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ARTICLE INFO ABSTRACT

Keywords: This experimental study investigated how changes in the water flow rate affected the number and
M%CYObUbble size of microbubbles using venturi with equal entry and exit angles of 30°. The water flow rate
Microbubble generator ranged between 10 and 18 m®/h . Photos of microbubbles were taken with a digital camera in a
Venturi . . . e . .

Entrv anele visualized section that was specifically installed to store a certain amount of water to measure
Exit );ngli microbubble size and the number of microbubbles. The experimental results indicated that when

the water flow rate increased, the airflow rate also increased. The microbubble size tended to
decrease when the water flow rate increased; the sizes obtained were in the range of 50-130um.
The amount of air bubbles tended to increase when the water flow rate increased.

1. Introduction

Microbubbles can be used diversely in daily life, for example, for treatment of wastewater at the community or larger-than-
community level, addition of oxygen in wastewater and so on.

A microbubble is a tiny air bubble with a diameter of 5-200 pm. Microbubbles have a large contact surface that helps in trapping
dirt. Compared with bubbles that have a larger-than-micrometer-level diameter, microbubbles have a lower buoyant force that slows
down their buoyant speed. Lee et al. [1] studied the size of microbubbles created from a venturi nozzle with various entry and exit
angles. They adjusted both angles in five steps — 15, 22, 30, 38, and 45° - to find the bubble size at each angle. The water flow rate used
ranged from 140 to 300 LPM to study airflow rate, pressure drop, and bubble size. Their findings revealed that entry and exit angles
were significant variables. The entry angle had no effect on bubble size but directly affected air suction into the venturi. On the other
hand, the exit angle was a major factor in changes of bubble size. They found that the bubble’s diameter decreased when the exit angle
increased to more than 30°. When the water flow rate was in the range of 260-300 LPM, the bubble’s diameter would decrease when
the exit angle was over 30°. Hence, they concluded that 30° was the best exit angle for the venturi in terms of pressure drop and airflow
rate. The exit angle of 30° could also be used in experiments to determine bubble size. Later, Li et al. [2] extended the previous
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experiment by studying how new variables affected the microbubble size.Their experimental variables focused on the physical shape of
a venturi-type bubble generator. In their first experiment, they adjusted the diameter of the inlet air hole to 1, 1.5, 2, 2.5, and 3 mm. In
the second experiment, they adjusted the number of inlet air holes to 1, 2, and 4 holes. In the last experiment, they adjusted the venturi
outlet angle to 7.5, 10, and 12.5°. The control variables were airflow rate in the range of 0.005-0.1 m3/h and water flow rate in the
range of 5-20 m>/h. They concluded from their experimental results that the diameter and number of inlet air holes had no influence
on the microbubble size. On the contrary, the microbubble size would inversely vary with the venturi exit angle. Gordiychuk et al. [3]
also studied variables that affect the size of microbubbles by simulating a venturi-type microbubble generator with independent
variables of a water flow rate between 13 and 30 LPM, air flow rate between 0.0003 and 0.002 LPM, and air inlet diameter of 0.2-1.5
mm, and then capturing images. Their results indicated that the microbubble size inversely varied with the water flow rate but directly
varied with the airflow rate, whereas the air inlet size had no effect. Yin et al. [4] conducted an experiment with venturi-type bubble
generation to evaluate the distribution of bubble size in turbulent flow. The relationship between bubble size, surface tension coef-
ficient, and Reynolds number were investigated. Wang et al. [5] conducted an experiment with a novel swirl-venturi microbubble
generator. Three different breakup characteristics could be detected.

