
Background subtraction was performed by subtracting the
background image from the original image, distinguishing
moving elements from static ones. Image quality was
enhanced and filtered using the "imtophat," "imbothat,"
and "medfilt" commands. The processed image was then
converted to a binary format using the "im2bw" command,
with the threshold adjusted to produce the optimal binary
image, as shown in Fig. 3(b). White and black areas were
inverted using the "imcomplement” command, and gaps
were filled using the "imfill" command. Separation of
objects using the circularity value (Ro) into objects with
Ro> 1, as in Fig. 3(c), and objects with Ry < 1, as in Fig.
3(d). The equation for calculating the Ro value is as
follows:

Ro = S.(4rcA)(_1/ 2) 1)

where S represents the object's perimeter and A its area.
Objects with Ro> 1underwent further processing using the
watershed method, as illustrated in Fig. 3(e). The resulting
watershed image was merged with images containing
Ro < 1, as shown in Fig. 3(f). Finally, the centroid
coordinates and radius of each object were identified,
creating a red circular outline for each object, as shown in
Fig. 3(g). Diameter data for each object was stored ina .xls
file for subsequent analysis of bubble size distribution.

3. RESULTS AND DISCUSSION

3.1 Bubble Size Distribution

Figure 4 provides a visual representation of the
bubbles produced by the three types of microbubble
generators at Qg = 0.3 Ipm. Figure 4(a) illustrates the
bubble size distribution for the ejector bubble generator
without a barrier plate. A significant variation in bubble
sizes, ranging from large to small, is observed. Bubbles
exiting the ejector come into direct contact with the
surrounding water, resulting in bubble distribution and
structure influenced solely by the hydrostatic pressure of
the water. As the hydrostatic pressure increases, the size
and quantity of the bubbles decrease. The hydrodynamic
force of water, which disrupts the bubble's surface tension,
closely relates to hydrostatic pressure. If the
hydrodynamic force of water is greater than the surface
tension of the bubble, it will burst into several bubbles of
smaller sizes.
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Fig. 3 Image processing step: (a) Original image, (b) Binary image, (c) Objects with high Ro, (d) Objects with low
Ro, (e) Watershed object, (f) Merged image (low Ro+Watershed), (g) Circle overlaid on the original image
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Fig. 4 Visual observation at Qg = 0.3 Ipm of: (a) Ejector bubble generator type, (b) Ejector-barier plate
bubble generator type, (c) Venturi bubble generator type
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Figure 4(b) shows the bubble size distribution for the
ejector type equipped with a barrier plate at the outlet. The
ejector-barrier plate configuration produces smaller and
more numerous bubbles compared to the ejector without a
barrier plate. This occurs due to the collision of bubbles
with the barrier plate positioned at the outlet, which alters
the flow velocity field and increases flow momentum. The
enhanced flow momentum generates greater shear forces
on the bubble surfaces, causing them to fragment into
smaller sizes. Shear force is one of the external forces that
disrupts the bubble interface, causing interface instability.
If the shear force is greater and exceeds the bubble surface
tension, the bubble will burst into smaller bubbles.

The fragmented bubbles flow upward through the gap
between the outlet and the barrier plate. Unlike the ejector
without a barrier plate, the bubble-water mixture produced
by this configuration does not significantly displace the
surrounding water. In contrast, bubbles released from the
ejector without a barrier plate are propelled further from
the outlet, with the accompanying water movement
increasing hydrodynamic force. Figure 4(c) presents a
visual observation of bubbles generated by the venturi
microbubble generator. The number of bubbles produced
by this configuration is notably fewer than those produced
by the previous two types. This observation is supported
by the air space within the ejector configuration, which
enables a higher bubble generation capacity. In the venturi
type, air occupies the low-pressure region in the throat,
leading to increased air suction and a reduced number of
bubbles being produced.

