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ABSTRACT. This paper presents an image-processing-based model for calculating the interfacial-area concentration (IAC) of a low-
pressure microbubble (LPMB) scrubber, which facilitates the determination of operational conditions of the scrubber via flow-pattern
analysis. The LPMB scrubber maximizes the interfacial area of two-phase systems using the bubbly flow. Microbubbles have received
attention due to their microscopic sizes, high residence time, and high mass-transfer efficiency. The LPMB scrubber maintains a negative
outlet pressure to generate gas flow, which in turn generates microbubbles interrupting gas flow with three blocking plates in the atomizer.
This gas flow generates a bubbly flux with different bubble sizes. To obtain bubble characteristics, we analyzed 20 atomizer images
where this complex flux occurs. Bubble size, number of bubbles, gas void fraction, and IAC were calculated using an Open-CV Python
algorithm. To validate the most appropriate bubble flow patterns, case studies were conducted at pressure difference of 240, 360, and
450 mmAg. The 360 mmAq condition had the lowest percentage of bubbles smaller than 50 pm, but the total number of bubbles, void
fraction, and IAC were the highest. The results obtained in this study confirm that using an LPMB scrubber in an oxidizing solution
facilitates reductions of 92.6, 93.9, and 99.9% in NOx, SOx, and dust, respectively. These results could be used to validate the bubble

reactivity of other two-phase systems intended for commercial and practical applications.
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1. Introduction

Microbubble technology is widely used in industrial appli-
cations, such as water treatment (Agarwal et al., 2011; Khuntia
et al., 2012), bioreactors (AL-Mashhadani et al., 2015), poly-
mers (Yap et al., 2014), petroleum plants (Telmadarreie et al.,
2016), healthcare (Hernot and Klibanov, 2008), and chemical
purification (Etchepare et al., 2017), because of the high mix-
ing and mass-transfer efficiencies of the microbubble reactions.
Furthermore, microbubbles have become the preferred choice
for several industrial applications because of their peculiar cha-
racteristics of large gas-liquid interface areas (Zhang et al., 20-
15), high residence time in liquids (Hernandez-Alvarado et al.,
2017), and high mass-transfer efficiency in gaseous and liquid
phases (Muroyama et al., 2013).

Various researchers have attempted to demonstrate the
characteristics of the bubble flow field. For example, Takaha-
shi et al. (2007) studied the production of free radicals when
the microbubbles collapse. AL-Mashhadani et al. (2015) obser-
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ved microbubbles in a bubble reactor and verified their chara-
cteristics using computational fluid dynamics. In addition, the
mass transfer performance of microbubbles was investigated
by Takahashi (2005). Some researchers have investigated bub-
ble effects for measuring parameters in stirring vessels (Laak-
konen et al., 2005) or measuring the interfacial area in a bubble
column (Maceiras et al., 2010), whereas others mainly employ-
ed probe-based or image-processing methods to identify these
characteristics (Zhao et al., 2005).

It is well known that two-phase systems dominated by mi-
crobubbles possess higher interfacial areas, mass-transfer coef-
ficients, and residence time than those dominated by large bub-
bles. In such a system, simultaneously identifying the size of
the bubbles and their flow patterns is important. Therefore, many
studies have used bubble columns to investigate the bubble ef-
fect. Columns have simple structures, thus enabling easy inves-
tigation of bubble sizes and pattern analysis. By interpreting
these flow patterns, we can identify the desired bubble genera-
tion conditions. Pohorecki et al. (2001) performed experiments
under various conditions with high temperatures and pressures
in a bubble column. Mandal et al. (2005) measured gas holdup,
bubble size distribution (BSD), and interfacial-area concentra-
tion (IAC) in bubble columns. Similarly, numerous studies on
bubble generating methods have been published. Some authors
have reported the performance of specific bubble generators.
For example, Sadatomi et al. (2005) created a new microbubble
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generator with a spherical body in a tube-type device and con-
firmed its performance. Meanwhile, Gordiychuk et al. (2016)
determined the operational conditions for a Venturi-type bubble
generator by confirming various parameters. Kim et al. (2017)
investigated the effects of a swirling chamber and breaker disk
in a pressurized-dissolution-type microbubble generator. In ad-
dition, Kim et al. (2018) optimized an ejector-type microbubble
generator by adjusting the breaker disk distance. Furthermore,
the generation method that uses a breaker disk is very similar
to the system introduced in this study.

