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the column. This study aims to determine the impact of swirl gas injection on bubble
properties, including bubble shape, size, and velocity. A bubble detection approach
has been developed for quick and precise determination of bubble size distributions
in gas-liquid systems. Advanced digital image processing, including edge detection and
bubble edge recognition, is used in this method. The experiment is conducted in a
bubble column at a height of 57 cm and 61 cm. The column had a ring sparger and was
made of Plexiglas. Tap water was used as the liquid, while air from an air compressor

Keywords: was utilized as the gas phase. The shape, size, population, and velocity of the bubble
Swirl gas injection; bubble are measured using a high-speed digital camera. According to this study, the average
characteristics; bubble detection bubble size reduced as the impeller speed increased, while the population of bubbles
technique increased when the sparger rotation speed increased from 30 to 150 rpm.

1. Introduction

In a few decades, the motion of bubbles rising in liquids has been paying attention of researchers
because of the bubble’s fascinating variety of motion patterns and instabilities [1]. Bubbly flows
consist of gas bubbles (dispersed phase) within a carrier liquid (continuous phase) [2,3]. In two-phase
bubbly flows, bubbles have the shape of spheres, ellipsoids, or spherical caps, which they rise in
rectilinear, spiraling, zigzagging, or rocking motion depending on the characteristics of the system
such as bubble diameter and the properties of the liquid [4,5]. At the point where gas is injected into
a stagnant liquid, bubbles are formed and rapidly move upward due to buoyancy force [6]. As the
bubble size increases, the bubble shape changes from spherical to ellipsoidal and after that to a
spherical cap. There is three component cause bubble to break up, for example, instabilities of larger
bubbles, detaching the edges of larger bubble, and collisions between bubbles [7].
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The bubble will either reduce or increase in size due to coalescence or break up as it rises through
the column [8]. A few factors can affect the shape of the bubbles, such as fluid density, fluid viscosity,
surface tension, terminal gas velocity, gravitational acceleration, etc. This change in bubble size
occurs when the bubble is subjected to these external factors until the forces balance at the gas-fluid
interface.

Gas diffuser or sparger is another important device for developing multiphase flow as
dramatically dominates bubble size distribution and bubble rising velocity in the reactor [9]. The
swirling flow of gas and liquid is a well-known technique to improve mass transfer in bubble columns
[10]. Swirling flow can be generated by a variety of methods, such as injecting the gas through a
cyclone, spinning the column, or using a specialized nozzle [11]. Swirl gas injection is an effective way
to improve the hydrodynamics of a bubble column by introducing vorticity into the system. This can
have a significant effect on bubble characteristics, such as bubble size, shape, and residence time.
The introduction of a swirl, can help to reduce the bubble coalescence rate, decrease the gas holdup,
and increase the overall mass transfer efficiency. The swirling motion of the gas injection is also
beneficial, as it creates a more uniform distribution of the reactants and products throughout the
reactor, promoting better reaction efficiency. Finally, the dispersed nature of the bubbles in the
reactor allows for further homogenization of the reaction mixture, leading to improved reaction
selectivity.

In the experiments described herein, a high-speed camera was used to obtain the temporal
evolution of the flow fields in bubbly flows. The dispersion of gas into a liquid relies upon the bubble
size, and the distribution of the bubble possibly coalesces or breakup [12]. Bubble size can be
increased through coalescence, in which two or more bubbles come together. There are three
mechanisms of bubble coalescence such as bubble coalesce because of turbulence; different
bubbles’ sizes toward each other, and one of the bubbles being drawn into the wake of a preceding
one [7,13]. Buwa and Ranade [14] presented experimental data similar to that of Mudde (1997) et
al., [15] on the dynamics of gas-liquid flows using different sprayer configurations and different
liquids. Their results suggested that the bubble size distribution is the key parameter that controls
the dynamic characteristics of the bubble column. Hibiki et al., [16] and Sun et al., [17] developed a
double sensor probe based on the concept of interfacial area concentration, gas velocity and bubble
Sauter mean diameter in a 3-D bubble column.

