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Abstract
The bubble size, gas holdup, and interfacial area in a swirling contactor were investigated through experiments and simulations. The interfacial area was obtained for liquids and gases with Reynolds numbers  and , respectively. The contactor was divided into 12 subregions. When =23.8 and =20075.4, regions near the side wall and center of the swirl contactor exhibited small bubbles with diameters of 0.33–0.40 and 0.38–0.45 mm, respectively.  was negatively related to bubble size, gas holdup, and interfacial area, whereas  was positively related. The maximum bubble interfacial area among the 12 subregions was 530 m-1. The maximum bubble interfacial area for the entire swirling contactor was 196.3 m-1 with a gas–liquid ratio of 0.022. Euler-Euler simulations using the population balance model accurately predicted this area. Larger areas were obtained at lower  values. Increasing the liquid velocity is not necessary to achieve larger areas, which indicates a contactor with lower energy consumption.
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Introduction
Swirling flows can be used for gas–liquid mass transfer process intensification 1. Processes in chemical engineering require contactors that can provide a higher interfacial area and mass transfer efficiency 2. Newly developed advanced swirl contactors in mass transfer process intensification include Swirltube, ConSep Sulzer 3-6, Ultra-Frac 7,8, CoFlo 9,10, UOP SimulFlow 11, and vortex trays 12. The rotor-stator spinning disc under the rotation of a motor can also enhance mass transfer in swirling flows 13,14.
Recently, the planar cyclone, an evolution of a tubular hydrocyclone, has attracted considerable attention for use in gas–liquid mass transfer. A planar cyclone has specific hydrodynamics, whereas the traditional hydrocyclone is sliced and flattened. In planar cyclones, the bubble interfacial area is large and the equipment space is fully utilized 15. The high gas–liquid surface renewal rate and gas–liquid mass transfer coefficient in swirling turbulence result from the high liquid injection velocity 16. However, the relationship between the liquid injection velocity and bubble interfacial area is unknown. The bubble size and gas holdup determine the interfacial area of mass transfer 17. Fundamental experimental studies and simulations of the bubble interfacial area play important roles in analyzing the performance of swirl contactors. 
Experiments provide data on gas–liquid flow in planar cyclones and contribute to geometry optimization over a wide range of operating conditions. However, they are time-consuming and expensive. In addition, the high-speed rotation of gas–liquid mixtures in planar cyclones makes it difficult for measurement techniques to reveal detailed information on hydrodynamics and mass transfer. Computational fluid dynamics (CFD) simulations have become a powerful tool to address the limitations of experiments on multiphase flows 18-20. CFD simulations allow the visualization of detailed hydrodynamics in a complex chamber of planar cyclones. Moreover, the simulation results can provide guidelines and insights into geometry optimization 21,22. 
To incorporate the above considerations for a liquid-gas multiphase flow into our calculations, we used the population balance model and the Euler-Euler approach to handle the dispersed gas phase in which the gas bubble sizes were precisely calculated. The dispersed gaseous phase was divided into twelve bubble-size groups. The bubble coalescence size represents the maximum diameter of the bubbles, as well as the coalescence effect. The bubble breakup and coalescence processes between all bubble size classes were considered using appropriate models.
Experiments
Experimental setup
The experimental setup is shown in Fig. 1. It includes an air compressor, variable frequency pump, gas mass flow meter, liquid mass flow meter, and a planar cyclone. The experimental instruments include a high-speed camera (Photron Fastcam SA-X2, Japan) fitted with a lens (AF Micro-Nikkor, 60 mm, f/2.8D, Japan).
The experimental process is illustrated in Fig. 1(A). This process involved the injection of air using the air compressor into the planar cyclone from the gas inlet and the injection of tap water from the liquid inlet through the pump. The gas and liquid flows were controlled by gas and liquid mass flowmeters, respectively. A high-speed camera was used to capture images of bubbles in the swirling region under different working conditions. The structure of the planar cyclone is shown in Fig. 1(B) and its geometric parameters are listed in Table 1.
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[bookmark: _Hlk113439191]Fig. 1. Schematic diagram of the (A) experimental process and (B) planar cyclone.
[bookmark: _Hlk113438389]Table 1. Geometric parameters of the planar cyclone.
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	Numerical 
value
	2
	25
	2
	15
	6.25
	130
	20
	0.5
	4.5
	20
	2
	15


