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Abstract: Bubble size and its distribution are the important parameters which have a direct impact
on mass transfer in bubble column reactors. For this, a new robust image processing technique
was presented for investigating hydrodynamic aspects and bubble behavior in real chemical or
biochemical processes. The experiments were performed in a small-scale bubble column. The study
was conducted for the wide range of clear liquid heights and superficial gas velocities. However, a
major challenge in image analysis techniques is identification of overlapping or cluster bubbles. This
problem can be overcome with the help of the proposed algorithm. In this respect, large numbers
of videos were recorded using a high-speed camera. Based on detailed experiments, the gas–liquid
dispersion area was divided into different zones. A foam region width was found as inversely
proportional to the clear liquid height. An entry region width was found as directly proportional to
the clear liquid height. Hydrodynamic parameters, including gas holdup, bubble size distribution,
and Sauter mean bubble diameter were evaluated and compared for different operating conditions.
The gas holdup was calculated from both height measurement and pixel intensity methods, and it
was found to be indirectly proportional to clear liquid height. Bubble sizes affect the bubble column
performance; therefore, bubbles are tracked to calculate the bubble size distribution. Experimental
results proved that the proposed scheme is robust.

Keywords: bubble column reactors; bubble size distribution; gas holdup; image processing technique;
multiphase system; hydrodynamics; MATLAB

1. Introduction

Bubble column reactors are contacting devices in which the gas phase is bubbled
through a liquid phase. Bubble columns (BCs) are often encountered as two-phase reactors
in various industries such as chemical, biochemical [1], petrochemical, and wastewater
treatment industries [1–3], etc. BCs gained attention for the intense mixing of gas and liquid
phases, and they have simple and economic construction and operation. To optimize and
control various processes, it is important to characterize the bed height. The existence of a
foam region at top of the dispersed bed is quite common in a BC.

Wide research is available in the literature regarding fluid dynamic features, i.e., gas
holdup and bubble characteristics affecting the performance of BCs. However, there is little
literature available related to foam characteristics in BCs. However, foam region width,
Wf, was not estimated, but the Electrical Capacitance Tomography approach was observed
as appropriate for the detection of local water fractions [4]. Variation of gas holdup with
superficial gas velocity, U, was reported for foaming systems [5].

Quantitative research was carried out using a pseudo-2D rectangular BC with dimen-
sions 0.05 m and 0.10 m [6]. The void size was in the range of 0.5–8 mm. The Wf was
calculated by pressure estimation at different axial positions. When U was in the range
between 0.006 and 0.44 ms−1, then Wf was evaluated according to Equation (1).

W f = 0.433U0.73 (1)
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Correlation (1) predicts that the value of Wf is enhanced monotonically with U. The
entry region width, We, was calculated using correlations (2) and (3).

We = 4.8− 4.8log(U), for F ≤ 0.1 (2)

We = −0.2− 4.8log(U), for F ≥ 0.1 (3)

where feature F can be expressed according to the following expression,

F =
aa

ac
(4)

For a perforated plate (PP)-type gas distributor, correlation (3) is appropriate.
An experimental study on foam region showed that Wf varies according to the physical

characteristics of the system, geometrical features, bubble size, temperature, T, and pressure,
P [7]. The foam region width was estimated by correlation (5), when gas was dispersed
through the highly viscous liquids in a BC.

W f = 2905
(

db
2

)
Ca−1

(
Fr
Re

)1.8
(5)

The Reynolds number, Froude number, and Capillary number can be defined as follows,

Re =
ρl

(
db
2

)(
U −U f

)
µl

(6)

Fr =

(
U −U f

)2(
gdb
2

) (7)

Ca =
µl

(
U −U f

)
σl

(8)

Uf can be calibrated by extrapolating values for the foam region width with U and
applied in correlations (6) to (8).

Image analysis of bubbles’ geometry and their path is accounted for as a direct but time-
consuming process, which motivates many researchers to employ efficient non-intrusive
image processing (IP) techniques for estimating hydrodynamic features [8] of BC reactors.
Commonly used non-intrusive IP techniques presented in state-of-art literature are given
as follows:

1. Bubble segmentation and reconstruction method [9].
2. Watershed segmentation technique [10,11].
3. Technique combining geometrical, optical, and topological operations [12].
4. Recursive technique [13].

The above-mentioned algorithms have been employed to analyze fast bubbling flow
videos. The bubble geometry, its vertical velocity, flow regime transition, and qualitative
characteristics, etc. are a few fluid dynamic features investigated in the state-of-art literature.