Figure 5 illustrates the bubble size distribution for all
types of bubble generators under varying air discharges.
Across all generator types, it is observed that higher input
air discharges reduce the likelihood of forming smaller
bubbles. This trend is evident from the peak probability
values, which increase as air discharge decreases.
Furthermore, the curves demonstrate that smaller air
discharges vyield higher kurtosis values, indicating a
narrower and more uniform distribution of bubble sizes,
particularly in the diameter range below 100 um. The
bubble diameter above 100 pm is getting smaller in
frequency of occurrence, or the number of bubbles larger
than 100 um is very little, produced by the three bubble
generators, so that the chance of occurrence is getting
smaller. This is a transition point from an area with a high
probability distribution to an area with a lower probability
distribution.

At an air discharge of Qg=0.1 lpm, the probability of
forming bubbles smaller than 60 um is the highest.
Conversely, higher air discharges result in larger bubble
sizes due to the increased air fraction, which promotes the
formation of larger bubbles. With greater bubble volumes,
the inertial force is more significant, aiding the bubbles in
maintaining their structure. For all bubble generator types,
an increase in air flow rate correlates with a rise in bubble
diameter, with average increases of 8.01%, 10.71%, and
9.25% for the ejector, ejector-barrier plate, and venturi
bubble generators, respectively.

The ejector-barrier plate generator achieves a maximum
probability of 0.015 at Qg=0.1 lpm, as shown in Figure 5(b),
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Fig. 5 Bubble size distribution: (a) Ejector bubble
generator type, (b) Ejector-barrier plate bubble
generator type, (c) Venturi bubble generator type

followed by the ejector generator with a maximum
probability of 0.014 (Fig. 5(a)), and the venturi generator
at0.013 in Fig. 5(c). These values indicate that the ejector-
barrier plate generator is the most effective at producing
bubbles smaller than 100 um. This efficiency is attributed
to the interaction between the bubbles and the barrier
plate, which enhances momentum and shear stress,
causing the bubbles to fragment into smaller sizes. In
contrast, bubble generators without a barrier plate, such as
the ejector and venturi types, rely solely on momentum
changes and hydrostatic pressure to disrupt the outgoing
bubbles, resulting in a lower likelihood of producing
bubbles smaller than 100 um. A decrease in air discharge
enhances the formation of microbubbles, with the peak
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Table 1 Variables Influencing Bubble Diameter

No Variable Sym Unit M DirI1_1ension T
1 Average bubble diameter dp m 1

2 Water velocity up m/s 1 -1
3 Air velocity Ug m/s 1 -1
4 Water density A kg/m?® | 1 -3

5 Air density e kg/m? | 1 -3

6 Water viscosity iy kg/ms | 1 -1 -1
7 Water surface tension o, kgls? | 1 -2
8 Air inlet diameter Dg m 1

9 Water inlet diameter D m 1

10 Nozzle diameter d m 1

probability density function (PDF) increasing by 13.95%
for the ejector type, 18.05% for the ejector-barrier plate
type, and 9.49% for the venturi type.

3.2 Dimensional Analysis of Bubble Diameter

Dimensional analysis was employed to develop
correlations for determining the average bubble diameter.
This method establishes relationships among variables
influencing bubble size, as summarized in Table 1.

Using the Buckingham Pi theorem, UL,,q_, D were

selected as the repeated variables. From the chosen
variables, seven dimensionless parameters were derived as
follows:

-t @
U
M=% 3)
UL
- S @)
A
Iy = U D )
" 7 ©
g -~ ©
m - ®)

These dimensionless parameters can be consolidated into
a single phi parameter for greater interpretability:

Tl = Tl Il ﬁ?)z ©

2 2
Sty _Aafu 10
Hg H3.(H2] Jre [UG] £
The functional relationship involving all phi parameters
can be expressed as:

m = f (11 1. . Tlg. g ) (11)

2
db_ | A oo ¢ EE&[EK;)Z fl,(ELJ (12)
D u gD UfaD D u D/ UG

When decomposed, each component is represented as
follows, with respective coefficients:

e f
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s (15)
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2
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5 \VG

Where Re  represents the liquid Reynolds number, we

denotes the liquid Weber number, S is the air-to-water
QL

flow rate ratio, and ;{2 refers to the Martinelli parameter.
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In the current study, {

equation for calculating the bubble diameter ratio:

b

| ()
x

The coefficients a, b, and ¢ were determined using

nonlinear regression to fit the experimental data.