[bookmark: _Hlk113438554][bookmark: _Hlk113438564]The inlet liquid Reynolds number () and gas Reynolds number () were introduced to describe the turbulence of the liquid and gas flows, which are defined as
									(1)
and
,								 (2)
[bookmark: _Hlk113438585][bookmark: _Hlk113438590][bookmark: _Hlk113438635][bookmark: _Hlk113438672][bookmark: _Hlk113438685][bookmark: _Hlk113438722]where  and  represent the densities of tap water and air, respectively, and and  represent the viscosities of tap water and air, respectively.  is the hydraulic diameter,  is the characteristic velocity,  is the volume flow at the inlet, and a and b are the inlet width and depth, respectively.
The interfacial area is an important parameter in the gas–liquid mass transfer process, and it can be defined as
[bookmark: _Hlk113437973] ,									(3)
where  represents the gas holdup of the fluid domain and  represents the Sauter mean diameter of the bubbles.
 values of 16042.2, 20075.4, and 24078.4 were computed for three liquid volume flows of 4, 5, and 6 L/min, respectively, and  values of 6.8, 13.7, 23.8, 34.0, and 44.2 were computed for five gas volume flows of 0.02, 0.04, 0.07, 0.10, and 0.13 L/min, respectively. The gas–liquid ratios were 0.000424, 0.000854, 0.001484, 0.002119, 0.002755, 0.000339, 0.000682, 0.001186, 0.001694, 0.002202, 0.000282, 0.000569, 0.000988, 0.001412, and 0.001836, respectively.
Swirl contactors with different structures were divided into 12 regions, as shown in Fig. 2, to analyze the parameters of these different regions. The red and green lines represent the arcs on the impacted and nonimpacted sides, respectively. The central region, which was 10% of the swirling region, was not included in the analysis because of the accumulation of bubbles around the gas outlet. This region is referred to as the black hole. Once the bubbles entered, they were discharged from the gas outlet. Thus, the analyzed swirl contactor was generally divided into outer and inner rings. The outer ring was divided into subregions 1–8 and the inner ring was divided into subregions 9–12. The area of each subregion was 7.5% of the total area of the swirl contactor.
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Fig. 2. Swirl contactor division method.
Bubble measurement and image processing
Images of the gas–liquid multiphase flow were captured using a high-speed camera (Photron Fastcam SA-X2, Japan) combined with a lens (AF Micro-Nikkor, 60 mm, f/2.8D, Japan), and the frame rate was set to 1250 fps using PFV4.0. Image-Pro Plus software was used for bubble image analysis to obtain parameters such as the bubble area and diameter in each region. As shown in Fig. 3, the image processing method included the following steps: (1) the original image was obtained using a high-speed camera, (2) the swirl contactor was divided into 12 equal regions after removing the central region, (3) bubbles were recognized in each area, and (4) coincident bubbles were divided. This method maintained the authenticity of the original image by ensuring image processing accuracy.
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Fig. 3. Bubble image analysis processing.
Simulations
Governing equations
The Euler-Euler approach was considered in this simulation because it allows the solution of each phase to be obtained 23,24. The continuity and momentum equations are expressed as follows:
                                           (1)
             (2)
In the above equations,  represents gas or liquid. , , and  represent the volume fraction, density, and velocity of phase , respectively.  and  denote pressure and gravitational acceleration, respectively.  and  are the laminar and turbulent stress tensors, respectively.  represents the interfacial forces, consisting of drag, virtual mass, lift, wall lubricant, and turbulent dispersion forces 25. For gas–liquid flows under the Euler-Euler approach, the drag and virtual mass force are significant interfacial forces:
                                                 (3)
where  and  represent the gas and liquid, respectively.
The interfacial force between the gas and liquid due to drag is defined as
,                                       (4)
where  represents the gas volume fraction and  is the diameter of the bubble. According to Schiller and Naumann 26, the drag coefficient  is correlated to the Reynolds number as follows: 
,                                      (5)
where  denotes the relative Reynolds number. The relative Reynolds numbers for the gas and liquid phases can be obtained as
.                                                            (6)
The virtual mass effect is significant when the density of the gas is significantly lower than that of the liquid. The virtual mass force considered in this simulation is defined as
                                            (7)
where  is the virtual mass coefficient, which is set to 0.5. The term  denotes the phase material time derivative of the form
.                                                (8)
The realizable  model was adopted for the simulations of the turbulence model as it is suitable for rotation and shear flow 27.
The modeled transport equations for  and  in the realizable  model are
           (9)
and
,        (10)
where
                            (11)
In these equations,  and  represent turbulent kinetic energy and turbulent energy dissipation rate.  and  represent the generation of turbulence kinetic energy owing to the mean velocity gradients and buoyancy, respectively;  is the effect of the fluctuating dilatation in compressible turbulence on the overall dissipation rate.  and  are constants, where =1.9 and =1.44.  and  represent the turbulent Prandtl numbers of  and , respectively, and =1.0 and =1.2.  and  are user-defined source terms.
The eddy viscosity can be defined as
,                                          (12)
where  represents a function of the mean strain and rotation rate, is the angular velocity of the system rotation, and is the turbulence field ( and ).
The population balance model (PBM) was introduced to calculate the bubble sizes in different areas of a planar cyclone. The equation of the PBM is.
             (13)