The bubble geometry and its path were computed with a fast camera applying the IP
technique. A recursive technique was proposed for concave point tracking. This technique
was evaluated for gas holdup less than 0.056 [13]. The shape of bubbles deflects from
being a perfect sphere in a bubble column. Therefore, the bubble shape is an important
parameter to evaluate. The bubble continuously deviates its geometry while traveling in
the gas–liquid dispersion area within the reactor. The shapes of bubbles can be defined
according to their aspect ratio, AR, which computes the degree of divergence from a perfect
sphere. Some of the correlations available in literature for the estimation of bubble diameter
under different operating conditions are presented in Table 1.
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Recently, many researchers implemented different non-intrusive IP methods for the
study of these features in a BC [14] since non-intrusive IP techniques are highly efficient
to extract the required information. Fluid dynamics in a small rectangular BC were in-
vestigated with the help of recording videos at the frequency of 500 fps for different U
(0.0005–0.004 ms−1) [15,16].

Table 1. Correlations for bubble diameter, d32, in bubble columns.

Investigator Correlation Remarks

[17] d32
D = 26Bo−0.5Ga−0.12Fr−0.12 d32 dec. with inc. in D

[18]

For 1 < Re < 10

d32 = 1.56
(

Re0.058
(

σd2
o

∆ρl g

)1/4
)

For 10 < Re < 2100

d32 = 0.32
(

Re0.425
(

σd2
o

∆ρl g

)1/4
)

For 4000 < Re < 70000

d32 = 100
(

Re0.4
(

σd2
o

∆ρl g

)1/4
)

[19]
db =


(

6doσ
ρl g

)4/3
+
(

81µl Qo
πgρl

)
+
(

135Q2
o

4π2g

)4/5


1/4

[20] db =
(

σ
ρl

)0.6( µl
µg

)0.1
(Uog)−0.4

[21] d32 = 0.289ρ−0.552
l µ−0.048

l σ0.442U−0.124

[22] db
do

=

[ (
5.0

Bo1.08
b

)
+ 9.261

(
Fr0.36

Ga0.39

)
+2.147Fr0.51

]1/3
At high Qo, db inc. with µl

[23] d32 = 1.658× 10−3U−0.12 d32 dec. with U

[24] d′b
D = 3.85 ∗ 102Fr0.7Ga−0.2Bo−0.3

[25] d32
D = 0.9

[
We0.95Re0.40Fr0.47

(
do
D

)0.55
]0.51

[26] d32
ds

= 12.5
[

We−15.87Re13.73Fr9.19
(

do
ds

)2.77
]

[27]
di = 2.19 ∗ 10−9doRe1.46

do
Eo−0.52

do
dm =

6.75 ∗ 10−6 σ2

gµ2
l

(
D

noδp

)0.47
Re0.34

di

dm inc. with Re and no, and dec. with δp

[28] d32
D = 0.35

[
We0.95Re0.40Fr0.47

(
do
D

)0.55
]0.09 d32 inc. with U,d32 inc. axially from

bottom to top

A bubble recognition method was applied for the tracing of individual bubbles. The
tracking was carried out by locating the bright spot at the center of the bubble. An IP
method was implemented to estimate terminal rise velocity, Ut, of individual bubbles as
well as their swarm in elastic liquids [29].

Another IP method had been presented for calculation of bubble size distribution,
BSD, in fast bubbling flows with large diameter range (4 mm to 120 mm) and different hole
fractions (0.02–0.7) [30]. The IP method categorizes bubbles into distinct groups according
to their shape and diameter. The intensity gradient was observed at the center of every
bubble. Therefore, overlapping groups of bubbles were segmented into single bubbles. The
suggested method was appropriate to study the bubble behavior of each bubble.

A broad BSD was observed at low U, whereas, at large U, the BSD was narrow [31].
On increasing the U, the BSD moved from small to larger bubble sizes. The variation
of bubble diameter is directly proportional to the height. The BSD was not significantly
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influenced by the variation of superficial liquid velocity. Increasing both pressure and
temperature resulted in the BSD moving from larger to smaller bubble sizes. However, BSD
is significantly influenced by liquid-phase properties [28]. At low U, bubble behavior was
highly affected by the experimental facility instead of the operating conditions [16]. When
internals are equipped in the reactor, the BSD is wider in comparison with a reactor in the
absence of internals [32]. The knowledge of BSD facilitates the estimation of flow regime
transition [33]. The convolutional neural network-based method was proposed with high
overlapping and gas holdup up to 20%. The experiments were performed with air and
different liquids in both 2D and 3D bubble columns [34].