The aim of this research is the characterization of the bubble in bubbly flow under the presence
of swirl sparging, i.e., presence of various rpm of sparger rotation in the range 30 to 150 rpm.
Achieving these objectives required the development of measurement techniques for bubble surface
oscillations; characterization of bubble interactions, and evaluation of the effect of gas sparging rate
and rotating speed. This required development of appropriate image processing techniques.

2. Methodology

This study was conducted in a 0.57 m diameter bubble column that was filled with water to a
depth of 0.50 m. The experimental setup is illustrated in Figure 1 and it consists of a ring sparger,
which was used to inject air into the column. The ring sparger has 190 holes with a diameter of 1mm,
and a thickness of 0.5mm. The column was operated at room temperature and the airflow rate was
varied from 0.063 g/s to 0.316 g/s.

Descriptions, development, and validation of methods are presented for techniques created or
adapted to characterize the bubble motion. The technique involves measuring the size and diameter
of bubbles, providing accurate data for analysis. This method is useful for a range of applications such
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as studying bubble formation, surface tension, and fluid dynamics. It is an efficient way to measure
the size and diameter of bubbles in liquids quickly and accurately. To investigate the bubbly flow
behaviour, a high-speed Charged — Coupled Device (CCD) camera was used and bubbly flow
visualization has been captured using a high-speed camera Phantom Camera V. 2.6. These techniques
involve the conversion of bubble images into the data structure, tracking of multiple moving bubbles
trajectory reconstruction, and bubble velocity measurements.

High speed

Fig. 1. Experimental setup for bubbly flow visualization

A high-speed camera is placed in front of the bubble column rig with a LED light on the other side
of the bubble column. Filter paper is stick on the opposite wall of the bubble column (in front of the
LED light) to avoid undesired reflections and refraction as much as possible. Then, the bubble column
with tap water until 50 cm height. Bubbles are released through the sparger and rise in the bubble
column at some time in the stagnant water. Then, the image of the bubble rise is captured at desired
height starting from the bottom of the bubble column. The focus lens of the camera is adjusted to
get a clear image. The high-speed camera is set at an 800-frame rate per second in full mode, with a
resolution of 1024 x 768 pixels. The images were then processed using image software or
programming to get data on bubble size and bubble velocity.

A high-speed digital video camera is employed for the measurement of the rise velocity, bubble
size and etc. The camera is fixed on a stand very close to the area of observation (~15 cm distance)
in such a way that the test area is located between the camera and an appropriate lighting system as
shown in Figure 1. The difference in gas flow rate and the rotation speed of the sparger was taken as
the reading. The images captured by the high-speed camera were processed in three steps, such as
image colour formatting, bubble detection, and measurement of bubble characteristics

The image captured is in colour format also known as RGB (red, green, and blue) images. RGB
format is extracted to construct the black and white image thus, the background image is subtracted
to eliminate the shadow image for further analysis. After the bubble image is deployed in grayscale
format, image processing software is used to identify and isolate individual bubbles. Bubble images
captured in RGB and grayscale are shown in Figure 2. These isolated bubbles were converted into a
data structure containing bubble geometric properties such as area, perimeter, the major axis, and a
minor axis, etc. From the shadow image, the contour of the bubble can be tracked accurately. The
image captured is processed by the software known as Matlab programming or software (Image J or
Image ProPlus). The image captured must be calibrated before processing to get an accurate
measurement.
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(a) (b)
Fig. 2. (a) raw image, RGB and (b) grayscale image

The bubble is detected by a different range of sizes (group, according to sizes). Then, the total
bubbles in the selected region are calculated to give a gas void fraction in that region. Gas void
fraction is measured from the ratio of the area of bubble cover in the captured image to the total
surface cover by the image captured. First, an image where the bubble to be tracked is calibrated
according to the real size of the images captured. Then, a single bubble is tracked at times, t1, and
the bubble was measured starting from the origin place, where the bubble starts to rise, shown in
Figure 3. Next, as bubbles move up, the images will move to the second time frame, the t2 image and
the distance of the bubble at t2 are measured. The bubble velocity, as it moves to point 2, is
calculated by measuring the difference between two bubble distances divided by the time interval
from t1 to t2. Each of the bubbles is tracked in the region at every image captured from a high-speed
camera using high-speed camera software (Phantom V.2) and also the Matlab program.