where  and  represent the bubble and daughter size distributions, respectively.  and  represent the breakage and coalescence kernels, respectively. 
It has been reported that coalescence and breakage models significantly impact the calculation of bubble sizes in different areas of a planar cyclone, and the accuracy of the simulation results can be improved by using appropriate empirical coefficients to modify the coalescence rate or fracture frequency 28-30.
In this study, Luo's breakage and coalescence models 31,32, which consider breakage and coalescence due to isotropic turbulence, were used because the simulation results were more consistent with our experimental data compared to other models. The breakage model proposed by Luo is defined as
,              (14)
where  is the size ratio between an eddy and a particle, and  represents the increased coefficient of the surface area. The  represents the energy dissipation rate, and the  represents the  represents surface tension. The total breakage rate and corresponding daughter size distribution are defined as 
                                                (15)
and
.                                                      (16)
The coalescence model is defined as
                                            (17)
                                   (18)
                (19)
where  represents the bubble aggregation kernel function and  represents the bubble coalescence efficiency.  represents the collision frequency between bubbles of size  and .  and  represent the film drainage and bubble contact times, respectively. 
Simulation settings
For the Euler-Euler approach, air was injected through the gas inlet at velocities of 0.33, 0.67, 1.17, 1.67, and 2.17 m/s. The bubble minimum diameter was set to 0.05mm. The maximum diameter was set to 1.26mm, and ratio exponent was set to 1.55, respectively, according to the experimental results. Water was injected through the liquid inlet at velocities of 5.33, 6.67, and 8 m/s. The pressure at the liquid and gas outlet was 101325 Pa.
Grid independence verification
A three-dimensional quadrilateral structured grid was used in this study. Before performing the numerical simulations, mesh independence studies were conducted to ensure an adequate mesh density while avoiding excessive computational resource consumption. Fig. 4 shows the difference in the area-weighted average Sauter mean diameter of the bubbles, , and the area-weighted average gas holdup, , between the simulation and experimental results for four different grid numbers. We chose 59353 after comprehensively considering the calculation accuracy and time.
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Fig. 4. Grid independence verification. (A) area-weighted average Sauter mean diameter of bubbles  and (B) area-weighted average gas holdup .
Results and Discussion
[bookmark: _Hlk113439569][bookmark: _Hlk113439453]Sauter mean diameter 
The Sauter mean diameter  is an important parameter in gas–liquid two-phase flows and is used to characterize the dispersed phase size. In the swirl contactor, different subregions had bubbles with a different Sauter mean diameter . The distribution nephogram of of the bubbles based on the Euler-Euler simulation with different values of  and  is shown in Fig. 5(A). Following entry from the gas–liquid inlet, the bubbles had a Sauter diameter that was larger in the direction leading to the gas outlet and smaller in the direction leading to the liquid outlet. As  increased from 16042.2 to 24078.4, the value and range of  decreased, and as  increased from 6.8 to 44.2, the value and range of  gradually increased. A higher gas–liquid ratio resulted in a larger  of the bubbles. 
The distribution of the area-weighted average Sauter mean diameter of the bubbles in the simulation  for each subregion based on the Euler-Euler simulation is shown in Fig. 5(B). The smaller bubbles tended to move toward the outer ring of the swirl contactor, whereas the larger bubbles tended to move toward the inner ring after entering from subregion 1, such that the larger bubbles were easier to separate by swirling. As  increased from 16042.2 to 24078.4,  and the range of  decreased, and as  increased from 6.8 to 44.2,  and the range of  gradually increased. This was due to an increase in the initial diameter of the bubbles produced by liquid shearing as the gas–liquid ratio increased. As indicated by the left side of the red division line in Fig. 5(B), at a smaller gas–liquid ratio,  reached its maximum value in subregion 12. Under these operating conditions, owing to the larger swirl trajectory radius of the smaller bubbles, the proportion of the bubbles entering the black hole directly from subregion 11 was relatively small because the initial diameter of the bubbles was relatively small. As shown by the right side of the red division line in Fig. 5(B), with increasing gas–liquid ratio,  reached its maximum value in subregion 11. Under these operating conditions, owing to the shorter swirl trajectory radius of the larger bubbles, the proportion of bubbles entering the black hole directly from subregion 11 relatively increased because the initial diameter of the bubbles was relatively large. Additionally, the phenomenon that smaller bubbles tend to move toward the outer ring of the swirl contactor while larger bubbles tend to move toward the inner ring has always existed owing to the pressure difference between large and small bubbles.