We are losing quality of life because of the recent contin-
uous atmospheric pollution. Many studies have pointed out air
pollutants such as NOx, SOx, and fine dust. Thus, a legal sys-
tem is being established to reduce air pollutants worldwide, and
research on air pollutants should be carried out in various ways.
We determined the operating conditions of the low-pressure
microbubble (LPMB) scrubber using image processing to meet
and exceed air pollutant emission standards. Although micro-
bubbles are used in various industries, little research on their
use in air pollutant removal exists. Conventional methods for
removing pollutants primarily involve wet scrubbing using a
low-efficiency water spray (Ashtari et al., 2016). Moreover, the
conventional bubble generation method is by using compressed
gas injection (Fujiwara et al., 2003), which results in significant
energy loss and increased risk of system corrosion (Kim et al.,
2011). However, the developed LPMB scrubber can be operat-
ed under low-pressure conditions using only a suction blower.
It is more economical than the compression method because
compressed air is generally one of the most expensive utilities
in industrial facilities (Dindorf, 2012). This LPMB scrubber is
a new technology; therefore, to use it commercially, its effect-
tiveness needs to be verified. In fact, this LPMB scrubber has
already been used to dramatically remove air pollutants in com-
mercial factories. However, the removal efficiency was un-
stable as it depended on the operational conditions, and the re-
moval efficiency stability is necessary to meet government em-
issions standards. Therefore, we conducted a study to address
this concern by maximizing the bubble effects. In this study,
we developed a method for determining the optimal operating
conditions of the industrial scale microbubble scrubber. In pre-
vious studies, researchers have measured the volume of flow
fields by adjusting the flow field size and determining the bub-

ble size and IAC only in lab-scale bubble systems. However, in
the industrial-scale microbubble scrubber, calculating the IAC
by conventional methods is impossible because the observa-
tion flow field is too large for defining the flow field volume
with ease. In this work, we developed a method for calculating
IAC in real-time by determining the flow field volume with a
three-dimensional concept using the camera focal distance and
derived optimal operating conditions of the LPMB scrubber
(Figure 1).

Accordingly, in this study, we investigated the principle of
bubble formation in an LPMB scrubber used in industrial appli-
cations and developed a model for determining its operational
conditions through immediate IAC comparisons. In Section 2,
we introduce the principles of the LPMB scrubber, experimen-
tal conditions, and method of measuring IAC. Section 3 pre-
sents the results of specific experiments and the appropriate op-
erational conditions of the LPMB scrubber through IAC com-
parisons. Section 4 summarizes the results and presents our ma-
in conclusions.

2. Materials and Methods

2.1. Actual Process Conditions

The LPMB system consists of four scrubbing stages, as
shown in Figure 2(a). The scrubber in each stage is connected
in series with the others, and the role of each stage is slightly
different. The first stage is responsible for the cooling of the
gas and adsorption of dust. In the second stage, the adsorption
of the remaining dust and oxidation of NO using oxidants are
achieved. Previous studies have shown that the proper adjust-
ment of pH is essential for both adsorption and absorption (Zhao
et al., 2019). Therefore, when pH increased, it was adjusted by
injecting sulfuric acid in the second stage. The third stage in-
volves dissolving SOx using NaOH and oxidizing the remain-
ing NO. The final stage involves dissolving NOx and any re-
maining SOx. Each scrubber has one gas suction blower with a
capacity of 10 Nm*/min and a maximum pressure difference
(AP) of 550 mmAq. The scrubber was operated at AP values of
240, 360, and 450 mmAg. Additionally, the third scrubber was
investigated mainly because it is primarily responsible for oxi-
dizing NO. Therefore, we investigated the generation of bub-
bles at different AP values to analyze the gas-oxidation effect.
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Figure 1. Summary of the overall research.
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Figure 2. Overview of the low-pressure microbubble (LPMB) scrubber; (a) Schematic of the LPMB scrubber system used
industrially and (b) LPMB scrubber and atomizer.
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Figure 3. Operating sequence of the LPMB scrubber.

