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Abstract

Aeration in Venturi tubes for microbubbles production has become popular in recent years as it enhanced the transporta-
tion of oxygen and other gases in wastewater treatment and mineral engineering. In an aerated Venturi, air/gas was injected
upstream into the flowing liquid inside the Venturi tube. The air flows inside the Venturi tube as bubbles, before breakup
occurs downstream after the throat area. This method promoted the transportation of particular gases or substances in micro-
bubbles. To further increase the generation of microbubbles, flowing liquid velocity was increased by decreasing the throat
diameter, but cavitation started to emerge inside the tube as velocity increased. This present study aims to investigate the
effect of reducing the throat diameter on the cavitation number of the aerated Venturi tube and how it affects the breakup
characteristics of bubbles. Activities involved in the investigation were: visualization of flow and generated microbubbles,
image processing of the images captured, pressure and void fraction measurement, and calculating the cavitation number.
The result showed that reducing the throat diameter initiated the cavitation occurrence earlier, and in aerated cases, cavita-
tion exists in the form of cavitated bubbles. Aeration also affects the cavitation number in a non-cavitated flow but does not
significantly affect the existing cavitated flow. Reducing the throat diameter also successfully increased the generation of
bubbles less than 0.2 mm, but the overall SMD did not show a straightforward relationship with cavitation number.

1 Introduction

Over the decades, researchers have focused on microbubbles
for their amazing abilities in various industries. They were
usually produced by the microbubble generator. Among
the different types, the Venturi-type microbubble generator
captured the attention due to its simple mechanism, simple
design, and low-cost features. Utilizing the Venturi tube,
microbubbles were generated as the liquid flowed through
the convergence area and the sudden change in tube size
reduced the local pressure. As the flowing liquid increased in
velocity, the pressure dropped further, and cavitated bubbles
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started to emerge to produce microbubbles (Brennen 2002).
Generally, the generated microbubbles have diameters less
than 200 um with great surface tension that promoted them
to exist longer in liquid. Due to their special characteristics,
microbubbles were employed as a transporter in agricultural
and medical sciences. They were also utilized as an imag-
ing contrast agent to improve the assessment in imaging
exams. In wastewater treatment, microbubbles had a high
potential for the dissolution of oxygen, fragmentation of
organic particles, floatation of minerals, and suppression of
microalgae growth (Terasaka et al. 2011; Wen et al. 2011; Li
et al. 2019). For these purposes, air or gas was introduced to
the flowing liquid, and aeration was executed. Aeration was
expected to increase the generated microbubbles count and
reduce cavitation’s corrosion effects. This aeration method
is shown in Fig. 1. Air was injected before the throat, and
microbubbles were generated at the diverging part. The
microbubble generation mechanism at the diverging part
depended on the flow velocity.

In one related research, the bubble collapsed behavior in
aeration conditions was explained using a single bubble, and
breakup behavior was reported to be linked with pressure
recovery (Fujiwara et al. 2007). This was further clarified by
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Fig. 1 Aeration method using
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a recent study, which claimed that the collapse of bubbles
owing to pressure variation was caused by the initial bubble
size that was substantially greater than the Kolmogorov scale
(Ni2024). Another researcher executed detailed experiments
with the aeration method under different air flow rates.
The void fraction and pressure measurement revealed that
changes in the flow velocity occurred between the throat and
the bubble breakup point. Thus, the Mach number of the
flow was determined further to investigate the velocity char-
acteristics toward the speed of sound. Shockwave existence
was also suggested when the velocity exceeded the speed of
sound (Fujii et al. 2018). In many other studies, the air was
sucked at the throat area. Although this method was slightly
different, it was sufficient as a reference for the current study.
Through the suction of air from the throat area, it was found
that increasing the diverging angle moderately and decreas-
ing the throat size improved the performance of the Venturi
microbubble generator (Huang et al. 2021, 2019; Liu et al.
2020). It is also well established from various studies that
although increasing the flowing liquid velocity decreases the
generated bubble sizes, increasing the air flow rate has the
opposite effect (Gordiychuk et al. 2016; Zhao et al. 2017,
Sun et al. 2017).