The distribution of the area-weighted average Sauter mean diameter of the bubbles in the experiment  for each subregion is shown in Fig. 5(C), and the results are consistent with those of the simulation. Fig. 5(D) shows a comparison between the experimental and CFD results for  with three different values of . The difference between the experimental and simulation results was acceptable. When  = 24078.4, the average value of  in the swirl contactor was 0.20, 0.25, 0.31, 0.35, and 0.38 mm, and the range of  in the swirl contactor was 0.05, 0.08, 0.11, 0.14, and 0.17 mm when  = 6.8, 13.7, 23.8, 34.0 and, 44.2, respectively. When  = 20075.4, the average value of  in the swirl contactor was 0.23, 0.30, 0.37, 0.42, and 0.46 mm and the range of  in the swirl contactor was 0.05, 0.09, 0.13, 0.17, and 0.21 mm when  = 6.8, 13.7, 23.8, 34.0, and 44.2, respectively. When  = 16042.2, the average value of  in the swirl contactor was 0.27, 0.36, 0.45, 0.51, and 0.56 mm, and the range of  in the swirl contactor was 0.06, 0.11, 0.15, 0.20, and 0.22 mm, respectively. The Sauter mean diameter of the bubbles is not only related to the position of the bubbles but also related to  and , as they result in the breaking and coalescence of bubbles.
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Fig. 5. (A) Distribution nephogram of , (B) distribution of ,
(C) distribution of , and (D) comparison between  and .
Gas holdup 
A better gas–liquid mass transfer performance requires gas holdup . Different  values of the subregions indicate different mass transfer areas. The distribution nephogram of the gas holdup of the bubbles based on the Euler-Euler simulation with different values of  and  is shown in Fig. 6(A). The distribution nephogram of  is also related to the trajectory of most bubbles, which is similar to the distribution nephogram of . As  increased from 16042.2 to 24078.4, the value and range of  decreased; as  increased from 6.8 to 44.2, the value and range of  gradually increased. This is because larger bubbles tend to move toward the center, which retains larger , while smaller bubbles tend to move toward the edge of the swirl contactor.
The distribution of the area-weighted average gas holdup of the bubbles in the simulation  for each subregion based on the Euler-Euler simulation is shown in Fig. 6(B). As  increased from 16042.2 to 24078.4, the value and range of  decreased; as  increased from 6.8 to 44.2, the value and range of  gradually increased. This is because, with an increase in the gas–liquid ratio, the initial diameter and number of bubbles produced by the liquid shear increased. The gas holdup of the inner ring was higher than that of the outer ring, indicating a high separation efficiency. Under the gas and liquid flow conditions in this experiment, the pressure gradient field formed was sufficient to separate most bubbles via the swirling field. As shown by the left side of the red division line in Fig. 6(B), when the gas–liquid ratio decreased,  reached its maximum value in subregion 12. Under these conditions, the bubble diameter was small, the bubble trajectory radius was large, and most bubbles entered the black hole region from subregion 12. As shown by the right side of the red division line in Fig. 6(B), when the gas–liquid ratio is increased,  reached its maximum value in subregion 11. Under these conditions, the bubble diameter increased, the bubble trajectory radius decreased, and the proportion of bubbles entering the black hole region from subregion 11 increased such that  of subregion 12 was lower than that of subregion 11. 
The distribution of the area-weighted average gas holdup of bubbles in the experiment  for each subregion is shown in Fig. 6(C), and the results are consistent with those of the simulation. Fig. 6(D) shows a comparison between the experimental and CFD results for  with three different values of . The difference between the experimental and simulation results is acceptable. When  = 24078.4, the average value of  in the swirl contactor was 0.28%, 0.51%, 0.83%, 1.11%, and 1.36%, and the range of  in the swirl contactor was 0.31%, 0.76%, 1.44%, 2.72%, and 4.01% when  = 6.8, 13.7, 23.8, 34.0, and 44.2, respectively. When  = 20075.4, the average value of  in the swirl contactor was 0.33%, 0.60%, 0.96%, 1.25%, and 1.50%, and the range of  in the swirl contactor was 0.40%, 1.02%, 2.27%, 3.86%, and 5.06% when  = 6.8, 13.7, 23.8, 34.0, and 44.2, respectively. When  = 16042.2, the average value of  in the swirl contactor was 0.40%, 0.73%, 1.12%, 1.42%, and 1.68%, and the range of  in the swirl contactor was 0.57%, 1.36%, 3.49%, 4.95%, and 5.84%, respectively. 