This scrubber generates microbubbles in three steps. First,
the inside of the scrubber is filled with an oxidizing solution
below the atomizer, and negative pressure is maintained at the
outlet using a suction blower. Second, AP changes the solution
level in the scrubber, and the solution level rises to the height
of the blocking plates. In the last step, the rising gas flow and
blocking plates generate microbubbles as a complex bubbly
flow (Figure 2(b)). These blocking plates interrupt the gas flow
and break the rising large bubbles. The sequence of the scrub-
ber operation is presented in Figure 3.

In the experiment, a company, whose name is not mention-
ed owing to privacy issues, used this LPMB scrubber to self-
produce oxidizing solutions for removing fine dust-causing sub-
stances. This is a well-known method of oxidizing NO to NO;
and dissolving NOx (Sun et al., 2020). NO; is more soluble than
NO when oxidized. The oxidizing solution was mainly used in
the second, third, and fourth scrubbers. In addition, “Testo 350k”
and “Vario Plus Industrial” were used to measure the efficiency.
The removal efficiencies of NOx, SOx, and dust were measured
to be over 90%.
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2.2. Analysis of Microbubble Characteristics Using Image
Processing

2.2.1. Conditions for Capturing Images

The inside of the atomizer has bubbles of different sizes in
the flow. Microbubbles are distributed at a lower position in the
atomizer than large bubbles because of their small size (Figure
4). Therefore, an image of the bottom 1 cm of the atomizer was
captured to observe the features of the microbubbles. In addi-
tion, a Sony A7m3 DSLR camera and a Laowa 24 mm f/14
Probe lens were used to capture bubble images. The Laowa lens
is an LED-light-embedded lens that can easily capture tiny
structures. During experiments, microbubbles are generally ob-
served by placing an additional light source on the opposite
side (Burns et al., 1997; Yin et al., 2015; Prakash et al., 2020).
Observation is easy in such environments because of the shad-
ows cast on the bubbles. However, in our case, image extrac-
tion was performed in an actual industrial environment; conse-
quently, it was difficult to set the LED light on the opposite
side. Therefore, we created a bright environment by placing a
lens-LED light at the camera position.

Figure 4. Bubble-image extraction in the atomizer using a
DSLR camera.

2.2.2. Method for IAC Measurement

After the images were captured, image processing was
performed to determine several factors. We mainly used Open-
CV Python for image processing (Bradski, 2000). Python pro-
gramming was extensively used in this study because of the
availability of several ready-to-use libraries for working with
images and the ease of code adaptability to other programs
(Ivanov et al., 2019). Open-CV is a programming library com-
monly used for image processing that can be imported from
Python (Yang et al., 2018).

Almost all images contain image distortion errors because
of the physical lens properties of circular structures (Choi et al.,
2006). In industries that use images, research is being conduct-
ed on image correction to minimize such errors. However, in
this experiment, we overcame this problem by excluding areas
where image distortion errors appeared. Therefore, the image-
processing detection range was set to the center portion (1,000
% 1,000 pixels) of the image that was less distorted, as shown
in Figure 5.
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Figure 5. Condition setting for bubble size measurement.

