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Abstract
The movement of fine bubbles in a swirling field determines the mass transfer, heat transfer, and reaction performance of the swirl equipment. This study investigated the separation of fine bubbles strengthened by a swirling field in order to achieve higher separation efficiency of the planar cyclone through optimizing the structure of the convection field. The bubble size and gas holdup in the swirling flow field under different working conditions were explored by combining high-speed camera online measurement and computational fluid dynamics(CFD) simulation. The gas holdup and bubble size of each region in the swirl region, as well as the separation efficiency of gas by swirl eccentricity, were observed at different liquid and gas Reynolds numbers,  and , respectively. Furthermore, the influence of different swirl eccentricities, , was investigated. It was found that the highest separation efficiency can be achieved under all working conditions when swirl eccentricity  5 mm.
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1 Introduction
Swirling flows can be used for gas-liquid phase separation and process intensification. The rotor-stator spinning disc under the rotation of the motor enhanced the mass transfer in swirling flows 1,2.  Recently, a planar cyclone, an evolution of a tubular hydrocyclone, has been promoted for gas-liquid mass transfer. In tubular hydrocyclones, bubbles are rapidly separated, the gas holdup is low, and there are no bubbles in many fluid regions 3,4. After the equipment is sliced and flattened, the bubbles disperse more evenly, the gas holdup is high, and the equipment space is fully utilized. The rapid movement of the bubbles towards the center of the swirling flow indicates their tendency to separate from the liquid. A planar cyclone exhibits a shorter axial length than a tubular hydrocyclone 5. 
Fundamental experimental studies have been conducted to understand gas-liquid hydrodynamics and interphase mass transfer in swirling fields. Using a planar cyclone as a mass transfer contactor or degassing separator is expected to be advantageous in achieving process intensification for many industrial gas-liquid mass transfer applications. In a planar cyclone, high shear rates would contribute to breaking the bubbles,	 resulting in a high gas-liquid interfacial area. However, the high rate of gas-liquid surface renewal in swirling turbulence results in a high gas-liquid mass-transfer coefficient 6. The experimental results confirmed the high efficiency of the mixing and mass transfer processes. 
Previous studies have focused on bubble separation from liquids and gas-liquid mass transfer through the action of centrifugal force in swirling flows.  However, it should be noted that for practical gas-liquid mass transfer applications, the planar cyclone geometry design should be optimized for each specific application. 
According to Xu et al., this optimization is due to the uniform distribution of the bubble volume fraction in a planar cyclone 6. The region near the arc on the impacted side contained more bubbles. The region near the arc on the nonimpacted side had fewer bubbles. In this study, a varied distance between the centers of the two arcs was proposed to overcome the uniform distribution of the bubble volume fraction. The two arcs had different centers compared with the previous planar cyclones. The distance between the centers of the two arcs was defined as eccentricity. The eccentricity was negative when the arcs were closer and vice versa.  
Experiments provide data on the gas–liquid flow in planar cyclones and contribute to geometry optimization over a wide range of operating conditions. However, this is a time-consuming and costly process. 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 for addressing the shortage of experiments on multiphase flow 7-9. CFD simulations allow for the visualization of detailed hydrodynamics in a complex chamber of planar cyclones. Moreover, analyzing the simulation results can provide guidelines and insights into geometry optimization 10,11. 
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 [6]. The dispersed gaseous phase was divided into n 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 the appropriate models. 
The mass transfer flux , and the specific surface area  calculated by  are important parameters in the gas-liquid mass transfer process. Therefore, the gas holdup  and bubble diameter  were carefully investigated in this study. A reasonable bubble separation efficiency and favorable contact performance were desired. The separation efficiency was also studied. 
2 Experiments
2.1 Experiment setup
The experimental setup is illustrated in Fig. 1. It includes an air compressor, variable frequency pump, gas mass flow meter, liquid mass flow meter, and planar cyclone (=25 mm; = -10, -5, 0, 5, and 10 mm). The experimental instruments included 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) which involved the injection of air using the air compressor into the planar cyclone from the gas inlet, and tap water was injected from the liquid inlet through the pump. The gas and liquid flows were controlled by the gas mass flowmeter and liquid mass flowmeter, respectively.  A high-speed camera was used to capture bubble images in the swirling region under different working conditions. The structure of planar cyclone is showed in Fig.1(B) and the geometric parameters of it are presented in Table 1.
