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Abstract: Hydrodynamics characterization in terms of flow regime behavior is a crucial task to enhance the design of bubble column reactors and scaling up related methodologies. This review presents recent studies on the typical flow regimes established in bubble columns. Some effort is also provided to introduce relevant definitions pertaining to this field, namely, that of “void fraction” and related (local, chordal, cross-sectional and volumetric) variants. Experimental studies involving different parameters that affect design and operating conditions are also discussed in detail. In the second part of the review, the attention is shifted to cases with internals of various types (perforated plates, baffles, vibrating helical springs, mixers, and heat exchanger tubes) immersed in the bubble columns. It is shown that the presence of these elements has a limited influence on the global column hydrodynamics. However, they can make the homogeneous flow regime more stable in terms of transition gas velocity and transition holdup value. The last section is used to highlight gaps which have not been filled yet and future directions of investigation.
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1  Introduction

Bubble columns are reactors that are frequently employed in various industrial applications, such as wastewater treatment, absorption, fermentation, bioreactions, coal liquefaction, acetylene production, methylene synthesis, and Fisher-Tropsch synthesis [1]. A bubble column reactor is simply a cylindrical or square-shaped column with a gas sparger section located at its bottom. A gas phase is introduced into the liquid or liquid-fine solid catalyst medium through the sparger section. A reactor containing only liquid and gas reactants is called a bubble column. A reactor containing liquid and gas reactants and miniscule amounts of a catalyst is called a slurry bubble column. Bubble/slurry bubble column reactors operate in different modes, such as semi-batch, countercurrent, or co-current modes. Bubble columns offer many advantages, such as the absence of moving parts; good mixing; low energy requirements and construction and operating costs; and good mass and heat transfer. The efficiency and effectiveness of bubble columns increase with the addition of internals, baffles, or plates to reduce back mixing and dead zones [2]. Designing and selecting the appropriate spargers for bubble columns are crucial because these components determine bubble size, bubble rising, and flow regime distribution [3]. Many types of spargers, such as porous plates, perforated plates, spider-type spargers, single/multiple nozzles, and ring-type spargers, are used in bubble columns. Numerous experimental studies on the effect of spargers on hydrodynamics, which have essential effects on flow regime performance, have been performed by [4,5]. Lau et al. (2010) used three types of gas distributors, namely, single nozzles, perforated plates, and porous plates, to investigate the effect of static liquid height-to-column diameter (H/DC) ratios of 2–7.2 and found that increasing the H/DC ratio decreased the overall gas holdup (εG). However, this effect diminished at H/DC ratios higher than 4 when bubbles reached their equilibrium size, which caused a minimal increase in the average εG. Many types of bubble columns exist they include simple bubble columns, cascade bubble columns with sieve trays, packed bubble columns, multishift bubble columns, bubble columns with static mixers, bubble columns with internals, bubble columns with jet reactors, fluidized bed reactors, and slurry reactors. In industrial settings, these reactors are employed as chemical reactors for a variety of activities [6] as shown in Fig. 1. The comparison between with and without internals Bubble columns as shown below:
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Figure 1: Three main three types of bubble columns: (A) bubble column with internals, (B) bubble/slurry bubble column, and (C) packed bed bubble column

Typically, flow regimes are determined either through subjective evaluations or through objective evidence. The input parameters for flow regime maps based on physical mechanisms are determined by the superficial velocities of liquid and gas, which are typically not measurably during on-line operations. In laboratory investigations, flow visualization is typically used to make subjective judgments [7,8], void fraction fluctuation obtained by radiation technique [9] or impedance technique [10] and pressure fluctuation [11].

In laboratory investigations, subjective judgements are usually made by:

a-flow visualization by [12].

b-void fraction fluctuation obtained by radiation technique [9].

c-void fraction fluctuation obtained by impedance technique [13].

d-void fraction fluctuation obtained by pressure fluctuation [11].

If the flow is fast and the void fraction is high or if the pipe is opaque, flow visualization may not be particularly accurate or realized. A many-to-many mapping between flow patterns and pressure fluctuations may occur from the two-phase pressure fluctuation’s dependency on so many different variables. Additionally, some challenges brought on by the existence of two-phase fluids are difficult to overcome, such as the possibility of gas being trapped in pressure sensor lines, as noted by Jones et al. in 1976 [14]. Measurements of the void fraction variation can be obtained using radiation absorption techniques like the X-ray and gamma-ray absorption methods.