Nevertheless, most of these studies considered bubbles
with a diameter of more than 0.2 mm in their result as visu-
alization of bubbles less than 0.2 mm requires advanced
visualization techniques. On the other hand, most of these
studies did not discuss the cavitation phenomenon that
existed as the flowing liquid velocity increased to produce
more microbubbles in the aeration method.

Much uncertainty about cavitation in conditions where
aeration exists alongside a flowing liquid in the Venturi tube
is still unknown. To study this, Tomov et al. (2016) aerated
three different cavitation regimes in a flowing liquid inside
a Venturi tube, attempting to influence the cavitation incep-
tion of a cavitating liquid. They found out that the tendency
of the injected air bubbles to break up into smaller bubbles
depends on the type of the initial cavitation condition of
the liquid. However, this study did not relate the findings
with generated microbubbles (Tomov et al. 2016). In another
study, Kido executed an experiment where aeration was
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done from the beginning, using a 6-mm Venturi tube, and
revealed the cavitation number of this multiphase flow (Kido
et al. 2021). The cavitation number was then compared in a
study by Saffrena with a 4-mm Venturi tube, and the bubble
breakup characteristics were discussed briefly (Saffreena and
Kaneko 2022). Nonetheless, in both articles, the changes in
cavitation phenomena and the breakup process, when the
throat diameter was reduced, were not discussed in detail.
The distribution of microbubbles less than 0.2 mm when
reducing the throat diameter and its relation to cavitation
number were also not investigated.

Therefore, the objective of our study was to investigate
the changes in cavitation number in aerated Venturi tubes as
we reduce the throat diameter. We also evaluated the effects
of the cavitation number on the generated microbubbles,
especially for bubbles with diameters less than 0.2 mm. Two
different throat sizes of Venturi tubes were utilized, while
other geometric parameters of the tube were maintained
to reduce the effect of other variables. The investigation
includes visualization, pressure and void fraction measure-
ment along the tube, and calculation of cavitation number
for both different throat sizes. Finally, the microbubbles
produced were evaluated, giving focus to bubbles with less
than 0.2 mm in diameter, to establish a connection between
the results and the role of the Venturi tube as a microbubble
generator.

2 Method
2.1 Experimental apparatus

Figure 2 depicts an experimental setup for creating an aer-
ated flow inside a Venturi tube. The setup included a 200-L
tank with an internal baffle, a centrifugal pump, a liquid flow
meter, an airflow meter, a compressor to deliver air, and a
Venturi tube. In the experiment, tap water, filtered through
5-pm mesh, was pumped from the tank, through the Ven-
turi tube, and then circulated back to the tank. Experiments
were done at room temperature under atmospheric pressure.
For the aeration purpose, the air was supplied below the
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Fig.2 Experimental setup

Venturi tube with the flow rate adjusted using an airflow
sensor (KEYENCE FD-V40 series). A thin channel with a
3-mm slit width was located on top of the Venturi tube loca-
tion in the apparatus to allow the distributed flow of bubbles
to form at the outlet. Acrylic was used as the material for
better visualization of the distributed bubbles.

The geometric dimensions of the two Venturi tubes used
in this experiment are illustrated in Fig. 3. The tubes were
fabricated from acrylic and were 150 mm in length, with
an inlet and outlet diameter of 16 mm and 2 mm throat
length. The length was made to be long enough to allow the
collapse of bubbles from the breakup region into smaller
bubbles. The diverging angle was manufactured to be 6°
to reduce the occurrence of boundary layer separation. It
has been established that an angle of about 6-7°contributes
to the optimum balance between length and the probability
of boundary layer separation, thus reducing energy losses
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Divergence
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Fig.3 Geometric dimension of venturi tube used in the experiment

(Bashir et al. 2011). These parameters were identical for
both tubes to minimize the effect of other variables on the
results. However, the throat diameters were fabricated to be
4, and 6 mm each to observe the effect of decreasing throat
diameter on the result. The tubes will be indicated as d, =4
and 6 mm from now on.