The variation of BSD, AR, and the bubble alignment with U were investigated in an
annular gap BC under a homogeneous flow regime environment. The IP technique had
been applied to estimate U at which a transition from homogeneous to churn turbulent
(CT) flow regime took place.

The proposed work mainly focused on the development of an IP algorithm. The
algorithm was used to estimate the width of entry region and foam region with the help of
an IP method to process video. The algorithm was also built and trained to estimate the gas
holdup. Variations of foam region width, entry region width, and gas holdup with U and
clear liquid height, Hc, were also studied. Another IP technique was also built and trained
to recognize the overlapping clusters of bubbles and to estimate the BSD.

2. Proposed Scheme

The image analysis technique was applied to detect the bubbles present in different
zones. The image analysis algorithm written in MATLAB for measurement of bubble
hydrodynamics is presented in Figure 1. The frames from videos captured were extracted
and analyzed to evaluate different bubble hydrodynamic parameters. Contour was plotted
over original image to verify the correctness of the algorithm. There is a difference in
bubble frequency and its size in different zones. Every zone has a different mass transfer
and interfacial area. So, it is important to first identify different zones axially. The first
zone is the entry zone, i.e., the region near the gas distributor. Next is the fully developed
flow zone. Last is the foaming region, where a coalescence and breakup phenomenon takes
place. Afterwards, bubble characteristics were calculated in every zone. The effect of U and
Hc was investigated.
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Figure 1. Results of the image processing algorithm. Figure 1. Results of the image processing algorithm.

2.1. Experimental Setup

The experimental facility was a vertical column of rectangular cross section with
dimensions 0.37 m × 0.2 m × 0.02 m. A BC is generally constructed of two parts. One
part is a bubble generation portion and the second one is the bubble distribution part. The
portion of the column below the gas distributor is considered as bubble generation space.
Additionally, a portion of the column above the gas distributor is known as the bubble



Processes 2022, 10, 1660 5 of 16

distribution space. The configuration of the experimental setup is presented in Figure 2. It
was constructed of Perspex sheets. To ameliorate the erosion of the reactor wall and provide
effortless cleaning, the front and rear walls of the reactor were constructed using glass.
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Figure 2. Experimental setup.

The gas enters through a sparger so that uniform bubbling takes place. The PP-type
gas distributor was used. It consisted of 200 holes. Each hole has a size of 1.5 mm. Above
the PP-type gas distributor, glass beads of diameter 5 mm were packed up to a height of
0.05 m. A 200 mesh of stainless steel was assembled over the beads. The section filled with
glass beads performs the function of the calming section. The reactor was constructed with
a conical bottom below the sparger. Air was introduced through a compressor. A rotameter
was used to estimate its flowrate.

Bubbles are difficult to identify because they are transparent and the illumination
settings inside the reactor are challenging, which causes the bubble appearance to fluctuate.
That is why, for uniform illumination, light sources were equipped at the back of the rear
wall. After adjusting the camera location and by providing a proper rear light to the reactor,
even lighting in all the images was accomplished. The camera was set to capture videos at
the frequency of 120 fps and 400 fps.

2.2. Detection of Gas-Liquid Dispersion and Estimation of Bubble Characteristics

Air was introduced into the BC through a gas distributor and was dispersed through
water. The camera was turned on to capture videos at the rate of 120 fps. A large number
of videos were captured at various U and Hc. Experiments were conducted at room
temperature and atmospheric pressure. Some bubble clusters were present at large U.

The videos, once collected, were processed to extract useful information. For this
purpose, the IP technique was coded using MATLAB. The video was processed through
an IP method as discussed below. The processed imagse were examined to detect We,
Wf, and He and the values of these three zones were estimated. As the values of these
zones vary rapidly with time, an average of over 60 successive images were used for
further calculations. The gas holdup was calculated from the data of expanded gas–liquid
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dispersion height. The IP technique applied for the detection of different zones of gas–liquid
dispersion is shown in Figure 3.
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Figure 3. Steps for IP algorithm applied for detection of different zones of gas-liquid dispersion.

The rangefilt was applied to enhance the visibility of edges and contours of bubbles.
The imadjust function was used to enrich the contrast. The lowest 1% and the highest 1%
of pixel intensities were saturated by the imadjust function. For smoothing, the adapthisteq
function was used. Contrast enhancement limit 0.01 was considered for the adapthisteq
function. The graythresh function was used to calculate the threshold value.