However, it seems that impedance techniques, rather than radiation approaches, are a superior alternative to undertaking flow regime identification due to safety and financial reasons (even though the temperature effect still needs to be overcome). The immediate response from the impedance measurement also enables on-line characterization for the majority of practical applications.

In order to execute non-linear mapping from physical factors to flow regimes, statistical approaches and neural network systems have been used [15]. In this case, the neural network systems were more promising than the statistical approach. Previous neural network systems, on the other hand, needed to gather known input that is used for training as well as to undertake off-line benchmarking or cross-calibration.‏

2  Factors Affecting the Flow Regime

This section provides an explanation of the factors, such as mass transfer and bubble size distribution (BSD) and its forms, that affect flow regimes. Note that designs consider the exchange between gas in the form of air bubbles and liquid in the form of water. This assumption must be taken into account when altering gases or liquids in design calculations [8].

2.1 Fluid Dynamics

The fluid dynamics characteristics of bubble columns affect performance quality. For example, superficial gas velocity is the main factor affecting flow regimes in any multiphase system. Thus, two fundamental flow types are frequently seen to affect bubble column performance in most studies: homogeneous (bubbly flow) and heterogeneous (churn-turbulent flow) [16–18]. In homogeneous or bubbly flow, bubble size is uniformly distributed over the cross-sectional area of the column when superficial velocities are low and approximately less than 0.05 m/s [17]. Moreover, in homogeneous regimes, the parameter εG increases linearly with the increase in superficial gas velocity [19]. Therefore, at a certain gas velocity, the flow regime transitions from homogeneous to heterogeneous. Nonuniform bubble size and distribution and potential mixing are observed over the cross-sectional area of bubble columns at high superficial gas velocities approximately greater than 0.05 m/s. This regime is called the heterogeneous regime or churn-turbulent regime due to the high disturbance in the flow system inside the bubble column, as illustrated in Fig. 2. The homogenous regime at low superficial gas velocities is also known as the bubble flow regime when the bubbles are small in size, spherical in shape, and rise in the vertical direction. • The transition regime: when the gas velocities increase compared to the bubble flow regime causes less stability in bubble behavior, and the bubble characterizes. • The heterogeneous regime at usually high superficial gas velocities is also defined as a churn turbulent regime due to the gas velocities that generate a parabolic radial profile, including the large bubbles. • The slug flow regime can be defined when the gas phase has very high superficial velocities in a small diameter of the reactors. Then, the bubble coalescence to be very large diameter slugs in the column.
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Figure 2: Types of flow regimes in multiphase flow systems in bubble columns. (A) Bubbly flow, (B) churn-turbulent flow, (C) sluggish flow, and (D) annular flow

2.2 Geometry and Operating Condition Mapping

Using flow maps to predict operational flow system information on the basis of the operating conditions and geometry of columns is important. These maps are used in many applications. For example, operational flow maps are utilized for large- and small-diameter two-phase flow systems [20]. Shah et al. established the best map that has been adopted as a design for bubble columns. The map for low-viscosity systems is applied for all flow systems, whether homogeneous, transitional, or heterogeneous, because of its dependence on the diameter of the bubble column and the velocity of gas–liquid transfer perpendicular to the surface area as shown in Fig. 3. The gas holdup was measured for four zones under different initial bubble modes [6].
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Figure 3: Schematic showing the different flow regimes based on operating conditions and column diameter [21]

2.3 Bubble Sizes and Shapes

Bubble sizes and shapes affect the flow regime behavior, and understanding and knowing these parameters are essential for bubble column design and performance. Current studies have demonstrated that the sizes, shapes, and distributions of bubbles exert a major effect on flow regimes due to their link to the bubble stability. Consequently, these parameters have a vital influence on hydrodynamics parameters, particularly εG distribution, inside bubble columns.

