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Abstract

The dynamic interactions between the gas and the liquid phases, irregularity in bubble shape, higher gas holdup, and high
mechanical stress, etc at elevated pressures complicate the application of many techniques in bubble size measurement in
bubble columns. In this study the feasibility of a new borescope-based imaging technique to determine the bubble size
distribution in 3-dimensional bubble columns under elevated pressures is investigated assessing bubble size distribution over a
range of superficial gas velocities and operating pressures. The observed size distribution results reveal that borescope-based
imaging technique can be employed for the determination of bubble size distribution with reasonable accuracy in bubble

columns under elevated pressures.
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1. Introduction

Many chemical, biochemical, and petrochemical industrial
processes employ bubble columns. The extensive knowledge
of bubble properties such as gas holdup and bubble size
distribution is crucial to the modeling, design and scale-up of
bubble columns. The bubble size distribution governs the
mass transfer interfacial area and the mass transfer rate is the
controlling step of many chemical and biochemical
processes.'® Though the determination and study of gas
holdup are readily available, the determination of bubble size
distribution with high accuracy has always been a challenge
especially in 3D bubble columns.* The determination of
bubble size distribution in 3D bubble columns becomes more
complicated and challenging under elevated operating
pressures. The factors which make it more complicated and
challenging are the higher gas holdup, dynamic interactions
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between the gas and liquid phases, and high mechanical
stress, etc. However, under these conditions, the application
of borescope in 3D bubble columns would allow direct
visualization of the local bubble images. The size-distribution
determination capability and accuracy of borescope
integrated with a statistical reconstruction method and a
depth-of-field model have already been successfully
demonstrated in our previous studies performed in a liquid-
solid system under ambient pressure only where the discrete
solids were of fixed shape.” °Hence the feasibility of
determining bubble size distribution using the borescope-
based imaging technique is investigated in the present study
in a more complicated and challenging dynamic, chaotic, and
shape-irregular gas—liquid system (i.e., 3D bubble columns)
under elevated pressure conditions.
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2. Experimental Section

The schematic diagram of the experimental setup is shown in
Figure la. The column is made of stainless steel and
workable at a maximum pressure of 100 bar and a maximum
temperature of 350 °C. The main column section has an
internal diameter of 30 mm and a height of 218 mm. A
perforated plate has a hole size of 1 mm in a triangular pitch
pattern of pitch distance 4 mm is used as the gas distributor.
Mass flow meters are installed at the inlet and outlet of the
column to control the operating gas velocity and operating
pressure. De-ionized (DI) water is used as the liquid phase
and compressed nitrogen is used as the gas phase. The
temperature is maintained at 20 °C and the pressure is varied
from 1bar to 10bar. An initial static liquid level of Z/D = 7.2
is maintained in the column section. The superficial gas
velocity is varied from 20 mm/s to 50 mm/s. Sufficient time
is allowed for each flow condition to reach steady state. A
pressure transducer (Validyne DP-15) is installed to measure
the pressure difference between 30 and 180 mm from the
distributor plate. The gas holdup is determined based on the
equation:'”'®

_(dprdz),

£. =
¢ g(pL_p(;)

(1)

where &, is the gas holdup, (dP/dZ), is the dynamic

pressure gradient measured between two axial heights,'"'®g

is the gravitational constant, g is the gas density and p, is

the liquid density.

A rigid borescope (Olympus) is coupled with a high speed
video camera (Olympus I-speed) to record the local bubbles
in the column. The bore scope is 5.8 mm in diameter and 250
mm in length with a 60° field of view and 0° direction of
view. Modification of the borescope has been made to allow
operation at risky elevated pressures. The maximum working
pressure of the modified probe is 15bar. A high intensity light
source (Olympus, ILP) is used to provide internal
illumination to the borescope. The borescope is installed at 4

mm from the column wall and at an axial location, Z/D of 5.6.

The borescope is adjusted with a focus plane 5 mm away
from the probe tip. The magnification of a reference object at
various distances from the borescope is reported in Hossain
et al.” As a certain degree of distortion is present in the
borescope image, corrections for distortion are made based
on Haneishi et al.” A corrected sample borecsope image of
bubbles is shown in Figure 1b.The bubble sizes are first
measured from the borescope images in terms of pixel
number. The pixel number is converted into linear dimension
using calibration. Since most of the bubbles are not spherical
shape, the feret (which is maximum linear dimension)

diameter is used to represent the bubble size. A bubble
sample size of 300 is used for each measured bubble size
distribution.
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Figure 1 (a). Schematic diagram of the experimental setup.