Bi-level images obtained were used to derive information regarding the characteristics
of the air–water dispersion in the reactor. In a bi-level image, the white pixel represents
bubbles. Black pixels outside the bubbles represent water. Pixel intensity, PI, can be
described as follows.

PI =
white pixels at particular height above sparger
total pixels at particular height above sparger

(9)

The process for the detection of different gas–liquid dispersion zones is completely
independent of bubble geometry, but only depends on the IP method developed to achieve
phase identification.
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After the study of different gas–liquid dispersion zones, the study was carried out to
calculate the BSD and the effect of U and Hc on BSD. For this purpose, recordings were
carried out at a frequency of 400 fps.

Experiments were performed at different U and various clear liquid heights. The
IP technique was coded using MATLAB to examine the recordings. The bi-level image
acquired after applying the IP technique was utilized to estimate parameters regarding
bubble behavior. The IP algorithm applied for the estimation of bubble characteristics
is shown in Figure 4. The frame was extracted and cropped to contain the complete
bubbling bed. Then, the cropped frame was converted into a gray image and its contrast
was improved using the contrast limited adaptive histogram equalization method, as it
provides various adjusting parameters to enhance the image. Afterwards, the obtained
image was split into 28 parts. Then, each divided image was employed with a modified
watershed technique. The inbuilt ‘regionprop’ function of MATLAB was used to calculate
bubble characteristics.
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Figure 4. Steps for the IP algorithm applied for estimation of bubble characteristics.

3. Results

With the visual examination of the reactor, the existence of a foam region was observed
at the top. Some bubbles exploded at the top, escaping the air–water dispersion area, which
resulted in the entrainment of water above the gas–liquid dispersion. It was difficult to
estimate the value of Wf manually due to the rapid variation of gas–liquid dispersion
height. Even more challenging was identifying the entry region. This is because in the
entry region, there are many bubbles with small diameter, covering the maximum area.

3.1. Pixel Intensity in Vertical Direction

A grayscale image of the complete bubbling bed is presented in Figure 5a. After
applying an image processing technique, the reconstructed image is presented in Figure 5b.
The deviation of PI with height above the gas distributor for U equals 0.105 ms−1 and Hc
equals 0.145 m (corresponding to Figure 5a), as presented in Figure 5c. The lower portion
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of the bi-level image shows the region close to the gas distributor. At 0.37 m height, a low
PI was observed. It appears due to the entrainment of water after bursting of the bubble.
The top layer of the air–water dispersion was uneven. The height at which the last peak
was observed was considered as the value of He in every image.
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Figure 5. Image of gas–liquid dispersion in BC; (a) original image, (b) final bi-level image, (c) PI at
different positions above the gas sparger.

The deviation of PI with height is not smooth. It exhibited a rising profile above the
gas distributor. In most cases, a noticeable drop in PI was observed at a height equal to
0.04 m above the gas distributor. On visual observation, it was considered as the width
of the entry region. PI exhibited a rising profile with increasing height. At about 0.22 m
height above the gas distributor, there was a sudden drop in PI. It was again enhanced,
increased to its maxima, and then dropped. It was noticed in all the experiments, which
corresponded to the existence of a foam region. Due to an increase in bubble coalescence, a
foam layer formed at the top of the gas–liquid dispersion bed. During few experiments, a
small peak occurred again. This occurrence was resultant of bursting of air bubbles and
considered while predicting the value of He.

The deviation of PI with the height of the reactor at different values of Hc and various
U is shown in Figure 6. The profile is in qualitative accordance with that shown in Figure 5
for the complete range of U considered during experiments. The rise in PI at the bottom
of the reactor is gradual. The drop in PI at a height greater than 0.15 m became less sharp
with the rise in U. Beyond the expanded gas–liquid dispersion height, i.e., at H > He, the
PI reduced to a very small value, showing the absence of any bubbles. In the air–water
dispersion area below the foaming region, the maximum value of PI decreased with the
increase in U.
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3.2. Foam Region Width

The value of Wf was calculated from graphs of PI vs. height. Variation of Wf with
the U at Hc equal to 0.135 m is shown in Figure 7 and was compared with the models of
refs. [6] and [7]. While using correlation (4), U, at which the inception of foaming takes
place, was found by extrapolating data where Wf was equal to zero. The bubble size equal
to 4 mm was estimated photographically. Uf thus calculated was equal to 0.064 ms−1. Both
expressions present monotonically rising data of Wf. When U = 0.042 ms−1, our data is
in good agreement with the data estimated by both models of refs. [6] and [7]. Therefore,
the approach proposed to estimate the value of Wf is verified. Wf calculated according
to correlations 1 and 4 rose to 0.118 m and 0.132 m respectively at U = 0.168 ms−1. The
maximum value of Wf was found to be equal to 0.061 m at U = 0.126 ms−1. This may be
because the difference in bubble size corresponds to the variation of Wf at larger U. Wf was
found as highly significant to bubble size [7].