Along with εG, BSD provides an assessment of the interfacial area and is used in computational liquid dynamics (CFD) for model setup and validation. From a practical standpoint, BSD is a fundamental parameter of bubble column fluid dynamics. Its fluctuation is one of the primary causes of the effect of operational parameters on εG and the change in the flow regime. In addition to bubble forms, BSD (the aspect ratio) must be considered. Interface size and form are crucial for describing multiphase flows accurately.

2.4 Gas Holdup

εG is one of the main important dimensionless parameters characterizing the hydrodynamics of multiphase systems. It is defined as the volume fraction of gas in the total volume of the gas–liquid phases in bubble columns. εG depends on the period of time during which the gas remains inside the bubble column and the speed of its passage through the liquid [22]. The size of the reactor is affected by column design and operating conditions. Studies have shown that compared with the heterogeneous system, the homogeneous flow system is more prone to trapping gas because it is more sensitive to operating conditions [23,24].


 εG =Hd−HsHd
(1)


 εG 
 = gas hold up


Hd
 = hydrodynamic Hight


Hs
 = static Hight


εG=Vgvg+vl
(2)


 εG 
 = gas hold up


Vg
 = volume of gas


vl
 = volume of liquid

Using the traditional Bernoulli’s law of energy conservation, we can calculate the void fraction.


12  ρv2+ρgh+p=constant
(3)

where: 
12  ρv2
is the Kinetic energy.


ρgh:potential energy 

p: pressure.


Δp=ρmgh + FF
(4)

FF = fraction pressure.


ρm=(1−εG ) ρL+εGρG
(5)


εG=(ρLρL−ρG)∗(1 − ΔPg Δh ρL)
Jia et al. [25]. (6)

In a particular two-phase space, the void fraction is often expressed as the volume of vapor divided by the total volume of fluid. Rahim et al. [26] presented four generally used definitions of void fraction for various scenarios and measurement techniques: void fractions can be local, chordal, cross-sectional, and volumetric.

a-The local emptiness fraction is measured by using a tiny sensor to collect signals from a single spot.

b-The chordal void percent, which is employed in one-dimensional flows like intermittent (plug/slug) two-phase flow inside typically smaller channels, is defined as the length of the vapor over the entire length.

c-The percentage of cross-sectional area occupied by the vapor phase relative to the total cross-sectional area is known as the cross-sectional void fraction. Typically, optical or electrical techniques are used to measure this type of vacancy fraction.

d-The volumetric void fraction in a control volume is determined by dividing the volume of the vapor phase by the entire volume. By swiftly closing valves, one can determine the volumetric void fraction.

correlation εG

Many mathematical relations that are widely used to describe gas trapping (εG) have been studied previously as shown in Table 1.
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2.5 Gas/Liquid Velocity

Bubble columns can be operated in batch-wise, co-current, or countercurrent mode at UL = 0.01 m/s. Various researchers have shown that normally, low liquid velocities have no effect on εG because bubble acceleration due to no stagnant operation is minimal if UL is less than the bubble rise velocity [20].

Numerous authors have studied the properties of liquids in gas retention and mass transfer. They identified the liquid characteristics in terms of gas retention and mass transfer within the bubble column and discovered that liquid velocity in the presence of an opposite current has a strong actual effect on gas retention as represented by εG [46]. Therefore, gas retention increases and the value of εG is high if the current is opposite to the direction of the liquid, whereas εG is low if the current is in the direction of the liquid when velocities above 0.04 m/s are neglected [47]. Baawain et al. studied the relationship between mass transfer and bubble size and its effect on gas retention within a column in the presence of a current opposite to the liquid. They found that 5% of the weight of the gas and 1% of the bubble volume were retained due to the increase in the speed of bubbles but not in bubble size [48].