2.2 Experimental conditions

The working fluid in this study was assumed as an incom-
pressible flow, and the velocity was represented by the
superficial velocity. Superficial velocity was defined as the
volumetric flow rate of the fluid divided by the cross-sec-
tional area it flows through as shown in Eq. (1). The supplied
air in this study was presented by airflow ratio, as shown in
Eq. (2). Both flow rate for water and air was adjusted using a
liquid flow meter and an airflow sensor. The ranges of these
two parameters are concluded in Table 1. As it was hard to
compare each tube condition as the inlet pressure was not
set and Reynolds numbers were not appropriate to resemble
a multiphase flow, the condition for both different throat
sizes tubes was compiled under the superficial throat veloc-
ity and was indicated as j;,. Equation (1) was used to define
Jin With A as the cross-sectional area of the d,;,=4 mm and
6 mm, respectively. We agreed that this superficial velocity
was more accurate than the throat velocity determined by
Bernoulli’s equation for multiphase flow conditions.

The range was selected by referring to the homogenous
flow model of the two-phase flow presented in Fig. 4, under
the presumption that the working liquid was isothermal and
homogenous (Wijngaarden 1972). The dashed line depicted
the condition of flow for each tube when the superficial
velocity at the throat was equal to the speed of sound under

Table 1 Experimental conditions range

Superficial throat Superficial liquid inlet veloc-  Airflow ratio,

velocity, jy, [m/s] ity, Bl-]
Jpin (/8]
dyp =4 mm dy, =6 mm
10 06 1.5 0.016
0.035
0.063
15 1.1 2.1 0.016
0.035
0.063
20 1.3 2.5 0.016
0.035
0.063
25 1.6 3.5 0.016
0.035
0.063
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Fig.4 Homogenous flow model of two-phase flow

the presumed condition. The condition above each dashed
line represents a supersonic flow condition, while the condi-
tion below the dashed line represents a subsonic flow condi-
tion. The blue line represents 6-mm Venturi tube, while the
red line represents the 4-mm Venturi tube. Two flow condi-
tions above the dashed line and two flow conditions below
the dashed line were chosen for each tube, as the experiment
condition.
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2.3 Visualization

In this experiment, the visualization was performed through
the shadowgraphy method. The shadowgraphy method and
example of visualization are presented in Fig. 5. Shadowg-
raphy was a method where the targeted object was placed in
the middle of a high-speed camera and a light source. The
targeted object blocks the light from the light source, result-
ing in a dark spot in the camera images. As the Venturi tube
was made from acrylic, the inner curved surface of the tube
did not cause image distortion due to refraction as acrylic
has a relatively close refractive index to water.

The visualization was performed in two parts using a
Photron Mini AX-200 high-speed camera with LAOWA
100 mmF/2.8 2 x Ultra Macro with 400 frame rate per sec-
ond, lens system. Red LED and metal halide lamps were
utilized depending on the brightness required for each vis-
ualization activity. The frame rate and shutter speed were
adjusted for different visualizations to get the best result.
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Fig.5 Shadowgraphy method and example of flow visualization

The first part of the visualization was along the Venturi
tube where the bubble breakup dynamic was captured. Hal-
ogen lamps act as a light source as brightness is crucial,
especially in a high-flow-ratio condition. The second part
was after the outlet where generated microbubbles dispersed
through a thin channel with a slit of 3 mm. In this part, the
area for visualization is set to be 4 X4 pixels, and image
resolution with accuracy up to 1 pixel =9.6+0.5 pm was
achieved using the LAOWA 2 X Ultra Macro lens with the
lower limit of 2 pixels. The image captured was processed
using the Python programming language through the Python
Imaging Library (PIL). Background subtraction and image
binarization were done before the captured bubble area
was calculated as the contour area as shown in Fig. 6. The
generated bubble size was retrieved and the Sauter mean
diameter of the bubbles was calculated. The frame rate per
second (FPS) was set to be 5000 FPS for flow visualization
and 7200 for bubble visualization with exposure time varied
between 0.33 and 5 pS.

2.4 Pressure and voltage measurement

An approach based on the procedure of Uesawa et al. (2012)
was adopted to acquire a better understanding of cavitation
in an aerated Venturi tube, where pressure and voltage were
recorded at specific places along the tube using the appa-
ratus illustrated in Fig. 7(a) and (b) (Uesawa et al. 2012).
Each location of a flow valve or a compression fitting was
distanced 10 mm from each other. The throat was taken as
z=0 mm. To carry out the pressure measurement, the flow
valve was connected to a transducer via a tube, and the data
were recorded using a data logger with a 5-kHz sampling
frequency in 5 s. In this measurement, zero references were
made against the atmospheric pressure.