+

(a) (b)
Fig. 3. Bubble velocity measurement (a) bubble at t1 = 0.2 ms (b) bubble at t2 = 0.4 ms

Two end edge of the bubble is measured in horizontal and vertical distance as shown in Figure 4.
The equivalent diameter of the sphere bubble is calculated by the square root of horizontal diameter
and vertical diameter, whereas the ellipsoid bubble equivalent diameter and aspect ratio, AR is
obtained using the equation below [18]

deq = 2VaZb (1)
AR = (2)

where a is the vertical and b are horizontal distance.
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Fig. 4. Bubble edge detection

Based on the area of the region, the bubbles are divided into spherical bubbles, intermediate-size
bubbles, and large bubbles/clusters. Bubble information extraction: owing to the different sizes and
characteristics of bubbles in the images, a single universal approach cannot be used to extract the
size information of all the bubbles. Thus, a multilevel segmentation approach is suggested to extract
the maximum possible information from the images. Image segments of bubbles are created by
groups of bubbles and not by individual bubbles, such as when two or more bubbles overlap in the
image, they are detected as a large single bubble. This causes an error in measuring the size and
velocity distributions of the bubbles. However, overlapping bubble recognition techniques are
applied, which only measure the in-focus bubble and remove the bubble shadow. The image

processing of the bubble clusters is shown in Figure 5 and 6 below.

- Spherical bubble
—» -intermediate bubble
- large/ cluster bubble

Raw image — Binary image

Grayscale image (threshold adjusted) region

Fig. 5. Image processing techniques of large/cluster bubbles

Individual bubbles

All clusters after All clusters after fill
threshold holes

Cluster bubbles Individual bubbles

Fig. 6. Image processing of cluster bubble to form an individual bubble

All bubble in the
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Even though the photographic technique gives a direct measurement of the bubble, this
technique sometimes can be tedious since direct bubble measurement from the images is very time-
consuming, especially when a large bubble needs to be sampled. Zhu et al., [19] suggested that to
have reliable statistics of bubble sizes for a system with different sizes of bubbles when a few
thousand bubbles need to be sampled.

3. Results

Figure 7 shows images of the bubbly flow when the gas is injected into the column. Initially, most
of the bubbles have been trapped in the region aligned vertically up near the sparger region, after
sometimes bubbles are spread uniformly covering a larger portion of the whole column. The flow
pattern thus being visible in the column is like a bubble plume. Visual observations indicate that the
bubble size has decreased from 10 mm to 2 mm with an increase in impeller speed over the range
studied here (0 rpm - 150 rpm). By increasing the rotation speed of the sparger, the bubble moves
vigorously, thus making the regime highly dispersed and the bubbles move in a zig-zag motion due
to the increased water circulation in the column.

Orpm 30 rpm 60 rpm
90 rpm 120 rpm 150 rpm

Fig. 7. Bubble images at varied rpm at a constant gas rate (0.063 g/s air)

However, by increasing the gas flow rate the bubbles begin to grow in size and large bubbles
appear to coexist with the smaller ones as shown in Figure 8. The uprising bubbles begin to exhibit
also a reciprocating movement which retards their upward movement enhancing coalescence.
Increase in gas flow rate injection into the bubble column, coarser bubbles are immediately released
from the sparger’s hole because of high buoyancy and the bubbles face more resistance to move in
the upward direction as well as high residence time in the column. A presence of large bubbles,
formed by the coalescence of the small bubbles and bearing a higher rise velocity hence leading to
relatively lower gas holdup [20]. This results in more mixing caused by the interaction of phases and
hence an increase in mass transfer as well as an increase in the turbulence in the column. This leads
to anincrease in bubble migration to the surrounding liquid. The bubble's size is uniform as their size
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is almost similar and they move all together with little collision among bubbles and the liquid is
circulated by the bubbles. Bubble size can be increased through coalescence, in which two or more
bubbles come together. An increase in the sparger’s rotation speed yields a smaller bubble size due
to a decrease in surface tension.