2.6 Bubble Column Configurations

Bubble column configurations are the main criteria that must be considered in the design of multiphase flow systems also there are important parameters such as Column size, Aspect ratio Gas sparger as shown in Fig. 4. Numerous studies have proven that large bubble column diameters (dc) result in high reductions in εG. Moreover, bubble size and movement are influenced by the column wall. Besagni et al. [49] studied the relationship between dc and εG and found that εG decreased with the increase in dc and that viscous fluids can be used when dc was 0.15–0.23 m [50]. Behkish et al. [51] demonstrated the relationship between dc and highly viscous fluids and proved that increasing dc increased the viscosity of fluids that can be used there are also two parameter effected in design of bubble column.
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Figure 4: Conditions of bubble column

A-Aspect ratio

The ratio of the initial liquid height to the column diameter (H/D) is defined as aspect ratio. Zhany et al. [52] studied the values of εG with liquid movements in homogenous flow systems and demonstrated that εG decreased as the bubble column size was reduced. Bubble sizes larger than the size needed for equilibrium reduced the efficiency of integration between the liquid and gas phases. The aspect ratio up to critical has turned to decrease the gas hold up and destabilize the homogeneous flow regime. Aspect ratio decreases the transition velocity; however, it alone is not sufficient to provide reliable information on flow regime stability.
B-Gas sparger (gas inertia)

The gas sparger is the main component of the bubble column configuration. It is required for introducing gases into columns and has different designs and hole sizes. Moreover, it affects εG. The shape of the gas distributor affects the dynamics of bubbles entering through holes and those entering the reactor (bubble column). It imposes its effects on merging and substitution. Therefore, when a large-diameter distributor is used, large bubbles are ejected. By contrast, when a small-diameter distributor is used, small bubbles are ejected. The low-rise speed of small bubbles ensures that the bubbles remain for an adequate time in the reactor for fusion and replacement, making the εG obtained when a small-diameter distributor is used higher than that when a large-diameter distributor is applied [41]. Transition velocity decreases with an increase in hole size up to a certain hole size. A gas sparger with a small hole size and large resistance will lead to small initial bubble size and large gas holdup in the homogeneous and transition regimes. The large gas holdup contributes a high volumetric mass transfer coefficient, which is a desirable characteristic. However, the gas holdup exhibits an excess and a slump in the transition regime when the small initial bubble size was adopted. The gas holdup slump results in pressure fluctuation, back mixing, and liquid residence time which should be avoided. There were varied experiments data for illustrating this relationship between superficial gas velocity and gas holdup [22].‏

2.7 Effect of Liquid Properties

2.7.1 Viscous Media

Viscosity has a dual effect on the liquid in a flow system. Besagni et al. studied the double effect of viscosity and found that εG increased nonlinearly and continuously if the viscosity of the liquid (μL) = 5% = 1.01 mPa s and small bubbles were produced but decreased significantly if the liquid viscosity was increased [36]. When viscosity is low, εG increases with an increase in the curve. The homogeneous regime is stabilized at low viscosity (4.25 mPa s) by increasing the liquid viscosity. Previous research has shown that the beginning gas velocity of the vortical spiral flow reduces with increasing viscosity at high viscosity (7.68 mPa s) [53]. An increase in viscosity in general advances flow regime transition.

2.7.2 Active Compounds

Scanning previously reported studies revealed that εG can be increased by increasing the number of active compounds, such as ethanol and electrolytes, in reactors. This change may influence flow regimes [54].

2.7.3 Inorganic Compounds

Inorganic compounds and their concentrations have an essential relationship with εG. Specifically, high inorganic compound concentrations in reactors (bubble columns) lead to significant increases in εG. Moreover, low inorganic compound concentrations lead to reductions in εG in bubble columns. A study using three electrolytes at different concentrations revealed that flow dynamics parameters increased with the increase in inorganic compound concentrations. Laboratory experiments on the effect of inorganic salts on εG and flow regimes in bubble columns are summarized in Table 2. A previous study using three salt solutions, namely, Solutions of Na2SO4 (p.a. grade), NaCl (p.a. grade), and NaCl (kitchen quality) were used, and it was found that the purity of the salt had a significant impact on the behavior of the bubble column and that some salts could have auxiliary effects that could skew results (such as crystallization inside plate orifices) [55].
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2.7.4 Organic Compounds

Previous studies revealed that the addition of organic materials to flow systems in bubble column reactors cause foaming, which intensifies with the increase in the concentrations of organic compounds. Foam helps extend the residence time of gases in liquids and increase εG, thus enhancing system efficiency. However, these studies also showed that foam not only forms due to the increase in the concentrations of organic compounds, it is also affected by the ratio of the diameter of the reactor to its height and the location of gas entry. Ethanol is one of the most important organic compounds used in such systems [56,57].