The impact of U and Hc on Wf was investigated and is shown in Figure 8. The Wf was
enhanced with rising U up to a value of U = 0.1 ms−1. On the further increase of U, the
value of Wf reduced. This trend is similar for the complete range of Hc considered in this
experimental study. The effect became less pronounced with the rise of clear liquid height.
This profile is not in agreement with the results of ref. [6], who observed that the value of
Wf was enhanced monotonically with rising U. The maximum Wf dropped with increasing
Hc. The value of Hc taken in the current study was half the value taken by ref. [6]. This
suggests that value of Wf may not obey the monotonic rising profile at small Hc.

The U at which the value of maximum Wf exists is equal to velocity up to which
uniform bubbling takes place, i.e., up to U less than 0.1 ms−1. When the uniform bubbling
flow pattern shifted to a CT flow pattern, the value of Wf dropped. The proposed study
did not include a large span of the CT flow regime. Small bubbles exist at low U; therefore,
bubble coalescence does not occur and bubbles exit from the reactor before it takes place.
At high U, bubble coalescence occurs. It corresponds to the development of large bubbles
which travel at high speed and get explode at top, escaping the air–water dispersion area.
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Due to this, the value of Wf reduced. The present study was conducted at a low Hc. Hence,
the proposed profile is appropriate for shallow beds only.
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3.3. Entry Region Width

The impact of Hc and U on We was investigated and is shown in Figure 9. The We was
directly proportional to the value of Hc. It increased up to U = 0.084 ms−1. On the further
increase of U, at low Hc, We did not change. It dropped at high U. The profile is similar for
the complete range of Hc considered in this experimental study. The present profile does
not obey the monotonic rise of the entry region as estimated by correlation (3).

3.4. Gas Holdup

Experimental values of gas holdup were calculated according to correlation (10).

ε =
(He − Hc)

He
(10)

where He is the average expanded gas–liquid dispersion height. Gas holdup was also
estimated according to PI of the bi-level image according to expression (11).

εpixel =
pixels occupied by bubbles

total pixels
(11)
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An agreement between gas holdup calibrated according to the height estimation
method and the PI method is shown in Figure 10a. At low gas holdup, data obtained from
both methods were in good agreement. It recognizes the absence of a cluster of bubbles,
or a very small number of bubble clusters were present. At large U, gas holdup increased,
making the number of bubble clusters considerable. Consequently, εpixel was less than ε.
When bubble clusters exist, the error is below 10%.

From bi-level images, εpixel was calculated. Then to calculate ε, εpixel was adjusted
according to the correlation coefficient. Variation of ε with U and Hc is shown in Figure 10b.

The ε is directly proportional to U. The rise is intense at low U. When U is higher than
transition velocity (U ≈ 0.1 ms−1), then bubble coalescence occurs and consequently the ε
rise is not as intense. ε was much larger than that calculated in the literature. It recognizes
the existence of a significant foam region.
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3.5. Bubble Size Distribution

The BSD at U = 0.0292 ms−1 and Hc equal to 0.24 m is shown in Figure 11. It was
challenging to identify very small bubbles (db < 0.002 m). It is worth noting that Nb reduced
smoothly with the rise in bubble diameter. It was noticed that most bubbles were 2 mm to
6 mm in size. This flow pattern can be described as a transition to a CT flow pattern.
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Figure 11. BSD at U = 0.0292 ms−1 and Hc = 0.24 m.

3.5.1. Effect of U on BSD

The variation of BSD with U is shown in Figure 12. It was noticed that the bubbles
were of non-uniform size. It is worth noting that there was no significant effect of U on
BSD. Nb was high for db equal to 2 mm. Nb smoothly reduced with the rise in bubble size.
The highest value of Nb at db equal to 2 mm reduced with the rise in U.
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Figure 12. Variation of BSD with U at Hc = 0.24 m.
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3.5.2. Effect of Hc on BSD

The BSD at U = 0.025 ms−1 for different values of Hc (0.20–0.28 m) is shown in
Figure 13. The BSD did not vary for the complete range of Hc considered in the present
experiments. Nb for small bubbles was observed to increase slightly with the rise in Hc. It
can be concluded that the effect of Hc on BSD is not significant.
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Figure 13. Variation of BSD with Hc at U = 0.025 ms−1.