The bubble detection algorithm includes four steps and
was designed based on the research by Ivanov et al. (2019). The
first step is Gaussian blur, and the second step is Canny edge
detection (Canny, 1986). The third step involves making con-
tours, and the final step is the process of extracting data. The
first step in image processing is to apply gray scale and Gaus-
sian blur to the image before applying the edge detection code
(Figure 6(b)). Generally, this is done before Canny edge detec-
tion because it dramatically reduces the noise in the original
image. The second step uses Canny edge detection (Figure 6
(c)). This step involves searching for the edge and finding the
vertical line perpendicular to the gradient line. The third step is
morphological transformation. This step identifies the shape by
separating the contours and simplifying, as shown in Figure 6
(d). The final step is image data extraction. Before extraction,
it is assumed that the microbubbles are spherical. Then, the Py-
thon algorithm can easily measure the size of the bubble con-
tour by drawing a circle. The radius and center are specified
based on the bubble contour size and position. The acquired ra-
dius data are defaulted based on the number of pixels. There-
fore, representative images are required to measure the actual
distance per pixel. This value is obtained by taking images at a
sharp edge distance. Figure 4 shows an image taken at a sharp
edge distance. In addition, the total number of bubbles and av-
erage bubble length were printed on the image to facilitate data
extraction (Figure 7). The data were extracted using the Python
code, and the bubble data were rearranged using another pro-
gram. In previous studies, researchers mainly focused on image
processing to extract and analyze bubble size data (Gaillard et
al., 2015). In our study, however, we present a methodology to
calculate IAC using the camera focal distance that can be deter-
mined from a particular bubble flow field.

IAC is one of the most important parameters for confirm-
ing the effect of active interfaces. In multiphase flow systems,
high interface areas have many advantages because there are
many opportunities for the two phases to interact with each oth-
er. In addition, research on the bubble column was conducted
by comparing the IAC measured here with that reported in pre-
vious studies (Mandal et al., 2005). Therefore, comparing IACs
is crucial for validating the effects of physical characteristics.
Generally, the IAC depends on the SMD and gas void fraction.
Therefore, the IAC value was calculated using Equation (1)
given by Nedeltchev et al. (2006):

6 yas
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(a) (b)

(c) (d)

Figure 6. Image-processing algorithm workflow for bubble-size measurement; (a) original image, (b) after Gaussian blur, (c)
Canny-edge detection, and (d) morphological transformation.

where ¢qas is the gas void fraction in the flow field, and ds; is
the SMD. The ¢gas, Which contains volume information, should
be determined to calculate the IAC based on Equation (1).
Therefore, a simple experiment was conducted to calculate the
gas void fraction, as shown in Figure 8.

Figure 7. Sample image-processing results for
bubble-size measurement.

To measure the distance detectable by the camera, a meth-

od of measuring the distance from the photographic sharpness
was considered (Murawski, 2015). First, the flow field volume

Minimum
detectable distance

High speed camera

Maximum detectable
distance

Image processing area (A;;)

was determined by measuring the focus depth distance of the
camera. This was an experiment that determined the correlation
of the volume information regarding the bubble image. The im-
ages were captured by adjusting the distance between the cam-
era and bubbles. When the edges of the bubbles are ambiguous,
the filming distance is called the maximum detectable distance
and minimum detectable distance. The volume in which the ca-
mera can observe bubbles is the camera detectable volume (Vcq),
which can be defined as follows:

Vcd = Dcd Aip (2)

In Equation (2), Aj is the image-processing detection ran-
ge described earlier, and Dcq is the distance between the bub-
bles that can be detected by the edge and camera lens. There-
fore, ¢qas Can be calculated as follows:

bo = Jo ©)

d

<

where Vy, is the total bubble volume of the flow field. Addi-
tionally, Vi, can be determined through the data for each bub-
ble volume extracted via image processing.