2.8 Influence of Gas Properties

Gas and liquid properties influence the performance of bubble columns particularly in the presence of a real reaction. When using different types of gases, the size of gas bubbles varies from one gas to another due to differences in properties, such as pressure and temperature. This difference causes a variation in bubble size and distribution. For example, when the gas density (ρG) increases, εG increases, indicating that the increase in ρG increases the residence time of the gas itself. Therefore, the use of the appropriate gas dispersion design should be considered to obtain the ideal operating condition of the system [58,59].

2.8.1 Pressure

Given that in general, liquid is an incompressible fluid, it is not influenced by pressure. Pressure does not have a noticeable effect on εG because it controls the operating conditions in the case of gas. However, its effect is slight. Pressure has a weaker effect on homogeneous flow than on heterogeneous flow and can be 6, 7, or 10 MPa depending on the operating conditions [48]. In general, an increase in pressure results in an increase in transition velocity.

2.8.2 Temperature

Some studies noted that increasing the temperature (Tc) does not affect flow dynamics parameters, such as εG. Meanwhile, Sato et al. [60] suggested that an inverse relationship exists between the temperature of the bubble column and εG. In general, increasing the temperature leads to the stage of evaporation, which helps release gas molecules to the surface quickly, resulting in a residence time that is insufficient for the completion of the reaction in the reactor. An increase in temperature increases the transition velocity and delays the flow regime transition.

2.8.3 Influence of Internals Hydrodynamics: “Holdup, Flow Regime”

Many times, bubble columns are investigated without taking internals into account (open tube bubble columns). However, in the majority of industrial applications, internal devices are frequently included to regulate heat transfer, promote bubble break-up, or prevent liquid phase back mixing. These components can significantly affect the multiphase flow inside the bubble column reactor, and it is still difficult to estimate these effects without doing experiments [61].‏

That the global column hydrodynamic is not significantly affected by the presence of internals. Most industrial multiphase reactors use internal structures for heat transfer from/to the system, for controlling the flow structures, and for back mixing in the column. The presence of the internals stabilizes the homogeneous flow regime in terms of transition gas velocity and transition holdup value [61].

All interior components, including perforated plates, baffles, vibrating helical springs, mixers, and heat exchanger tubes, are referred to as “internals” in this context. Instrumentation probes, downcomers, and risers with heat exchangers are all regarded as different types of internal barriers in commercial scale bubble columns.

Numerous studies have examined the properties of fluid dynamics locally or worldwide during the past few decades.

Studies on hydrodynamics parameters, particularly those related to flow regime hydrodynamics, are still rare. The distribution of G and bubble size should be studied, as shown in Table 2. Summary of the system properties of several literature studies reviewed for bubble columns reactor, in order to provide an ongoing multiscale assessment of bubble column fluid dynamics that takes into account the effects of heat and mass transfer.
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Table 2: Summary of the system properties of several literature studies reviewed for bubble columns reactor