As for the voltage measurement, a DC constant-current
source supplied current to the flowing liquid through two
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Fig.6 Example of image processing steps to determine bubble sizes

stainless steel electrode rings positioned at the inlet and out-
let of the Venturi tube. Then, two voltage-measuring probes
were clipped at two selected compression fittings opposite
to each other, allowing measurement of the voltage between
the two points of the set region. The measurement time range
was 0.5 s with a sampling frequency of 100 kHz. The error
of this measurement system was about+9% of the meas-
urement value with 91% accuracy. Later, the void fraction
was then estimated using Eq. (3). In this equation, v’ is the
voltage ratio of the gas-liquid flow, normalized by single-
phase liquid flow.

"= V=1
TV 405 G)

3 Result
3.1 Visualization result

To present a better understanding of the phenomenon inside
the Venturi tube as the throat size was reduced, the flow
visualization in single-phase flow conditions is presented
in Fig. 8 for different j,;. As can be seen from the figure,
in the range of the experiment condition, cavitation (high-
lighted in the dashed line box) was first clearly observed
at lower velocity for smaller throat diameter, at j, =20 m/s
for dy, =4 mm, and at j, =25 m/s for d, =6 mm. Although
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(b) Voltage measurement

Fig.7 Pressure measurement and voltage measurement setup

the flow was under the same superficial throat velocity, the
cavitation along the wall was prone to emerge earlier in
the reduced throat diameter Venturi tube. As the velocity
increased, the cavity length for d;; =4 mm was longer than
dy, =6 mm with the cavity tail exceeding z=27 mm. Next,
while ensuring the throat velocity was maintained as the
single-phase in Fig. 8, the flow was aerated with #=0.016 of
air to create an aerated flow condition and the result obtained
is presented in Fig. 9.

In the aerated flow condition, bubbles were observed
along the liquid flow whereas, in a single-phase flow, only
liquid existed initially. For all tubes, it was observed that the
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aeration went through the tube in the form of bubbles, and
the bubbles collapsed after going through the throat area,
with two different collapse mechanisms. Under the lower
superficial throat velocity (j, =10 & 15 m/s for d;, =4 mm,
Jin=10, 15 & 20 m/s for d, =6 mm), the bubbles sheared
into smaller pieces due to slip velocity while in higher
superficial throat velocity (j, =20 & 25 m/s for d, =4 mm,
Jim=25 m/s for dy,, =6 mm), the bubbles expanded before
shrunk into smaller pieces.

This result has been reported by other similar studies on
the bubble breakup mechanism which suggested that at the
throat area, velocity was subsonic when tear-up happened
and supersonic when expansion and shrinkage occurred
(Fujiwara et al. 2007).

Interestingly, cavitation bubbles that emerged along the
wall under the single-phase condition were not observed
when aeration was performed. What stood out was, in
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high-velocity flow conditions, after the bubbles went
through the throat area, a trailing streamer started to exist
from the tail of the bubble. It was as if the bubble was rup-
tured from its initial shape, but it was not the case. As the
bubble expanded in size, it lost its symmetry and wrinkles
appeared on the surfaces of the bubbles. These wrinkles
were observed to exist throughout the expanded volume of
the bubbles. The close-up visualization of wrinkles observed
during bubble expansion is shown in Fig. 10.

In Fig. 10, two conditions of high velocity for a
dy, =4 mm Venturi tube were chosen as the wrinkles were
more obvious. In both cases, bubbles expanded after going
through the throat area and as the expanded bubble trave-
led, wrinkles existed on the surface, before it collapsed and
microbubbles were generated. The existence of wrinkles on
the bubble surface was identical to other research related
to bubble cavitation (where cavitation existed on bubbles).
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Fig. 10 Close-up visualization of wrinkles observed during bubble
expansion in a dy, =4 mm tube at j, =25 m/s

It was suggested that in the case of aerated flow condition,
as a substitute for the cavitation along the tube’s wall, the
cavitation exists in the form of traveling bubble cavitation,
before collapsing. This same theory was also proposed
by De Chizelle et al. (1995) who labeled the wrinkles as
surface instabilities that represent cavities’ appearance (De
Chizelle et al. 1995). However, in his illustration, surface
instabilities were not represented, but the whole process was
identical to our studies.