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Fig. 6. (A) Distribution nephogram of , (B) distribution of ,
(C) distribution of , and (D) a comparison between  and .
Interfacial area 
[bookmark: _Hlk113437964]The gas liquid mass transfer flux can be defined as ; therefore, the interfacial area  is a key factor in gas–liquid mass transfer. The distribution nephogram of the interfacial area of the fluid domain based on the Euler-Euler simulation with different values of  and  is shown in Fig. 7(A). The distribution nephogram of  is also related to the trajectory of most bubbles, which is similar to the distribution nephogram of  and . As  increased from 16042.2 to 24078.4, the value and range of  decreased, and as  increased from 6.8 to 44.2, the value and range of  gradually increased. This is because  is dependent on  and , and an increase in  has a greater impact on  than an increase in .
The distribution of the area-weighted average interfacial area in the simulation  for each subregion based on the Euler-Euler simulation is shown in Fig. 7(B). As  increased from 16042.2 to 24078.4, the value and range of  decreased, and as  increased from 6.8 to 44.2, the value and range of  gradually increased. Therefore, the transfer flux  of the inner ring was larger than that in the outer ring when  was equal.
The distribution of the area-weighted average interfacial area of the bubbles in the experiment  for each subregion is shown in Fig. 7(C), and the results are consistent with those of the simulation. Fig. 7(D) shows a comparison between the experimental and CFD results for  with three different values of . The difference between the experimental and simulation results is acceptable. When  = 24078.4, the average value of  in the swirl contactor was 85.9, 116.8, 139.9, 154.2, and 167.0 m-1, and the range of  in the swirl contactor was 104.9, 200.5, 384.7, 469.1, and 516.9 m-1 when  = 6.8, 13.7, 23.8, 34.0, and 44.2, respectively. When  = 20075.4, the average value of  in the swirl contactor was 83.5, 118.7, 148.2, 166.2, and 179.8 m-1, and the range of  in the swirl contactor was 88.5, 163.1, 311.8, 441.8, and 510.1 m-1 when  = 6.8, 13.7, 23.8, 34.0, and 44.2, respectively. When  = 16042.2, the average value of  in the swirl contactor was 82.0, 120.3, 155.6, 179.0, and 196.3 m-1, and the range of  in the swirl contactor was 78.4, 144.9, 239.5, 377.7, and 487.8 m-1, respectively. 
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Fig. 7. (A) Distribution nephogram of , (B) distribution of ,
(C) distribution of , and (D) a comparison between  and .
The weighted average interfacial area of the total swirling contactor characterizes its average gas–liquid mass transfer area. Fig. 8 shows the weighted average interfacial area of the total swirling contactor . At  = 23.8, as  increased from 16042.2 to 24078.4,  increased from 139.9 m-1 to 155.6 m-1 because a higher  results in smaller bubbles owing to the shear of liquid on gas. When  = 20075.4, as  increased from 6.8 to 44.2,  increased from 83.5 m-1 to 196.3 m-1 because a higher  offers higher gas holdup. When  = 44.2 and  = 24078.4,  reached a maximum of 196.3 m-1. The growth rate of the interfacial area with  was 0.0020 while that with  was 3.0160. Thus, it is a better choice to increase the interfacial area by increasing .
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Fig. 8.  with different values of  and .
Conclusions
In the swirling contactor studied herein, smaller bubbles tended to move toward the edge, while larger bubbles tended to move toward the center after entering subregion 1; thus, the Sauter mean diameter, , gas holdup, , and interfacial area, , of the inner ring were larger than those of the outer ring. As  increased from 16042.2 to 24078.4, the values of , , and  and their ranges decreased, and as  increased from 6.8 to 44.2, the values of , , and  and their ranges gradually increased. With an increase in the gas–liquid ratio, the subregion where the maximum  and  were located changed from subregion 12 to subregion 11 owing to the change in the bubble trajectory radius. By comparing the growth rate of  to  and of  to , increasing  resulted in a greater contribution to the growth of , whereas increasing  resulted in little contribution to the growth of .
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Nomenclature
Uppercase symbols
	