Authors System Column Column-gas  Gas Dimension Measurement Conclusion
(gas/liquid) dimeter  distributor velocity
(m) (cm/s)
Abid et al. Air-water and  0.07, Perforated 1-10 1D Delta function The flow regime transitions were examined using gas
(2009) [62]  air aqueous 0.15, 0.3 plate and ring pulse holdup measurements, and the local flow phenomena were
glycerin type gas examined using double fiber optical probes. Using the
solutions sparger commercial program Ansys fluent.
Jawad (2009) Air water 0.2 Plexiglas 4.5 1D The micro The two operating modes, batch and continuous, both used
[63] with an metering valve the axial dispersion model, whereas the continuous mode
entrance cone measurement was the only one to use the tanks-in-series model.
Abid et al. Air water 0.45 Perforated 4.5-5 1D Two compressors  The results in the center of the column were 9%-13%
(2010) [64] plate connected in higher than those close to the wall region because heat
parallel, a pressure transfer coefficients rise with surface gas velocities.
regulator and two
rotameters
Alwasiti Air and non- 0.15 Perforated / 1D Gas holdup for Using Newtonian and non-Newtonian liquids, this work
etal. 2010) Newtonian plate different compares the flow region in baffled and unbaffled bubble
[65] liquid of concentrations of  columns.
polyacrylamide PAA
Alazzi et al.  Air water 0.15 Average gas <20 1D Using a gas meter, The impact of gas velocity, liquid-phase properties, solid-
(2010) [66] holdup and two calibrated particle concentration, and static liquid height on both (G)
rotameters and (K La). It has been found that (G) and (K La) rise with
connected in increasing gas velocity and fall with increasing
parallel were used concentrations of solid particles, static liquid height,
to measure the air  viscosity, and liquid-phase surface tension.
flow rate
Walla’a Air water 0.075 Perforated 8,12,16 1D Using two The current study investigated the absorption of carbon
Abdul Hadi plate calibrated dioxide in a bubble column using a 0.5 M sodium
Noori et al. rotameters hydroxide aqueous solution with and without varying
(2012) [67] concentrations of organic compounds, including glucose,
fructose, and saccharose (0.05, 0.2, and 0.4 M), as well as
varying superficial gas velocities (0.008, 0.012, and
0.016 m/s).
Alhaboubi Air water 0.08 Porous 16-27 1D Slurry reactor In this paper, measurements of gas adsorption and ion-
et al. (2012) distributor exchange were made using a bubble column slurry reactor.
[68]
Abdulrazzaq  Air water 0.15-0.3 Bubble 8-200 1D Bed expansion In gas-liquid systems (bubble columns), the effects of
(2014) [69] column and technique vertical cooling internals on the gas hydrodynamics were
reactors are 8-30 examined for column diameters of 15 and 30 cm in both
preferred the absence and presence of internals (the % occluded area
by internals 5%, 10%, and 20%). The range of the surface
gas velocity was changed.
Al-Naimi Air-water 0.075 Perforated 25 1D Using two separate The findings demonstrated that the dissolved gas
et al. (2019) sparger calibrated experiences a pseudo-first order reaction, with Ug = 0.025
[70] rotameters. m/sec being the ideal surface gas velocity given a greater
conversion and reaction rate.
Luo et al. Air—water 0.1 Perforateplate 2-12 2D The gamma-ray A change in flow regime can have a major impact on the
(2011) [71] source (Cs-137, performance of the bubble column. Since the current flow
100 mCi) regime has an impact on mass and heat transfer as well as
mixing in a reactor,
Liu et al. Air—water 0.1016  The 12 2D Model (CFD- Both the k-model and RSM make accurate predictions
(2014) [72] distributor PBM) about the gas holdup.
with 70 holes implemented in the
of 2 mm open source CFD
Pourtousi Air—water 0.288 single sparger 15-25 1D The eulerian— In addition to the ANFIS approach, this study uses CFD to
et al. (2015) with 20 holes method to simulate bubble column hydrodynamics for the
[73] numerically homogeneous regime.
Besagni etal. Air-water- 0.24 orifice 4-20 3D An image analysis Because of the reduced/promoted coalescence
(2017) [49]  monoethylene sparger method phenomenon, a change in the liquid phase properties
glycol impacts the bubble interfacial properties at the “bubble-
solutions scale,” changing the prevalent bubble size distribution.
Maximiano  Gasholdupand 0.15-3  The gas 6-35 1D Coupled with To create an experimental database that will help future
Raimundo liquid velocity distributors others concerning  modeling efforts and clarify scale-up criteria, size
et al. (2016) are perforated gas holdup and measurements have been combined with those pertaining
[74] plates axial liquid to gas holdup and axial liquid velocity. At every scale, the
velocity average bubble diameters have been shown to be similar
globally.
Fard et al. Gas-water— 0.1 Sparger 6 1D Experimental Based on the authors’ prior experiences, the physical
(2017) [75]  propanol measurements of ~ models for the momentum transfer between phases—