Consequently, the empirical equations for the ratio of

bubble diameter to inlet pipe diameter for the three types
of bubble generators are:

dy

D

Qe
QL

(18)

0.413
d 0.038
b o007 (QG] ( ;52) (19)
D QL
0.413 (20)
d 0.038
b O.OSl[QG] ( 22
D QL
0.413 (21)
d 0.038
b o2 (QGJ ¥
D QL

Equations (19), (20), and (21) represent the bubble
diameter-to-inlet pipe diameter ratios for the ejector,
ejector-barrier, and venturi-type bubble generators,
respectively. Among these correlations, the coefficient a
is smallest for the venturi-type bubble generator and
largest for the ejector-barrier plate type. This difference
suggests that the ejector-barrier plate type experiences the
highest head loss, likely due to the additional air space and
barrier plates, which increase flow friction. Additionally,
the correlations reveal that the air-to-water discharge ratio
significantly impacts the diameter of the bubbles formed,
as indicated by its exponent of 0.413. This finding implies
that higher air discharge results in larger average bubble
diameters, while lower air discharge leads to smaller
bubbles. This behavior is attributed to the deceleration of
air supplied in the divergent region of the bubble generator
at higher air discharges, which increases the void fraction.
The resulting bubbles tend to cluster and coalesce,
forming larger bubbles (Zhao et al., 2018, 2019).

The Martinelli parameter is defined as the ratio of the
liquid to gas Froude number, where the Froude number
represents the ratio of inertial forces to gravitational
effects. With gravitational effects constant, the Froude
number is predominantly influenced by inertial forces,
which are strongly affected by fluid velocity. Higher
liquid wvelocities result in smaller average bubble
diameters due to increased flow velocity and momentum
changes, which enhance turbulence. This heightened
turbulence increases the shear forces at the bubble
interface, causing the bubbles to fragment into smaller
sizes.

Figure 6 compares the average bubble diameters
predicted by the proposed model with experimental data,

1465

alongside comparisons to the models proposed by Juwana
et al. (2019) and Gordiychuk et al. (2016). The current
proposed model correlates very well with the experimental
data. All of the experimental data is within the 10% error
range and the mean absolute percentage error (MAPE) is
4.58%, 6.07%, and 3.02% for ejector, ejector-barrier plate,
and venturi types, respectively. The proposed model
aligns well with the experimental data, with all
measurements falling within a 10% error margin. In
contrast, the models by Juwana et al. (2019) and
Gordiychuk et al. (2016) are applicable only up to
dh/D=0.015 as their predictions deviate beyond this range.
The model by Juwana et al. (2019) and Gordiychuk et al.
(2016) are not suitable for application at db/D values >
0.015. The MAPEs of the (Juwana et al., 2019) model are
10.07%, 18.46% and 12.71% for ejector, ejector barrier
plate, and venturi types, respectively. The MAPEs of the
(Gordiychuk et al., 2016) model are 14.50%, 21.61% and
8.28% for ejector, ejector barrier plate, and venturi types,
respectively.
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Fig. 6 Comparison Between the Proposed Model and
Experimental Data

The model by Juwana et al. (2019) incorporates the air-
to-water discharge ratio, the water Reynolds number, and
the water Weber number, whereas the model by
Gordiychuk et al. (2016) is based on the air-to-water
discharge ratio, the water Reynolds number, and the air
Reynolds number. However, when water discharge is held
constant, both the water Reynolds number and the water
Weber number remain relatively unchanged, as they are
functions of water velocity. To address these limitations,
a new model is proposed that incorporates the air-to-water
discharge ratio and the Lockhart-Martinelli parameter.
This approach accounts for the water Reynolds number,
air Reynolds number, and water Weber number more
comprehensively.