Therefore, in the later discussion of this investigation,
this traveling bubble cavitation will be discussed concern-
ing the pressure difference, velocity, and cavitation number.
Although bubble cavitation was not observed in low-velocity
flow conditions, the result will be presented too as a refer-
ence for discussion.

3.2 Pressure measurement and void fraction result

The next session of this investigation was concerned with
further description of the flow behavior inside the differ-
ent throat sizes of Venturi tubes, and the result of pressure
measurement and calculated void fraction is presented in
Fig. 11. From this point onward, only the results for aerated
flow will be presented.

In general, for all cases, as the flow velocity increased,
the inlet pressure was higher and the pressure drop was
greater around the throat area before recovering. The pres-
sure drop region also extended further downstream as veloc-
ity increased. At the same time, the void fraction peak also
increased around the pressure drop region, as the velocity
increased. It was also apparent that the different airflow
ratios did not have a significant effect on pressure changes,
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but an opposite trend was observed for the void fraction as
increasing the airflow ratio increased the void fraction.

This pressure drop and void fraction trend were directly
related to the bubble breakup characteristics in the Ven-
turi tube. In low velocity, as the pressure dropped at the
throat area due to space constrain, the velocity of the flow
increased. It created slip velocity between the flowing liquid
and bubble interface which caused the shearing and tearing
up of bubbles into small pieces. In this condition, the void
fraction in the Venturi tube had no dramatic changes as no
bubble expansion occurred. Subsequently, as the velocity of
the flow increased, the pressure dropped further lower at the
throat area, and the void fraction increased too. Past research
suggested that the peak in void fraction corresponded to the
point of bubble expansion just before the bubble broke into
microbubbles (Fujiwara et al. 2007).

As mentioned in visualization result, although the bub-
bles were observed as if the wall was ruptured, this expan-
sion occurrence proves that the bubble wall was still intact.
Therefore, it complies with the ideal gas law by expanding
its volume when the surrounding pressure on the bubble
decreases. As the volume expanded, the internal pressure
of the bubbles was assumed to decrease too. Flowing down-
stream, the surrounding liquid regained bigger space to flow,
and the surrounding pressure recovered. The sudden increase
in pressure from the flowing liquid suppressed the bubble
and ruptured the bubble’s wall which caused it to disperse
into small pieces known as microbubbles. Several studies
discuss bubble fragmentation into microbubbles based on
the velocity condition of the flow ( Lee et al. 2019, 2021).

Interestingly, when comparing the void fraction for the
two lower and the two higher throat velocities across dif-
ferent throat sizes, it was exhibited that for d;, =4 mm, the
peak around the throat area increased as the throat velocity
increased. Unlikely for dy, =6 mm, the void fraction peak for
the two lower throat velocities exhibited insignificant dif-
ferences. The observation was associated with the space in
the throat area and the pressure drop scale. A smaller throat
diameter resulted in a greater decrease in pressure, causing
the bubble to expand larger than bubbles in a d,;, =6 mm
throat diameter, even at the same throat velocity. As the
velocity of the throat increased, both tubes showed a nota-
ble shift in the void fraction peak. Referring to Fig. 11 a)
(iv) and b)(iv), the void fraction peak of both tubes was
observed to be in the same range. This was due to the space
constraint that inhibits the expansion of the bubble, espe-
cially for dy, =4 mm.

3.3 Cavitation number
In order to further analyze the result associated with the

cavitation phenomenon, a dimensionless number called
cavitation number was utilized as presented in Eq. (4),
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where P stands for the pressure downstream near the
outlet and P, represents the saturated vapor pressure at 7,
while p and U, are the liquid density and the local veloc-
ity, respectively. The equation for the velocity was pre-
sented in Eq. (5). It was derived from the conservation of
mass where the mass flow rate through a tube was assumed
to be constant. Q; was the liquid flow rate, a, was the local
void fraction retrieved from the void fraction measurement
result, and A_ was the tube cross-sectional area. Figure 12
demonstrates the cavitation number changes throughout
the Venturi tube where velocity calculation using void
fraction result was applied. The cavitation number calcu-
lation point was at the throat area where z=2 mm.
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The interesting point to note in Fig. 12 was how the
velocity scattered between the range of 10-30 m/s
although the preliminary calculation for the experiment
condition setup ranged between 10 and 25 m/s. As the
calculation of the velocity in the graph considered void
fraction result retrieved from measurement data, this sug-
gested that the aerated air greatly affected the flowing fluid
velocity. As seen in the graph, for both tubes, the cavita-
tion number decreased along with the increase in velocity.
The trend of reduction was also observed to be similar.