Figure 1 (b). A sample borescope image of bubbles in a bubble column.

A log-normal distribution is used in the reconstruction of the
actual bubble size distribution from measured bubble size
distribution by following Hossain et al.’ The reconstruction
of the actual bubble size distribution requires the depth-of-
field (DOF) information. The DOF is determined based on
the model developed in our previous study:’

DOF"cmimH SCSCeyitical-2
n
—_ DOF 1 _ c~ cCritical*l (2)
- C=Cpitical-1 _
CC}'itical*Z CC}'itical*l
where DOF, is the DOF of the borescope in the

C=Coritical-1

absence of obstruction and is determined by the initial setting
and calibration test of borescope itself.s’écC,,-t,-m,_ ; 1s the
critical volume fraction of objects below which DOF remains
constant and c¢icqr.2 18 the critical volume fraction of objects
at maximum packing. In a gas—liquid system, the objects of
interest are the bubbles and the volume fraction of objects is
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therefore equivalent to the gas holdup, &, . ccnicas and
Ceriical-2 are determined experimentally as 0.07 and 0.61
respectively and the detail are available in Hossain et al.’

Assuming DOF model linearity, n = 1 is used in this study.

3. Results and Discussion

3.1. Comparison with Literature Size
Distribution Results

The reconstructed bubble size distribution obtained by
borescope measurement is compared with three bubble size
distributions reported in the literature. All the bubble size
distributions are measured in the air—water system under
ambient conditions at a superficial gas velocity of 20 — 30
mm/s. It is important to note that the various bubble size
distributions reported are not presented in a unified size
parameter. For example, the bubble size distribution reported
in Wang et al. *and Kulkarni et al.> expressed the bubble size
using volume-equivalent diameter while Xue et al.* presented
the maximum cord length as the bubble size. Therefore, the
bubble size distributions reported in Xue et al. and the
current study are converted to volume-equivalent diameter
before comparisons can be made. At a superficial gas
velocity of 20 mm/s, the bubble column is expected to be
operating in the dispersed—bubble regime and the bubbles are
expected to have a uniform size and shape.”Based on visual
observation, it is considered that all the bubbles are
ellipsoidal shape and have aspect ratios of 1.6. As a result,
the maximum cord length, essentially the minor axis of an
ellipsoid, presented in Xue et al. and the feret diameter, the
major axis of an ellipsoid, presented in the current study can
be converted to volume equivalent diameter based on the
volume of an ellipsoid with the respective minor and major
axis and an aspect ratio of 1.6.
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Figure 2. Comparison of borescope bubble size measurement with literature
results.

A comparison of the converted bubble size distributions and

their respective measurement conditions are shown in Figure
2. It can be seen that the bubble size distribution obtained in
the current study is fairly similar to the one reported in Xue
et al. There is a minor difference in the mean bubble size
between the two bubble size distributions due to the
difference in gas distributors used in these two studies. At a
superficial gas velocity of 20mm/s, it is likely that the
column is operated in the dispersed—bubble regime. There is
little bubble coalescence in the dispersed—bubble regime and
the bubble size is mainly governed by the orifice size of the
gas distributor.” It is possible that the 0.5mm orifice diameter
used in Xue et al. is generating a smaller bubble size
distribution than the 1.0 mm diameter used in the current
study. On the other hand, though the bubble size distribution
reported in Kulkani et al. has similar mean bubble size as
compared to that reported in the current study, the
distribution is significantly wider. Despite the fact that the
bubble size distribution reported in Kulkani et al. is measured
at 24 mm/s, the wide bubble size distribution is indicating an
operation in the coalesced—bubble Further
comparison with Wang et al. shows that the bubble size
distribution at 24 mm/s reported in Kulkani et al. is rather
similar to the bubble size distribution at 30 mm/s reported in
Wang et al. At the same time, the bubble size distribution at
20 mm/s reported in this study coincides well with the bubble
size distribution at 10 mm/s reported in Wang et al. Therefore,
it is certain that the regime transition from the dispersed—
bubble regime to the coalesced—bubble regime happens at a
gas velocity of 24 mm/s. Nonetheless, the reasonable
agreement of the bubble size distribution obtained in the
current study with the bubble size distributions reported in
literature has demonstrated the feasibility of determining
bubble size distribution using the borescope-based imaging
technique.

regime.