Camera detectable distance (D.4)

Sharp edge distance Volume of flow field

Figure 8. Schematic of the experiment to measure the volume of bubble flow field.
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Figure 11. Sample bubble images captured using a DSLR camera with a macro lens at AP of (a) 240, (b) 360, and (c) 450 mmAq.
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Figure 12. Bubble-size distributions in atomizer for AP of (a) 240, (b) 360, and (c) 450 mmAq.
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3. Results and Discussion

3.1. Bubble Generating Process in Atomizer

The LPMB scrubber generates bubbles mainly by inter-
rupting gas flow with blocking plates. However, the bubble for-
mation process occurs too quickly to be observed using a con-
ventional camera. Therefore, a DSLR camera was used to mon-
itor the bubble-breaking mechanism from the blocking plates.
Figure 9 shows that the breaking bubbles are dispersed into the
turbulent flow generated by the blocking plates (Chu et al.,
2019). As shown in Figure 9, O occurs when the turbulent flow
interacts with the first blocking plate, and @ represents the
second turbulent flow section that is caused by the two block-
ing plates placed over the first blocking plate.

Bubbles are also formed at the two-phase interface. In oth-
er words, the flow of large bubbles creates solution waves and
forms turbulence by interacting with the wall. This process is
shown in Figure 10. Therefore, the bubble formation mecha-
nism of the atomizer can be seen in three parts. In the first part,
fine bubbles are formed by turbulent flow near the blocking
plates. The fine bubbles generated in this process are dispersed,
but the remaining large bubbles rise. Second, bubbles are gen-
erated by turbulence at the point where they are far from the
blocking plates. Third, rising large gas voids splash the solution
liquid, which causes more turbulence at the edge of the at-
omizer. The three turbulent sections create a dominant bubbly
flow field.

3.2. Analysis of BSD Based on AP

Twenty images were taken in the image-capturing zone
with different AP conditions (Figure 2). An example of bubble
image is shown in Figure 11. The number of bubbles observed
in the images differs slightly.

The BSD was calculated based on the obtained data and is
determined as shown in Figure 12. When AP was 240 mmAq,
the frequency of the bubbles was concentrated in the range of
10 ~ 40 pm. The sum of the proportions in this range was more
than 50%. The most dominant bubble in the range of 20 ~ 30
pm was slightly larger than that of the 450 mmAq condition
because of the relatively low flow rate from the atomizer inlet.
It seems that this led to a weak turbulence and a low dispersion
of bubbles. However, under a AP of 360 mmAq, the BSD was
evenly distributed. Bubbles larger than 100 pm accounted for
more than 33% of the total number of bubbles. The proper lo-
cation with blocking plates and solution level made it easier to
form turbulence, and the large bubbles could stay in the liquid
for a long time. At a AP of 450 mmAq, the bubble frequency
between 10 and 20 pm was the highest, and the BSD exhibited
a right-skewed distribution. This demonstrated that at 450 mm
Ag, the fine bubble selectivity was higher than under other
conditions. The high inlet gas flow rate of the atomizer led to
gas turbulence and microbubble dispersion. However, the high-
ly formed solution level led to a lack of interaction with the
blocking plates. This interaction mainly caused large bubbles;
hence, only microbubbles that could stay for a long time existed
selectively (Loisy and Naso, 2017).

Figure 13 shows the number of microbubbles generated
for each AP condition and the bubble ratio of less than 50 pm
that had clear microbubble characteristics (Muroyama et al.,
2013). Information on the number of bubbles was extracted
from 20 images. The largest number of microbubbles was ob-
served when AP was 360 mmAgq. The results show that an in-
crease in AP was not completely proportional to the number of
bubbles. This is because a high AP causes a high solution level
from the blocking plates of the atomizer. This high solution lev-
el reduces the interaction of the gas-liquid interface flux with
the blocking plates. This results in a difference of approximate-
ly 50 mm in solution level for each AP, and it seems to maintain
the appropriate solution level. Figure 13 shows the ratio below
50 pum and the total number of bubbles observed in 20 images
under a difference in AP. Even though the ratio of bubbles be-
low 50 pm is the lowest in 360 mmAgq, the actual number of
bubbles is the highest in the same condition because many bub-
bles have been produced. Microbubbles can maintain a uniform
distribution within the flow field for a long time if they are
smaller than 50 pm. Therefore, a uniform micro-bubble distri-
bution can be determined under this condition.