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Fig. 1. Schematic diagram of (A) experimental process, (B) planar cyclone.
Table 1. Geometric parameters of the planar cyclone.
[image: 表格

描述已自动生成]
The inlet liquid Reynolds number() and gas Reynolds number () were introduced to describe the turbulence of the liquid and gas flows. They were defined as:
                                                               (1)
                                                              (2)
where  and  represent the densities of tap water and air, respectively and and  the viscosities of tap water and air, respectively.  defines the hydraulic diameter;   the characteristic velocity;  the volume flow at the inlet; and a and b are the inlet width and depth, respectively.
Separation efficiency was introduced to describe the gas removal performance of a planar cyclone, defined as
                                                                   (3)
where  and  represent the gas volume flow at the gas inlet and outlet, respectively.
2.2 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 frames per second using PFV4.0. Image Pro Plus software was used for bubble image analysis to obtain parameters such as bubble area and diameter in each region. As shown in Fig. 2, the method of image processing included the following steps: (1) the original image was obtained using a high-speed camera; (2) the swirl region 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. 2. Bubble image analysis processing.
3 Simulations
3.1 Governing equations
The Euler-Euler approach was considered in this simulation because it allows each phase to have its solution 12,13. The continuity and momentum equations are as follows:
                                                          (1)
             (2)
In the above equations, ,  and  represent the volume fraction, density, and velocity of phase k, respectively.  and  denote pressure and gravity acceleration, respectively.  and  are laminar and turbulent stress tensors, respectively.  represents the interfacial forces, consisting of the drag, virtual mass, lift, wall lubricant, and turbulent dispersion forces14. For gas-liquid flows under the Euler-Euler approach, the drag and virtual mass force are significant interfacial forces:
                                                         (3)
where   and  represent gas and liquid, respectively.
The interfacial force between gas and liquid due to drag is defined as:
                                                (4)
where  represents the gas volume fraction, and  the diameter of the bubble. The drag coefficient  was correlated with the Reynolds number, according to Schiller and Naumann.15  was defined as follows:
                                      (5)
where  denotes the relative Reynolds number. The relative Reynolds numbers for the gas and liquid phases were obtained as follows:
                                                            (6)
The virtual mass effect is significant when the density of the gas is significantly smaller than that of the liquid. The virtual mass force considered in this simulation was defined as follows:
                                                (7)
where  is the virtual mass coefficient set to 0.5. The term  denotes the phase material time derivative of the form:
                                                   (8)
The realizable k–ε model was adopted for the simulations of the turbulence model as it is suitable for rotation and shear flow.16
The modeled transport equations for k and ε in the realizable k–ε model were:
                  (9)
and
           (10)
where
                                     (11)
In these equations,  and  represent the generations of turbulence kinetic energy owing to the mean velocity gradients and buoyancy, respectively;  the effect of the fluctuating dilatation in compressible turbulence on the overall dissipation rate.  and  are constants, =1.9, =1.44.  and  represent the turbulent Prandtl number of  and  respectively, =1.0 and =1.2.  and   are user-defined source terms.
The eddy viscosity was 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 ).
A population balance model (PBM) was introduced to calculate the bubble size in different areas of a planar cyclone. The PBM equation was defined as
             (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 the bubble size in different areas of a planar cyclone, and the accuracy of simulation results can be improved by using appropriate empirical coefficients to modify the coalescence rate or fracture frequency 17-19.
In this study, Luo's breakage and coalescence models 20,21 which consider the 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 follows:
              (14)
where  is the size ratio between an eddy and a particle and  represents the increased coefficient of the surface area. The total breakage rate and corresponding daughter-size distribution are defined as follows:
                                                (15)
                                                      (16)
The coalescence model is defined as:
                                            (17)
                                   (18)
                (19)
where  represent the bubble aggregation kernel function, and  represent the bubble coalescence efficiency.   represents the collision frequency between bubbles of size  and .  and  represent the film drainage and bubble contact times, respectively. 