Next, Fig. 13 shows the result of different airflow ratios
toward the cavitation number of the different throat-diameter
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Fig. 12 Changes of cavitation with throat velocity calculated with
consideration of void fraction inside the tube
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throat velocity

Venturi tubes. In the non-cavitated single-phase flow (by
referring to the visualization result of the single-phase in
Fig. 8), increasing the airflow ratio decreased the cavitation
number. The trend proposed that the injection of air into a
non-cavitated flow, with a condition that the liquid flow rate
was maintained constant, triggered the cavitation phenom-
enon The cavitation existed as a traveling cavitated bubble
as shown in Fig. 10.

These cavitated bubbles on the surface of the main bub-
bles are believed to trigger the generation of smaller bubbles
during the collapse of the bigger bubble. Brennen (2002)
mentioned that in a bubbly cavitating flow, smaller size bub-
bles grow explosively when they go through a low-pressure
environment and collapse as they flow out into a higher-
pressure environment (Brennen 2002). As the main bubble
collapse together with the cavitated bubble, the generation
of smaller microbubbles could be achieved. In order to prove
our theory, the relationship between the cavitation number
and the generated bubble sizes will be discussed further in
Microbubble distribution.

However in a cavitated single-phase flow (by referring to
the visualization result of the single-phase in Fig. 8), espe-
cially a fully developed cavitated flow, an increase in airflow
ratio did not contribute further drop to the cavitation num-
ber. It was suggested that in a fully developed single-phase
cavitated flow, injection of air while maintaining the liquid
flow rate has no significant effect on the cavitation phenom-
enon as the phenomenon has been fully developed.

Next, the pressure loss coefficient was calculated based on
Eq. (6), and the result is presented in Fig. 14. As observed,
when the cavitation decreased further after a certain cavita-
tion number, the pressure loss started to increase signifi-
cantly. The trend for both tubes was somehow similar, but
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Fig. 14 Changes of cavitation number with pressure loss

the lower cavitation number cases for dy, =4 mm outnum-
bered d;, =6 mm. The explanation for this result was sug-
gested by Fig. 12 where aeration affected the fluid velocity
in the tube and higher fluid velocity caused greater pres-
sure drop and contributed to a lower cavitation number. The
lower cavitation number for dy, =4 mm also suggested that
aeration promoted the cavitation phenomenon earlier in the
smaller throat-diameter Venturi tube.

P, —P

Lo= _m —out

(6)

! 2
5PLVih

3.4 Microbubbles distribution

As the main purpose of the Venturi tube was to generate
microbubbles, the generated bubbles distribution was then
analyzed in regard to the flow condition. Considering all
flow conditions, the result of the generated bubbles is pre-
sented in Fig. 15. As can be observed from the graph, the
bubble distribution results concentrated around the diameter
of 0.2 mm and below.

To further investigate the relationship between cavita-
tion number and generated microbubbles, the Sauter mean
diameter (SMD) of generated microbubbles was calculated
with Eq. (7), and the result is presented in Fig. 16. The SMD
was calculated considering all bubbles identified through the
image processing method mentioned in Sect. 2.2. Different
throat velocities were represented with different symbols
(indicated in the graph in black color), while the different
airflow ratio was differentiated with different marks inside
the symbols. The result for j;, =10 m/s was not included in
this result as cavitation was not prominent in the flow.
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As mentioned in Sect. 3.3, the cavitation number
decreased with the increase in velocity. Increasing the
airflow ratio under the same flow velocity intensified the
cavitation occurrence. Nonetheless, referring to Fig. 16,
although the cavitation number at the throat tends to
become smaller with a higher airflow ratio for almost all
conditions, the SMD result demonstrated a contradicting
trend. As the airflow ratio for each flow increased, the
bubbles SMD were bigger regardless of the cavitation
number. Observing the result in terms of different throat

@ Springer

diameters provides a different perspective. For the two
highest velocities, the SMD was smaller for d;;, =4 mm at
the lowest airflow ratio, but the trend turned over when the
airflow ratio increased.