1600 100%
1422 86% .
1400 A 0%
(401 bubbles) 80%
£ 1200
= 61% 70%
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# Number of total bubbles detected 4 Ratio below 50 um

Figure 13. Number and percentage of bubbles measuring less
than 50 um for different AP values.

3.3. Comparison between the SMDs of Bubbles

The sizes of the bubbles in multiphase flux are estimated
by measuring a single mean bubble diameter, which is called
the volume-surface mean diameter (Kowalczuk and Drzymala,
2016), ds2, or the SMD. The SMD is calculated using Equation
(4) (Prakash et al., 2018):

" nd?
d;, = % 4
i=1 1

where d; is the diameter of the bubble, and n; is the number of
each bubble, assuming the microbubbles have a spherical shape.
The bubbles were assumed spherical because Equation (4) was
derived by assuming a completely spherical shape in the SMD
calculation process. In addition, the SMD is required to deter-
mine the IAC. The SMD and IAC are inversely proportional,
as demonstrated by Equation (1).
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The SMD pattern is shown in Figure 14(a). It tends to in-
crease with AP. SMD was the largest at 450 mmAq because it
was affected by the occasional presence of large bubbles. It is
assumed that this proportional pattern is due to the large AP
flow rate of gas, which results in complex turbulence and in-
creases the residence time of large bubbles.

3.4. Comparison of Gas Void Fraction and IAC

The IAC was obtained using Equations (1), (2), and (3).
To utilize Equation (2), the camera detection distance was mea-
sured, and the results are shown in Figure 15. The images were
captured by adjusting the distance to 0.5 mm. D¢ was deter-
mined by finding a blurry point that was out of focus. The max-
imum and minimum detectable distances are the maximum and
minimum distances from and till which the bubble border is
clearly visible, respectively. The following results were deter-
mined using a camera detectable distance of approximately 1
mm. Additionally, Ai, was determined to be 9 <10-% m? because
a bubble was detected based on 1,000 x 1,000 pixels. Finally,
Ve Was calculated as 9 x107° m® based on Equation (2). Then,
the void fraction was calculated using Equation (3), and the
results are shown in Figure 14(b). This result is the average
void fraction of the 20 images. Generally, the number of bub-
bles and void fraction are not proportional. This is because a
high number of bubbles does not always indicate a high volume
of bubbles. However, there was a relatively large difference in
the number of bubbles; therefore, there was also a large dif-
ference in the void fraction. In addition, the void fraction tends
to increase when relatively large bubbles are included. There-

250 * 0.007
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fore, the highest void fraction was observed under 360 mmAg.

The calculated average I1AC values at different values of
AP in the LPMB scrubber are shown in Figure 14(c). The IAC
at AP 360 mmAq was more than eight times that obtained at
other AP (i.e., 240 and 450 mmAq) values. According to Equa-
tion (3), the void fraction and SMD are the factors that affect
the IAC. However, the SMD did not have a significant impact
on the results. Therefore, the IAC is determined bythe void frac-
tion within this LPMB scrubber. Figure 13 demonstrates a sim-
ilar trend in the number of bubbles as seen for the IAC in Figure
14(c). This trend results from the dominance of the number of
bubbles in the fluid field compared with other conditions.

By combining these results, it can be seen that the solution
level difference with the blocking plates affects the formation
of bubbles. Although it is difficult to determine a clear level in
the bubble flow, it can be determined indirectly by AP. There-
fore, the widest surfactant area was obtained at a AP of 360 mm
Ag, which can maximize the efficiency of the oxidizing solution.