3.2 Simulation settings
For the Euler-Euler approach, air was injected through the gas inlet at a velocity of 0.33, 0.67, 1.17, 1.67, and 2.17 m/s, and the bubble min diameter, max diameter, and ratio exponent were set as 0.05, 1.26 and 1.55 mm according to 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.
3.3 Grid independence verification
A 3-D quadrilateral structured grid was used in this study. Before the numerical simulations, mesh independence studies were performed to ensure adequate mesh density while avoiding excessive computational resource consumption. Fig. 3 shows the difference of area weighted average Sauter mean diameters of bubbles  and area weighted average gas holdups  between the simulation and experimental results for four different grid numbers, and we chose 59353 after comprehensively considering the calculation accuracy and time.
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Fig. 3. Grid independence verification. (A) area weighted average Sauter mean diameters 
of bubbles  (B) area weighted average gas holdups 
4 Result and Discussion
 values of 16042.2, 20075.4, and 24078.4 were computed for three liquid volume flows of 4 L/min, 5 L/min, and 6 L/min, 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. 
The swirl regions of different structures were divided into 12 regions, as shown in Fig. 4, to analyze the parameters of the 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 within the analysis because of the accumulation of bubbles around the gas outlet. We refer to this region as the black-hole region. Once the bubbles entered, they were discharged from the gas outlet. Thus, the analyzed swirl region was generally divided into an outer and an inner ring. The outer ring was divided into eight subregions, namely 1, 2, 3, 4, 5, 6, 7, and 8, and the inner ring was divided into four subregions, namely 9, 10, 11, and 12, respectively. The area of each subregion was 7.5% of the area of its swirl region.
[image: ]
Fig. 4. The method of swirl region division.
4.1  and  in different subregions
In the swirl region, different subregions had different area weighted average Sauter mean diameters of bubbles  and area weighted average gas holdups . The distribution of the area weighted average Sauter mean diameter   of the bubbles in each subregion based on the Euler-Euler simulation with =20075.4, =23.8 is shown in Fig. 5(A). The  value of the outer ring did not change significantly. Compared with the outer ring, the  of the inner ring was larger, reaching the minimum value of 0.33 mm in subregion 4 and the maximum value of 0.43 mm in subregion 12. The smaller bubbles tended to move towards the outer ring of the swirl region, while the larger bubbles tended to move towards the inner ring after entering from subregion 1, such that the larger bubbles were easier to separate by swirling. The change in pressure in the swirl regions affected the bubble size. With a decrease in pressure, the bubble diameter increased. However, coalescence and breakage lead to changes in the bubble size. In addition, a larger bubble resulted in a greater pressure difference between the two sides, which increased the centripetal force on the bubble.
The distribution of the area weighted average gas holdup  in each subregion based on the Euler-Euler simulation with =20075.4, =23.8 is shown in Fig. 5(B). Compared with the  of the outer ring, the  of the inner ring was larger, reaching a minimum value of 0.16% in subregion 4 and a maximum value of 2.05% in subregion 11. The  was determined by the number and diameter of the bubbles. On the one hand, the  of the inner ring was greater than that of the outer ring. However, because bubbles entered the swirl region from subregion 1, the number of bubbles in each subsequent subregion was less than that in subregion 1, as some bubbles moved towards the outer ring while others moved towards the inner ring. 
A comparison between this experiment and CFD simulation with =20075.4, =23.8, and =0 in 12 subregions for the area weighted average Sauter mean diameter of bubbles  is shown in Fig. 5(C). The experimental results were consistent with the simulation results. After the bubble entered the swirl region,  increased in subregions 1 and 2 of the outer ring, which was due to the reduction in pressure and the coalescence and breakage of bubbles. After the bubbles entered subregion 2, the  began to decrease because in subregions 3 and 4, larger bubbles moved towards subregion 10. After the bubbles entered subregion 4, the  values of subregions 5 and 6 began to increase because some small bubbles were discharged from the liquid outlet. Under the combined effect of  pressure change and bubble coalescence and fragmentation, the  increased. For the inner ring, when bubbles moved from subregion 9 to 12, the  of bubbles continued to increase, due to large bubbles moving towards the inner ring, pressure decrease, bubble coalescence, and bubble breakage. 