3.2. Comparison of Bubble Size Distribution
at Different Pressures

Many bubble column applications are operated under
elevated pressures. In general, an increase in the operating
pressure causes the gas properties and other phenomena to
change substantially. All these factors contribute to a change
in the bubble behavior and bubble size distribution. The
bubble size distributions including mean size (4, mm) and
variance (o, mm?®, which is the wideness of size distribution)
shown in Figure 3 are evaluated at a superficial gas velocity
of 50 mm/s and operating pressures of 1 bar, 5 bar and 10 bar.
It is to note that while the dispersed—bubble/coalesced—
bubble regime transition velocity depends on a number of
factors such as liquid and gas properties, column diameter,
column height-to-diameter ratio, and distributor design, air—
water systems are reported to have an experimental regime
transition velocity range of 24 mm/s to 65 mm/s at ambient
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pressure.

Based on the regime transition velocity
correlation proposed by Reilly et al.,” the regime transition
velocities at 1 bar and 10 bar can be estimated as 29 mm/s
and 56 mm/s, respectively. Therefore, a bubble column can
be considered to operate in the coalesced—bubble regime at a
superficial gas velocity of 50 mm/s under ambient pressure.
The wide bubble size distribution in Figure 3 is an indication
of the coexistence of large and small bubbles. As the
operating pressure is increased from 1 bar to 5 bar, the
bubble size distribution becomes narrower. The probability of
large bubble sizes decreases while the one of small bubble
sizes increases. It is in agreement with the literature, which
proves again the feasibility of borescope measurement, that
an increase in the operating pressure suppresses the bubble
coalescence and promotes the bubble breakup.'*'> However,
when the operating pressure is further increased from 5 bar to
10 bar, both the probabilities of large and small bubble sizes
decrease. The suppression of bubble coalescence is reaching
a point that there is no large bubble available to undergo
bubble breakup. The bubble size distribution becomes so
narrow that the bubble column can be considered to be
operating in the dispersed-bubble regime. The result also
indicates  supporting the feasibility of borescope
measurement that the regime transition velocity of 56 mm/s
predicted by the correlation proposed by Reilly et al. gives
indeed a reasonable estimation for the current system.
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Figure 3. Comparison of bubble size distribution at a superficial gas velocity
of 50 mm/s and various operating pressures.

3.3. Potential Errors in the Determination
of Size Distribution

It is worthy to note that the borescope used in this study has a
maximum viewable size limit of 6 mm at the focusing plane.
The gas bubbles in air—water system under ambient pressure
and superficial gas velocities higher than 50 mm/s are
typically larger than 6 mm. It has been found that the
reconstruction method used is insensitive to the maximum
viewable size limitation due to the larger probability of

bubbles appearing beyond the focusing plane.® Nevertheless,
it is advisable to use a larger field-of-view borescope that has
a larger maximum viewable size limit to improve the
measurement accuracy. Moreover, large bubbles have a
tendency not to rise in the wall region of the column when
operated in the coalesced-bubble regime.'® This will cause a
deviation from the uniform radial distribution of all bubble
sizes assumption used in the reconstruction method, only
near the wall region which is not important for many bubble
column operations. Thus, an overestimation of the bubble
size distribution may be obtained when the column is
operated in the coalesced-bubble regime.

4. Conclusion

A borescope-based imaging technique, where the borescope
is integrated with a statistical reconstruction method’ and a
DOF model,’ is applied in a bubble column to study the
bubble size distribution under risky elevated pressures. The
statistical reconstruction method is here used to determine the
actual bubble size distribution by taking into consideration
the change in magnification of the bubbles at various
locations from the borescope. This technique is applied in
this study under a pressure range of 1 to 10 bar and a
superficial gas velocity range of 20 to 50 mm/s. The bubble
size distribution obtained using this technique is found to
agree well with the bubble size distribution reported in
literature under similar operating conditions. It has
subsequently been proven that an increase in the operating
pressure increases the dispersed—bubble/coalesced—bubble
regime transition velocity and narrows the bubble size
distribution. In summary, this study has demonstrated that
borescope based imaging technique is a promising tool for
bubble size measurement in bubble columns operated under
elevated pressures.
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Nomenclature

Z Axial position in the column

Diameter of the column

&G Gas holdup
p Density
Pressure

g Gravity
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DOF Depth-of-field

c Concentration

n Coefficient

Ug Superficial gas velocity

v Mean size

o’ Variance (wideness of size distribution)
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