3.6. Sauter-mean Bubble Diameter

From BSD, the value of Sauter mean bubble diameter was calculated by

d32 =
∑i d3

i

∑i d2
i

(12)

where di is the projected area equivalent diameter of a single bubble.
Variation of d32 as a function of U and Hc is presented in Figure 14. The values of d32

seem to be independent of Hc. Sauter mean diameter increased with increasing U. There
was little increase for U < 0.04 ms−1. Above this value of U there was a significant increase
in d32. It can be concluded that above U = 0.04 ms−1, bubble coalescence occurs.
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Figure 14. Variation of d32 as a function of U and Hc.

Data of ref. [33] also show that d32 increases with increasing U; however, the present
data are about 100% higher than their data, due to the use of a sintered porous plate as the
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gas distributor. Therefore, the size of bubbles formed at the sparger in their studies could
have been lower than that formed in the present studies.

Ref. [35] carried out numerical experiments and proposed the following equation for
d32 after validating the equation for seven organic solvents.

d32 = 0.289ρ−0.552µ−0.048σ0.442Ug
−0.124 (13)

Present values were compared with those predicted using Equation (13) and presented
in Figure 14. The predicted values of d32 were lower than the present experimental values
of d32. Equation (13) predicts bubble size to decrease with increasing U. Similar trends
were also discussed in literature by refs. [17,36]. This trend is contrary to the present trend.

The experimental results of ref. [37] are also presented in Figure 14. These values are
also lower than the present values. This may be because the hole diameter in the sparger in
their study was 0.001 m, which is lower than that used in the present study. If the bubble
coalescence or breakup phenomenon does not take place, then the bubble diameter in the
column will be approximately equal to that formed at the gas distributor.

4. Conclusions

This research concerned the identification of different gas–liquid dispersion zones and
the measurement of gas holdup, BSD, and Sauter man bubble diameter. A non-invasive
method, i.e., an image analysis technique, was proposed for determining different bed
zones and hydrodynamic parameters of the bubble column. The results were analyzed,
and it can be concluded that Wf showed maxima at U = 0.1 ms−1 and was less noticeable
at large Hc. We also showed a maximum at U = 0.1 ms−1. It was directly proportional to
Hc. The foaming region and the region near the gas distributor had an opposite behavior
with respect to Hc. εpixel deviated slightly from ε with the rise in U. εpixel were corrected to
obtain ε. Gas holdup was directly proportional to U at a given value of Hc. ε was indirectly
proportional to Hc. Nb was high for db equal to 2 mm. Nb smoothly reduced with the rise
in bubble size. The highest value of Nb at db equal to 2 mm reduced with the rise in U.
The number of small bubbles seemed to increase slightly with increasing Hc. The values
of Sauter mean bubble diameter increased with increasing U. There was little increase for
U < 0.04 ms−1. Above this value of U there was a significant increase in d32. It can be
concluded that above U = 0.04 ms−1, bubble coalescence occurs. The increase was greater in
the churn turbulent regime. Data of ref. [33] also showed that d32 increases with increasing
U; however, the present data are about 100% higher than their data due to the use of a
sintered porous plate as the gas distributor. Therefore, the size of bubbles formed at the
sparger in their studies could have been lower than that formed in the present studies.
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Nomenclature

aa aerated area containing all holes
ac cross-sectional area
AR aspect ratio
BC bubble column
BSD bubble size distribution
Bo Bond number
Ca Capillary number
CT churn turbulent
d32 Sauter mean bubble diameter
db diameter of bubbles
D Column diameter, m
do Sparger hole diameter, m
Fr Froude number
Ga Galileo number
Hc clear liquid height
He average expanded gas-liquid dispersion height
IP image processing
Nb number of bubbles
PI pixel intensity
PP perforated plate
Re Reynolds number
SN single nozzle
U superficial gas velocity
Uf superficial gas velocity at inception of foaming
Ut terminal rise velocity
We entry region thickness
Wf foam region thickness
µl viscosity of liquid phase
ρl density of liquid phase
σl surface tension of liquid phase
ε gas holdup
ε pixel gas holdup estimated according to pixel intensity
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