A comparison between this experiment and CFD simulation with =20075.4, =23.8, and = 0 in 12 subregions for the area weighted average gas holdup  is shown in Fig. 5(D). The experimental results were highly consistent with the simulation results. After the bubbles entered the swirl region of the outer ring, the  from subregions 1 to 4 showed a downward trend owing to the centripetal movement of some large bubbles. From subregions 5 to 8, the  was approximately the same, with a small increase in subregions 5 and 6. The centripetal motion radius of some bubbles was large, and a small number of bubbles in subregion 11 entered subregions 5 and 6.  increased from subregion 9 to subregion 11. The number of bubbles in these subregions remained roughly unchanged. With a decrease in pressure, the bubble diameter increased, and the  increased.  increased from subregions 11 to 12. A small number of bubbles directly entered the black hole region from subregion 11 and were discharged from the gas outlet owing to the shorter centripetal motion radius. 
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4.2 Effect of  and   on bubble hydrodynamics
4.2.1 Area weighted average Sauter mean diameter    
Different gas and liquid volume flows had varying distributions of area weighted average Sauter mean diameter . Fig. 6(A) shows the distribution of the area weighted average Sauter mean diameter  with different  and . As  increased from 16042.2 to 24078.4, the  and the range of  decreased, and as  increased from 6.8 to 44.2, the  and the range of  gradually increased. This is due to an increase in the initial diameter of the bubble produced by the liquid shear as the gas-liquid ratio increased. As the left side of the red division line in Fig. 6(A) shows, with a smaller gas-liquid ratio, the  reaches the maximum value in subregion 12. Under these operating conditions, owing to the larger swirl trajectory radius of the smaller bubbles, the proportion of bubbles entering the black hole directly from subregion 11 was relatively less because the initial diameter of the bubbles was relatively shorter. As the right side of the red division line in Fig. 6(A) shows, with increasing gas-liquid ratio, the  reached its maximum value in subregion 11. Under these operating conditions, owing to the shorter swirl trajectory radius of 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 longer. Additionally, the phenomenon has always existed that smaller bubbles tend to move towards the outer ring of the swirl region while larger bubbles tend to move towards the inner ring due to the pressure difference between large and small bubbles. Fig. 6(B) shows a comparison between the experimental and CFD results for  with three different gas-liquid ratios, which were the smallest, medium, and largest of the conditions shown in Fig. 6(A). The difference between the experimental and simulation results was acceptable. When  = 24078.4 and = 6.8, the average value of  in swirl region was 0.20 mm, and the range of  in the swirl region was 0.04 mm. When  = 20075.4 and =23.8, the average value of  in swirl region was 0.37 mm, and the range of  in swirl region was 0.13 mm. When  = 16042.2 and = 44.2, the average value of  in swirl region was 0.56 mm and the range of  in swirl region was 0.22 mm. Compared with the smaller gas-liquid ratio, the consistency between the experimental and simulation results decreased at a larger gas-liquid ratio. When the gas-liquid ratio is large, the coalescence and breakage models of the bubbles need to be discussed more carefully.
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(A)


(B)
Fig. 6. (A) The distribution of area weighted average Sauter mean diameter  for CFD,
(B) comparison between the experiment and CFD of .
[bookmark: _Hlk107948912]4.1.2 Area weighted average gas holdup 
Different gas and liquid volume flows have different distributions of area weighted average gas holdups . Fig. 7(A) shows the distribution of area weighted average gas holdup  with different  and . As  increased from 16042.2 to 24078.4, the  and the range of  decreased, and as  increased from 6.8 to 44.2, the bubble diameter 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 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 the left side of the red division line in Fig. 7(A) shows, when the gas-liquid ratio decreased, the  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 the right side of the red division line in Fig. 7(A) shows, when the gas-liquid ratio is increased, εs 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 the  of subregion 12 was lower than that of subregion 11. Fig. 7(B) shows a comparison between experimental and CFD results for  with three different gas-liquid ratios, which were the smallest, medium, and largest conditions as shown in Fig. 7(A). The difference between the experimental and simulation results was acceptable. When  = 24078.4 and =6.8, the average value of  in the swirl region was 0.28% and the range of  in the swirl region was 0.31%. When  = 20075.4 and =23.8, the average value of  in the swirl region was 0.95%, and the range of  in the swirl region was 2.27%. When  = 16042.2 and =44.2, the average value of  in the swirl region was 1.68% and the range of  in swirl region was 5.84%. Compared with the smaller gas-liquid ratio, the consistency between the experimental and simulation results decreased at a larger gas-liquid ratio indicating that with a larger gas-liquid ratio, the coalescence and breakage models of the bubbles must be discussed more carefully. 