Fujiwara et al. [6] proposed a technique for producing microbubbles using a converging-diverging nozzle. Their objective was to
explain the effects of flow velocity at the throat on the bubble behaviour. Vilaida et al. [7] focused on the settings of an apparatus to
find a suitable air-to-water ratio for the best microbubble generation for various sizes of venturi: 3, 4, and 5 mm. Microbubbles were
also used to treat wastewater in a community. They found that the venturi with a throat diameter of 3 mm could generate more
microbubbles than tubes of other sizes could. Afisna et al. [8] studied a porous-venturi microbubble generator with a 30-degree inlet
angle and 20-degree outlet angle. Bubble distribution was measured using a Phantom Control camera. Data were analyzed with
MATLAB, whereas the efficiency of the microbubble generator was determined. Liew et al. [9] evaluated the efficiency of aeration
using a porous venturi-orifice bubble generator. Increasing water flow through the venturi and orifice ring reduced pressure and later
increased cavitation.

Swart et al. [10] studied microbubble behavior generated by a turbine pump. The study was done with a microbubble size of
50-150 um. It was concluded that when the outlet pressure of the pump decreased from 0.4 to 0.2 MPa, the average microbubble size
would increase from 86 to 129 um.

Suwartha et al. [11] analyzed the effects of size change on the mass transfer coefficient and rising velocity. It was found that the
mass transfer coefficient increased with a decreasing microbubble diameter.

Bhadran et al. [12] used a micro-venturi tube to generate controlled monodispersed bubbles in a micro-venturi tube. The venturi
tube was 40 um deep. The experimental findings revealed that microbubble size was not limited by the size of the micro-venturi
channel. Changes in the bubble size and bubble velocity varied according to the flow parameters.

Previous experiments (Lee et al. [1]) revealed that at a fixed entry angle (o) of 15° and varying exit angles (p) of 15, 22, 30, 38, and
45°, the B of 30° yielded the highest amount of sucked-in air at the same water flow rate, and they found that the a does not directly
affect bubble size. Thus, in the present study, the venturi with equal a and p of 30° was chosen for ease of design and to create
micron-sized microbubbles. Five water flow rates were used (10, 12, 14, 16, and 18 m®/h) to determine the number of bubbles and
bubble size.

2. Experimental apparatus and procedure

The apparatus is shown in Fig. 1. The operation started when the pump pumped water from the reservoir up to the rotameter with a
valve to adjust the flow rate [1,13]. The flow rate of water sent to the venturi was first fixed to a certain level. The flow rate of air
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Fig. 1. Schematic of the experimental apparatus.



K. Sakamatapan et al. Case Studies in Thermal Engineering 27 (2021) 101238

o 4~ e
TN 10.00, ‘{G\L\l
& l \ el \o.
Water o Water o
8_ Inlet 8 Outlet .:r
38 ¢ 0
Q. 1SS ©
0 2.00
40.47 47.07 40.47

Fig. 2. Schematic of the venturi.

(b)

(c) (d)

Fig. 3. Postprocessing for determining the sizes of the microbubbles. (a) Raw image (b) Separating the raw image into three parts (c) Converting to
8-bit type (B/W monotone), strengthening the contrast, and erasing the residual pixels, (d) Converting to black and white.

sucked into the venturi was detected by a rotameter (2% full scale accuracy). Next, water with air bubbles formed would move to the
water tank and further to the visualized section for photos to be taken and used for later measurement of microbubble size. After that,
the remaining water was sent back to the reservoir.

Fig. 2 shows the venturi used in the present study. The entry (a) and exit (§) angles are 30°. When the venturi received water from
the pump, water would flow through the venturi’s throat, whereas the installed air tube sucked air into it. This is because the inside of
the venturi has lower air pressure than the outside. In venturi, when the cross-sectional area was expanded, the pressure would recover
and force to break air bubbles into micrometer-sized bubbles. The measurement of microbubble size was done using a digital camera to
take photos through a clear acrylic box partially containing water. After photographing, photos were fed into an image-processing
program (ImageJ) to measure bubble size (see Fig. 3).