In certain applications, such as wastewater treatment
(Gordiychuk et al., 2016) the bubble size distribution is
more relevant than the average bubble diameter. To
predict bubble size distribution, a log-normal distribution
is employed, expressed by the following equation:
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~(Inx-M )2
1 252 (22)
P(x)= S2r

Here, xrepresents the bubble diameter, p(x)denotes

the probability density, and M and s are the mean and
standard deviation of the natural logarithm of the
microbubble diameter, respectively.

Using the dimensional analysis approach, an empirical
equation for the log-normal distribution parameters can be
developed as a function of the discharge ratio and
Martinelli parameters. This relationship is expressed as:

(M.s) = a(gf]b () 23)

The coefficientsa, b, and ¢ are determined through
nonlinear regression to fit the experimental data for each
M and s parameter. The results are summarized in Table
2.

Table 2 reveals that all log-normal parameters have a
Mean Absolute Percentage Error (MAPE) of less than
10% when compared with experimental data. If the
correlation coefficients b, and ¢ remain constant across all
bubble generator types, the coefficient a serves as a
distinguishing indicator for the different generator types.
Notably, the ejector-barrier plate type exhibits the highest
values for both M and S, suggesting that this generator
type produces the broadest microbubble distribution.

When compared to an error threshold of 5%, all
coefficients for the M parameter fall within this limit, as
depicted in Fig. 7(a). For the S, parameter, two data points
fall outside the 10% error threshold, as shown in Fig. 7(b).
These outliers correspond to the venturi bubble generator
type atair flow rates of 0.1 Ilpm and 0.2 Ipm. This deviation
is likely due to the structural differences of the venturi
generator, particularly the absence of air space,
distinguishing it from the ejector type.

4. SUMMARY REMARKS

Research on bubble size distribution for various types
of bubble generators has been conducted using image
processing. A new correlation was also proposed through
dimensional analysis using the Buckingham Pi theorem.
The results are summarized as follows:

1. For all types of bubble generators, it was found that an
increasing air flow rate resulted in larger bubble
diameters, with average increases of 8.01%, 10.71%,
and 9.25% for the ejector, ejector-barrier plate, and
venturi bubble generator types, respectively.

2. Lower air discharge increases the probability of
microbubble formation, with peak PDF increases of
13.95% for the ejector type, 18.05% for the ejector-
barrier plate type, and 9.49% for the venturi type.

3. A correlation, defined as a function of the air-water
flow rate ratio and the Lockhart-Martinelli parameters,
was proposed to predict the average bubble diameter.
This correlation aligns closely with experimental data,

Table 2 Log-Normal Parameters for Various Bubble Generator Types

Log-normal Correlation coefficient MAPE (%)
Bubble generator type
parameter b c
. M 2.727 0.408 0.178 0.977
Ejector
S 0.913 0.300 0.088 1.403
Ejector-barier plate M 2.795 0.408 0.178 1.759
S 0.985 0.300 0.088 1.707
. M 0.408 0.178 3.471
Venturi
S 0.892 0.300 0.088 7.699
475 , 12
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— Ai\fﬂf-}})):ramem‘ of Ejector- o Type .
v-i; 45 { barier plate Type ) +5% A g 1142 S-I.?_arfnnetm' of Ejector- A
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with coefficients "a" of 0.027, 0.031, and 0.022 for the
ejector, ejector-barrier plate, and venturi-type bubble
generators, respectively.

4. Bubble size distribution can be approximated by a log-
normal distribution, with maximum M and s
parameters of 2.795 and 0.985, respectively, for the
ejector-barrier plate type bubble generator.
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