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Fig. 7. (A) The distribution of area weighted average gas holdups  for CFD,
(B) comparison between experiment and CFD of .
4.1.3 Separation efficiency 
Different gas and liquid volume flows exhibit different separation efficiencies  under this planar cyclone structure. Fig. 8(A) shows the separation efficiency of the planar cyclone with  = 16042.2, and  = 6.8, 13.7, 23.8, 34.0, and 44.2. The experimental results were consistent with the simulation results. When  = 16042.2, as  increased from 6.8 to 44.2, the separation efficiency  gradually increased from 43.6% to 67.8 %, indicating that more bubbles deviated from the gas outlet, and the increase rate of the separation efficiency decreased gradually. As the gas volume flow increased, the diameter of the bubbles increased, with greater centripetal force. Due to the coalescence and breakage of bubbles, the proportion of small bubbles produced by liquid shear has a minimum value resulting in maximum separation efficiency. Fig. 8(B) shows the separation efficiency of the planar cyclone with  = 20075.4 and  = 6.8, 13.7, 23.8, 34.0, and 44.2. The experimental results were consistent with the simulation results. When  = 20075.4, as  increased from 6.8 to 44.2, the separation efficiency  increased from 41.4% to 67.7%. Compared to Fig. 8(A), the  of the planar cyclone was smaller because of the smaller gas-liquid ratio with the same . Fig. 8(C) shows the separation efficiency of the planar cyclone with  = 24078.4 and  = 6.8, 13.7, 23.8, 34.0, and 44.2. When  = 24078.4, and  increased from 6.8 to 44.2, the separation efficiency  increased from 38.4% to 67.0% when Rel = 24078.4, as Reg increased from 6.0% to 44.2%. The experimental results were consistent with the simulation results. Compared to Fig. 8(A) and (B), the  of the planar cyclone was the smallest because of the smallest gas-liquid ratio with the same . When the gas-liquid ratio was high, the growth rate of the separation efficiency  was very low.
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Fig. 8. The separation efficiency  with  = 6.8, 13.7, 23.8, 34.0, 44.2. 
(A)  = 16042.2 (B)  = 20075.4 (C)  = 24078.4
4.2 Effect of swirl eccentricity  
In this experiment, the changes in the area weighted average Sauter mean diameter , area weighted average gas holdup  and separation efficiency  of planar cyclones under different swirl eccentricities were explored to achieve a higher separation efficiency of the device. 
Fig. 9(A), (B), (C), (D), and (E) highlight real experimental pictures with = -10, -5, 0, 5, and 10 mm. Fig. 9(A) shows experimental images with = -10 mm, and there was some gas accumulation near the gas outlet as the gas and liquid swirl centers and gas outlets did not coincide. Fig. 9(B) shows the experimental pictures with = -5 mm, there was no gas accumulation near the gas outlet. This was due to the short distance between the gas and liquid swirl center and the gas outlet. Fig. 9(C) shows the experimental images for = 0 mm. This was the initial structure before being optimized. Fig. 9(D) shows the experimental images for = 5 mm. There was no gas accumulation near the gas outlet, and the trajectory of the bubbles was relatively long because of the structure. Fig. 9(E) shows the experimental images for =10 mm. The trajectory of the bubbles was the longest due to the structure, and there was no gas collection close to the gas outlet.
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Fig. 9. Experimental pictures
(A) =-10mm, (B) =-5mm, (C) =0mm, (D) =5mm, (E) =10mm.