First, the photo was divided into three parts, and image scales were set to determine bubble size. Then, the images were converted
into 8-bit type to subtract the color and background so that the bubbles would be clearly seen. After subtracting the background, if the



K. Sakamatapan et al. Case Studies in Thermal Engineering 27 (2021) 101238

8
a
7 i
A
& A ®
O
9N 5 A
@
"é‘ @
= 44 A
2 A
P @
X .y
A 4 ® Present results (a=30°, p=30°)
2 ¥ A Leeetad[1] @=15°, p=30°)
1 T T T T T
8 10 12 14 16 18 20

Water flow rate ( m?® /h)

Fig. 4. Air flow rate and water flow rate obtained from the present study and literature.
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Fig. 5. Size of microbubbles visualized from three locations at various water flow rates.
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Fig. 7. Relationship between the size of the bubble and water flow rate.
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Fig. 8. The number of bubbles at various bubble sizes for water flow rates of
()10 m®/h, (b) 12 m®/h, (c) 14 m®/h (d) 16 m®/h and (e) 18.m>/h

images were still unclear in parts that did not include bubbles, the images’ brightness/contrast was adjusted to eliminate the residual
pixels. Then, the threshold was adjusted to make the microbubbles clearer and eliminate more residual pixels. Next, all bubble areas
could be measured, and results from all three photos would be calculated for average value.

3. Result and discussion

In this experiment, the water flow rate used ranged from 10 m%/h to 18 m3/h, with a 2 m3/h increment at each level. This led to
various corresponding air flow rates, as shown in Fig. 4. When compared with the data obtained from the study of Lee et al. [1], who
used venturi with a 15-degree entry angle and 30-degree exit angle, it can be seen that the air flow rate obtained from Lee et al. [1] was
higher at the same water flow rate. As shown in Fig. 5, when the water flow rate increased, the microbubble size decreased, with the
largest bubble size (120-130 pm) at the water flow rate of 10 m®/h and the smallest bubble size (100 pm) at the water flow rate of 18
m®/h. When the water flow rate increases, equivalently with an increase in the flow velocity, the inertia effect increases [14]. By
overcoming the surface tension effect [15], this dominating inertia effect leads to a decrease in the bubble diameter. Results from
photos taken at all three locations also showed the same trend. The amount of microbubbles also increased when the water flow rate
increased. The lowest amount of microbubbles was 50-70 at a water flow rate of 10 m®/h. The highest amount of microbubbles of
270-320 was obtained at 18 m®/h . The amount of microbubbles measured from photos taken from three different angles showed a
similar trend, as seen in Fig. 6. The size of microbubbles in the study of Lee et al. [1] was larger at a water flow rate lower than 18 m®/ h
and became smaller at the water flow rate of 18m?/h, as shown in Fig. 7.

Results from measuring the number of microbubbles that occurred in the water flow rate range of 10-18 m®/h indicated that, at the
lowest water flow rate, there was a small number of small microbubbles, with the smallest size of 80-89 ym. Our observation can be
explained as follows: as the water flow rate increases, the flow velocity also increases. The higher flow velocity is suggestive of a
relatively stronger inertia effect being acting during the bubble generation phenomenon. In particular, the stronger inertia surpasses
the surface tension effect following the viscous shearing effect [16], which is responsible for the bubble generation, and this results in a
reduction in the size of the bubble. At the maximum water flow rate, there were more small-sized microbubbles, with the smallest size
of 50-59 um. It was found that there was a distribution of various microbubble sizes at a certain level of the water flow rate. However,
the trend showed there was a more small-sized microbubble at higher water flow rates than at lower ones, as shown in Fig. 8.

4. Conclusion

The water flow rate used was in the range of 10-18m?>/h because previous experiments demonstrated that the air was not sucked in
when the water flow rate was below 10 m3/h. The experimental results showed that the air flow rate increased and the microbubble
diameter decreased with an increasing water flow rate. When the airflow rate increased, the greater amount of sucked-in air would
create more microbubbles. The results also showed that when the water flow rate was at 16 and 18 m®/h, there was very little dif-
ference in terms of microbubble diameter. Considering size distribution, the smallest-sized microbubble obtained in the experiment
was 50 ym.
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