3.5. Identification of NOx, SOx, and Dust-Removal
Efficiency in LPMB Scrubbers

The concentration of air pollutants was measured at Korea
Testing Laboratory (KTL) and Korea Testing & Research In-
stitute (KTR), which are authorized testing agencies in Korea.
The efficiency of air pollutant removal was confirmed at a AP
of 360 mmAg. The removal results measured the concentra-
tions of NOx, SOx, and dust in the final discharge pipe. In the
final discharge pipe, a gas passes through the LPMB scrubber
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Figure 14. Comparison between (a) Sauter mean diameters, (b) void fractions, and (c) interfacial-area concentrations for

different AP values.
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Figure 15. Photographic results used for determining the camera detectable distance.
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after being discharged from limestone-fired furnaces. The mea-
surement results are listed in Table 1. In addition, based on the
Atmospheric Environmental Conservation Act, the pollutant-
emission levels allowed by the Korean Government are less
than 60 and 100 ppm for NOx and SOx, respectively, and less
than 30 mg/Sm? for fine dust. As a result, when this LPMB
scrubber was used, the emission standards could be met.

Table 1. NOx, SOx, and Dust-removal Efficiency of LPMB
Scrubber under a AP of 360 mmAq

Removal
KLT KTR efficiency
Inlet 944.6 mg/Sm®  none
Dust Outlet 0.5 mg/ng3 none 99.9% (KTL)
NOx Inlet 90.5 ppm 1245 ppm  92.6% (KTL)
Outlet 6.7 ppm 35.0 ppm 71.9% (KTR)
SOy Inlet none 16.5 ppm 93.9% (KTR)
Outlet  none <1ppm '

In this study, we determined the appropriate operational
AP conditions by observing the bubble formation process of the
LPMB scrubber and measuring the bubble size using image
processing. It was confirmed that turbulence formed in the
three parts of the atomizer, and the dispersion of the microbub-
bles was also investigated. The LPMB scrubber in which the
IAC was the highest had a AP of 360 mmAgq. In addition, the
air pollutant removal efficiency under a AP of 360 mmAq was
greater than 90%. The LPMB scrubber removes air pollutants
by dissolving them; hence, a high air pollutant removal effi-
ciency suggests a high mass transfer efficiency (Cho and Choi,
2019). It seems that the measured pollutant removal efficiency
was high because of the high IAC value related to mass transfer
efficiency.

4, Conclusions

In this study, the bubble generation mechanism of an
LPMB scrubber and the bubble generation pattern correspond-
ing to different AP values were analyzed using image process-
ing. The LPMB scrubber is a system that uses a suction blower
to form a gas flow and generates bubbles in the atomizer con-
taining the blocking plates. Fine bubbles formed by interrupt-
ing the gas flow with blocking plates could be easily dispersed
in the scrubber, and they were widely distributed below the at-
omizer. We extracted 20 images at each AP (i.e., 240, 360, and
450 mmAq) conditions and observed the bubble flow inside the
LPMB scrubber. Python Open-CV functions were used for im-
age processing, and the bubble size was measured using a
Python algorithm. We calculated SMD and gas void fraction
values from the bubble size data and finally determined the
IAC using Equations (1), (2), (3), and (4). The SMD tended to
increase with AP. At a AP of 360 mmAqg, the ratio of bubbles
less than 50 pm was the lowest, and the gas void fraction was
calculated to be the highest. Another feature was that the BSD
at this AP (i.e., 360 mmAq) had a more evenly spread BSD
shape than that at other conditions and also had the highest
number of bubbles. In addition, a high AP led to an increased

solution level difference of the LPMB scrubber. These results
had a significant effect on the generation of bubbles at the ap-
propriate height of the solution and the location of the blocking
plates. Therefore, we observe that the IAC was more than eight
times higher at 360 mmAg than under other conditions. NOx,
SOx, and dust removal efficiencies were measured at this con-
dition of the highest IAC. Removal efficiencies for dust, NOx,
and SOx were measured as 99.9, 92.6, and 93.9%. Consequent-
ly, this scrubber met the pollutant-emission standards prescrib-
ed by the government.

In this study, we were able to identify the tendency of the
IAC according to difference of AP in the LPMB scrubber. This
result is expected to increase the operational efficiency of a pro-
cess if AP with the highest IAC is maintained. It is also expect-
ed that further research on detailed operational conditions, in-
cluding a case study on the effect of different inlet sizes of the
atomizer and the initial capacity of the solution, will increase
the efficiency of the LPMB scrubber.
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