The accuracy of the simulation differed for different swirl eccentricities. Fig. 10(A) shows a comparison of  between the simulation and experiment of swirl eccentricity  with  = 20075.4 and  = 23.8. When =10 mm, the consistency between the experimental and simulation results was poor in subregions 11 and 12. In the simulation, when =10 mm, the gas accumulation region near the gas outlet was larger than the black hole region, which did not appear in the experiment, making the simulation results of subregions 11 and 12 inaccurate. Fig. 10(B) shows the comparison of  between the simulation and experiment of swirl eccentricity  with  = 20075.4 and  = 23.8. When = 5 and 10 mm, the consistency between the experimental and simulation results was poor in subregions 11 and 12, respectively. In the simulation, when =10 mm, the gas accumulation region near the gas outlet was larger than the black hole region, which did not appear in the experiment, making the simulation results of subregion 11 and subregion 12 inaccurate when =5 mm. Although the gas accumulation region near the gas outlet was smaller than the black hole region, the gas accumulation would affect the gas holdup in the surrounding region, making the simulation results of subregions 11 and 12 inaccurate.
[image: 图表, 散点图
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with  = 20075.4 and  = 23.8 (A)  (B) .
Different  values resulted in different separation efficiencies  for the planar cyclone. Fig. 11 shows the separation efficiency  with  = 20075.4 and  = 23.8 when = -10, -5, 0, 5, and 10 mm. When , the separation efficiency decreased as the  increased. The total pressure difference from the sidewall of the planar cyclone to the gas outlet was the same. With an increase in distance, the pressure difference per unit length decreased, and the separation efficiency decreased. When , the separation efficiency initially increased and then decreased as the  decreased. When = -5 mm, there was less gas accumulation near the gas outlet, and the pressure difference per unit length was large to achieve a higher separation efficiency. When = -10 mm, gas accumulation near the gas outlet was significant. Although the pressure difference per unit length was large, the separation efficiency was lower than that for = -5 mm. Therefore, careful discussion is required when   whose simulation results were accurate, as discussed above.


Fig. 11. The separation efficiency  with  = 20075.4 and  = 23.8 
when =-10, -5, 0, 5, 10mm.
4.2.1 Area weighted average Sauter mean diameter 
Different  had different area weighted average Sauter mean diameters  for planar cyclones. Fig. 12(A), (B), and (C) show the area weighted average Sauter mean diameter  distribution with  = 20075.4 and  = 23.8 when = -10, -5 and 0 mm, respectively. Compared with the outer ring, the  of the inner ring was larger and reached the maximum values of 0.43, 0.45 and 0.45 mm in subregion 11. The distribution of  was nearly invariable as the  changed, which indicated that the structure of the swirl region would not affect the diameter distribution owing to the same coalescence and breakage coefficients of bubbles; it only changed the trajectory of the bubbles owing to different pressure differences. The comparison between the experiment and CFD with =20075.4, =23.8, and =-10,-5,0 mm in 12 subregions for the area weighted average Sauter mean diameter of bubbles  is shown in Fig. 12(D), (E), and (F). The experimental results were consistent with the simulation results, and from subregions 1 to 12, the general trend of the results was similar to that shown in Fig. 5(C).
[image: 形状

低可信度描述已自动生成]
Fig. 12. The distributions of  for CFD when (A) = -10mm, (B) = -5mm, (C) = 0mm,
comparison between the experiment and CFD when (D) = -10mm, (E) = -5mm, (F) = 0mm.
4.2.2 Area weighted average gas holdup 
Different  had different area weighted average gas holdup  values for planar cyclones. Fig. 13(A), (B), and (C) show the area weighted average gas holdup  distribution with  = 20075.4 and  = 23.8 when = -10, -5, and 0 mm, respectively. Compared with the outer ring, the  of the inner ring was larger and reached maximum values of 2.71%, 2.68%, and 2.43% in subregion 11. The larger  in subregions 11 and 12 indicated a larger separation efficiency so that the structure with = -5 mm demonstrated the highest separation performance. This was because an appropriate swirl eccentricity led to a higher pressure difference and less gas accumulation near the gas outlet. The comparisons between the experiment and CFD with =20075.4, =23.8, and = -10, -5, 0 mm in 12 subregions for area weighted average gas holdup  are shown in Fig. 13(D), (E), and (F). The experimental results were consistent with the simulation results, and the general trend of the results was similar to that shown in Fig. 5(D). 