	gas phase concentration in liquid phase, Pa
drag coefficient
virtual mass coefficient
function of the mean strain
hydraulic diameter, mm
interfacial forces, N
generation of turbulence kinetic energy due to the mean velocity gradients
generation of turbulence kinetic energy due to the buoyancy
Henry coefficients
pressure of gas, Pa
bubble coalescence efficiency
volume flow, m3/s
gas volume flow at gas outlet, m3/s
gas volume flow at gas inlet, m3/s
upper and lower arc radius, mm
relative Reynolds number

	 
	liquid Reynolds number at inlet

	

	gas Reynolds number at inlet
effect of the fluctuating dilatation


Lowercase symbols
	






 
















	interfacial area, m-1
area weighted average interfacial area of simulation, m-1
area weighted average interfacial area of experiment, m-1
area weighted average interfacial area of experiment in a total swirling contactor, m-1
breakage kernel
coalescence kernel
increase coefficient of surface area
Sauter mean diameter, mm
area weighted average Sauter mean diameter of simulation, mm
area weighted average Sauter mean diameter of experiment, mm
bubble aggregation kernel function
gravity acceleration, m/s2
turbulent kinetic energy, m2/s2
mass transfer coefficient
bubble size distribution function
mass transfer flux, N/m3
pressure, Pa
phase, liquid or gas
bubble contact time, s
film drainage time, s
characteristic velocity, m/s
velocity of phase k, m/s
inlet width, mm
inlet depth, mm


Greek letters
	














 
	volume fraction of phase k
dynamic viscosity of the liquid,  
dynamic viscosity of the gas,  
collision frequency, s-1
surface tension, N/m
turbulent Prandtl number
corresponding daughter size distribution
size ratio between an eddy and a particle
gas volume fraction
turbulent energy dissipation rate, m2/s3
gas holdup, %
area weighted average gas holdup of simulation, %
area weighted average gas holdup of experiment, %
density of liquid, kg/m3
density of gas, kg/m3
density of phase k, kg/m3
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