0.063 g/s air 0.127 g/s air 0.190 g/s

0.253 g/s air 0.316 g/s air
Fig. 8. Bubble images at varies gas rate

From Figure 9, the results show that the bubble population is increase as the sparger rotating
speed increases from 90 rpm to 150 rpm at conventional gas injection. Besides that, the size of the
bubble also reduces as the rotating speed increase. As the rotating sparger speed increase to 150
rom, the bubble size is reduced from 12mm to 4 mm. Uniform bubble size distribution of small
bubbles may increase the gas holdup and mass transfer area in the bubble column [21]. The
population of the bubbles is higher as the sparger’s rotation speed increases due to the formation of
the bubble being uniform, with smaller bubbles. Besides that, the size of the bubble also reduces as
the rotating speed increases. As the rotating sparger speed increases to 150 rpm, the bubble size is
reduced from 12 mm to 4 mm. Uniform bubble size distribution of small bubbles may lead to an
increase in the void fraction that contributes to an enhanced interfacial area. The size of the bubble
region at which the turbulence intensity around the bubble is enlarged depends on the bubble
diameter. As the bubble diameter increases, the region of turbulence intensity also increases.

However, by increasing the gas flow rate shown in Figure 10, the bubble size has increased with
an increase in the bubble population. At a higher gas velocity due to the presence of large bubbles,
formed by the coalescence of the smaller bubbles and they exhibit a higher rise velocity, hence
leading to a relatively low gas void fraction. It is clearly stated that the bubble population increases
with an increase in gas flow rate. This is due to higher gas density, which results in lower bubble rise
velocities due to a decrease in buoyancy force and therefore larger residence times of bubbles.
Coalescence time is higher for bigger bubbles due to the larger number of bouncing oscillations and
at the higher velocity, the coalescence is rapid.
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Figure 11 shows the bubble rising velocity affected by the bubble size, where the results from this
work agreed well with the literature for an air-water system; bubble rising velocity increases as the
bubble size increases for conventional gas injection. This data is gathered by using Image) software
from bubbly flow image capturing. The values of swarm bubble rising velocity have similar trends but
were higher compared with the terminal velocity given by Clift (1978) et al., [22] and Talaia (2007) et
al., [23] for the isolated bubble with a diameter ranging from 1 mm to 10 mm. This can be explained
by the fact that the trailing bubbles in the wake of the leading bubble rise faster than isolated bubbles
due to drag reduction. Apart from that, for swirl gas injection at 90 rpm of sparger’s rotating speed,
the bubble size generated is about 3mm to 8mm compared to other conventional gas injection; the
bubble size produced varies in size up to 20 mm, depending on the operating conditions.

Furthermore, a large bubble has a high rising velocity because a larger bubble has a larger buoyant
force compared to a smaller bubble. The bubble rise velocity depends on the diameter, as the
diameter increases the air bubbles become flattened ellipsoids or oscillate from oblate to prolate
form. At a constant gas flow rate, by increasing the rotating speed from 90 — 150 rpm, the average
bubble velocity reduces as the velocity is easily dissipated to the surroundings far from the center
region of the bubble column. The average bubble rising velocity is higher in the center region of the
column, and it reduces as it is far from the center.

However, smaller bubbles have more migration distance than larger bubbles. As the sparger
rotating speed is increased, the dispersion distance of the bubble increases as the bubble moves to
the top of the column. At low rotating sparger speed, the sparger dragged the bubbles away from
the gas feed orifice into a spiral. Shear forces in the fluid surrounding the sparger distorted these
bubbles into a crescent shape. Bubbles on the periphery of the mixing area were pulled in toward
the centre and were swept into the sparger region.
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Fig. 9. Bubble population at conventional gas injection, 90 rpm, 120 rpm and 150 rpm sparging speed
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4. Conclusions

Swirling bubbles can enhance the mixing between air and water as well as give larger dispersion
of bubbles in the air-water system. From this study, the efficiency of the air-water mixing is increased,
thus giving knowledge that by inducing swirl bubbles in the flow, we can enhance the performance

of the bubbly flow process.
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