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4.2.3 Separation efficiency 
Different  values had different separation efficiencies  for planar cyclones with different  and . Fig. 14 shows the separation efficiencies of different ,  and . The experimental results were consistent with the simulation results. The highest separation efficiency was achieved under all working conditions when = -5 mm. As shown in Fig. 14(D), when  = -5 mm and  = 16042.2, the separation efficiency  ranged from 63.2% to 74.6%, with  ranging from 6.8 to 44.2, which was the highest  of the three structures under different . This is because both   and  were optimal for  under these conditions. As shown in Fig. 14(I), when  = 0 mm and  = 24078.4, the separation efficiency  ranged from 38.4% to 67.0%, with  ranging from 6.8 to 44.2, which was the lowest  of the three structures under different . This is because both   and  were the worst for  under these conditions. Compared with = -10 and 0 mm, the structure of = -5 mm improved by 7.2%–44.7% when < 23.8 under different working conditions, and the improvement in the separation efficiency was approximately 5%, which is lower than the former when 23.8. 
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Fig. 14. The separation efficiency  with different  and 
(A)(B)(C) = -10mm (D)(E)(F) = -5mm (G)(H)(I) = 0mm.
5 Conclusions
The  and  of the inner ring were larger than those of the outer ring. The  reached the minimum of 0.33 mm in subregion 4 and the maximum of 0.43 mm in subregion 12 while  reached the minimum of 0.18% in subregion 4 and the maximum of 2.05% in subregion 11. In the planar cyclone, the smaller bubbles tended to move towards the outer ring of the swirl region, while the larger bubbles tended to move towards the inner ring of the swirl region after entering subregion 1. 
For = 0 mm, when  = 24078.4 and = 6.8, the average values of  and  in the swirl region was 0.20 mm and 0.28%, and the range of and  in the swirl region was 0.04 mm and 0.31%, respectively. When  = 20075.4 and = 23.8, the average value of  and  in the swirl region were 0.37 mm and 0.95%, and the range of  and  in the swirl regions were 0.13 mm and 2.27%, respectively. When  = 16042.2 and = 44.2, the average value of  and  in swirl regions were 0.56 mm and 1.68%, and the range of  and  in swirl region were 0.22 mm and 5.84%, respectively.
For =0 mm, when  = 16042.2, as  increased from 6.8 to 44.2, the separation efficiency  increased from 43.6% to 67.8%. When  = 20075.4, as  increased from 6.8 to 44.2, the  increased from 41.4% to 67.7%. When  = 24078.4, as  increased from 6.8 to 44.2, the  increased from 38.4% to 67.0%. When the gas-liquid ratio was high, the growth rate of  was very low.
For  = 20075.4 and  = 23.8, when , the separation efficiency  decreased as the  increased. With an increase in distance, the pressure difference per unit length decreased, and the separation efficiency decreased. When , the separation efficiency first increased and then decreased as the  decreased.
For  = 20075.4 and  = 23.8, compared with the outer ring, the  and  of the inner ring were larger and reached maximum values of 0.43, 0.45, 0.45, and 2.71%, 2.68%, and 2.43%, respectively, in subregion 11 when = -10, -5 and 0 mm, respectively. The distribution of  was nearly invariable as the  changed because the structure of the swirl region would not affect the distribution of  on account of the same coalescence coefficient and breakage coefficient of bubbles, it only changed the trajectory of bubbles owing to pressure differences.
When = - 5 mm, the highest separation efficiency was achieved under all the working conditions.
The maximum separation efficiency can be increased by 44.7% compared to that before structural optimization under the working conditions we experimented.
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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
	



 












	gas liquid specific surface area, m-1
breakage kernel
coalescence kernel
increase coefficient of surface area
upper and lower circular arc swirl eccentricity, mm
bubble aggregation kernel function
gravity acceleration, m/s2
mass transfer coefficient
bubble size distribution function
mass transfer flux, N/m3
pressure, Pa
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
turbulent Prandtl number
corresponding daughter size distribution
size ratio between an eddy and a particle
gas volume fraction
area weighted average gas holdup in each subregion, %
density of liquid, kg/m3
density of gas, kg/m3
density of phase k, kg/m3
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