Next, the probability density function (PDF) of gen-
erated microbubbles for a diameter of less than 0.2 mm,
under different flow conditions, is presented in Fig. 17.
Bubbles less than 0.2 mm were given focus in this result
to evaluate the generation of microbubbles under each dif-
ferent flow condition.

In general, the PDF for d; =4 mm was higher than
dy, =6 mm for all flow conditions. The bubble diam-
eter frequency has a higher concentration at a smaller
diameter for all conditions. Both tubes displayed a simi-
lar trend where increasing the fluid velocity resulted in
a lower PDF of smaller bubbles for the highest airflow
ratio, but the trend was more obvious for d,, =6 mm.
Observing the graph under each different throat velocity
revealed that under low throat velocity of (i) j;, =10 m/s,
the PDF increased with airflow ratio for both tubes. Nev-
ertheless, the trend was different at a throat velocity of
(ii) jiy, =15 m/s. Referring to Fig. 17 (a)(ii), the PDF was
slightly higher at a smaller diameter for the highest airflow
ratio but was at the same level for the other two lower air-
flow ratios. In contrast, Fig. 17 (b)(ii) illustrates that the
PDF for two higher airflow ratios was at the same level,
while the lowest airflow ratio resulted in a lower PDF of
smaller bubbles. d;, =6 mm exhibited the same trend for
the flow condition of (iii) j;, =20 m/s and (iv) j,, =25 m/s,
whereas the trend for d,;,, =4 mm slightly changed at (iv)
Jim=25 m/s. Although the relationship between the gen-
erated microbubbles with flow conditions did not seem
to be straightforward, we believe that cavitation plays an
important role in the production of smaller microbub-
bles as reduced throat diameter produced a higher PDF
of microbubbles.

These findings suggested that the tendency of bubble
distributions for less than 0.2 mm microbubbles and the
tendency for SMD were different for aerated Venturi tubes.
Reducing the throat diameter promoted the production of
smaller bubbles, where higher velocity of fluid with mini-
mum airflow ratio is favorable.

This occurs because a Venturi tube with a smaller throat
diameter creates a higher-pressure difference between the
outlet and the throat, leading to greater pressure loss. As
shown in Fig. 14, cavitation became more effective as the
pressure loss increased significantly. This loss transforms
into high-pressure pulsations, which then impacts nearby
bubbles, resulting in the formation of more, smaller bub-
bles in a smaller throat Venturi tube. This discovery will
assist researchers in tailoring bubble generation, whether
based on average size or distribution.
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4 Conclusion

In this investigation, the aim was to investigate the cavitation
number changes in aerated Venturi tube as we reduced the
throat diameter and the effects of cavitation number on the
generated microbubbles. Visualization of flow, the result for
pressure, and void fraction along the tube of both different
throat sizes were compared and analyzed. The microbubbles
produced especially below 0.2 mm in diameter by both tubes
were also evaluated. The following conclusion was suggested.

1. The visualization result revealed that in present experi-
ment range, reducing the throat diameter triggered the
occurrence of the cavitation phenomenon earlier even at
the same throat velocity.

2. Aeration done in this experiment decreased the cavi-
tation number significantly for a non-cavitated single-
phase flow but did not contribute much to a fully devel-
oped cavitated single-phase flow.

3. In an aerated flow condition for both tubes, cavita-
tion existed as traveling bubble cavitation. Increasing
the velocity of the flow caused the traveling bubble to
expand, and cavity existed as instabilities on the bub-
ble’s surface. In the present study, reducing the throat
size Venturi tube resulted in higher PDF of bubbles less
than 0.2 mm in diameter either for cavitated flow condi-
tions or non-cavitated flow conditions.

4. The result of the cavitation number effects on the SMD
was not prominent in this study compared to the effect
of flow velocity on the SMD. Higher velocity produces
smaller bubbles, while a higher airflow ratio increases
the sizes of the bubbles, on average.
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