(alcohol) the local hold-up  including drag, lift, and wall force—were selected.
and liquid velocity
Besagni et al.  Air water 0.15 Sparger 3-35 1D Fast response heat In the open tube and annular gap designs, we conduct an
(2016) [61] 7 downward flux probe, experimental analysis of a counter-current gas-liquid
facing orifice pressure bubble column. Two vertical internal tubes in the annular
transducers gap bubble column are taken into consideration.
Kagumba Air water 0.14 Perforated 3-45 1D Four Point optical ~ The purpose of this study is to investigate the effects of
et al. (2015) plate probe arrangements of dense internals with different diameters
[76] 121 holes across the same cross-sectional area on the bubble
dynamics, including local and global gas hold-up, a
specific interfacial area, and axial bubble velocity.
Al Mesfer Air water 0.14 Perforated 5 3D Y-ray Computed  Because when the velocity is estimated using the total
et al. (2016) plate Tomography y cross-sectional area of the column, incorporating the
[77] 121 holes internals causes a significant increase in both the global
and local gas holdup. The gas holdup distribution over the
cross-sectional area (CSA) of the column in the presence
of internals has a symmetrical form at low gas velocities
and an asymmetrical shape at higher ones for the
honeycomb arrangement and its installation used in this
work.
Al Mesfer Air water 0.152 Perforated 5 3D Y-ray Computed  The studies’ findings show that a rise in superficial gas
et al. (2017) plate Tomography y velocity in the presence of internals generates an increase
[78] 121 holes in axial centerline liquid velocity and a dramatic drop in
turbulence parameters, while a decrease in superficial gas
velocity without internals causes an increase in both.
Kalaga et al.  Air water 0.17 Perforated 14265 1D Radioactive The arrangement of the heat exchanger internals, surface
(2017) [79] plate 30 holes particle tracking gas, and liquid velocities have a significant impact on the
liquid phase hydrodynamics and mixing characteristics,
according to the results of this study.
George et al.  Air water 0.15 Sparger 3-30 1D Camera, Measurements with a fast response heat flux probe in two
(2017) [80] 7 downward conductivity and three phase systems are compared and analyses to
facing orifice probes, fast demonstrate its potential use for screening of internals
response heat flux
probe
Sultan et al.  Air water 0.14 Perforated 5-45 2D Y-ray Computed  In all the tested designs, the inclusion of vertical tubes
(2018) [81] plate Tomography resulted in an increase in the gas holdup values at the
121 holes bubble column’s wall region. With the hexagonal design,
the gas holdup values did experience a striking boost.
Taofeeq et al. Air water 0.14 Porous sheet  14-25 1D Fast response heat that because of the direct relationship between the local
(2018) [82] transfer probe, heat transfer coefficient and the local gas hydrodynamics,
optical fiber probe the submerged heat exchanger tubes improved heat
transmission by boosting local gas holdup and bubble
frequency.
Nedeltche Air water 0.1 Wire Mesh 1-15 1D Wire Mesh sensors A superficial gas velocity (Ug) of 0.06 m/s marked the
et al. (2018) Sensors beginning of the homogeneous regime’s first transition
[83] velocity Utrans-1 and the conclusion of the heterogeneous
regime’s second transition velocity Utrans-2. The revised
parameters showed clear minima at these crucial
velocities.
Moller et al.  Air water 0.1 Perforated 2-14 1D Ultrafast X-ray According to the analysis of the gas holdup data across the
(2018) [84] plate computed whole cross-section of the column, the Utrans-1 and
tomography Utrans-2 values occurred at slightly lower UG values
(0.05 and 0.08 m/s). These essential gas velocities
controlled the lower and upper bounds of the transition
regime.
Manjrekar Air water 0.45 Perforated 20-40 2D Optical probe In the current work, data from optical probe technology
et al. (2019) plate technique and machine learning are used to create a data driving
[85] model for identifying the flow regime in bubble column.
Xu et al. Gas-liquid 0.18 Perforated 3-35 1D The differential When the fractal dimension of bubbles rises from 0.56 to
(2020) [86] plate pressure 2.56, the gas holdup and volumetric mass transfer
transmitters coefficient increase by 120% and 42%, respectively.
Guan et al. Air-water 0.15 Perforated 0-25 1D The differential These approaches provide varied values for the initial
(2021) [87] plate pressure transitional surface gas velocity as internals-covered cross-
transmitters sectional area (CSA) increases.
Gong et al. Air-water 0.28 Perforated 1-13 1D The differential Experimental results show that Small initial bubble size
(2022) [22] plate pressure will lead to higher gas holdup and slump trend. To
transmitters overcome the trade-off between sufficient gas holdup and

slump trend.
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