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            Abstract
          
        

        
          Cyclone separators play an important role in industry to separate solid particles from the fluid flow. This paper tries to estimate the internal flow behavior and performance of cyclone separators with various external mist injections by three-phase numerical simulations and find out comparatively the most appropriate mist injected locations for industrial applications. The external mist injection was described by Largrange’s approach, gas phase and particle phase were considered modelled by Euler-Lagrange approach following the previous researches. The internal flow behaviors and performance of cyclone separators have been numerically investigated and compared by using the Reynolds Stress Model(RSM) for modeling turbulent flow. The numerical models utilized in this study have been validated by the experimental work from previous studies. The results show that, the performance of cyclone separators is significantly affected with adjustment of the mist injection location. The inverse weighted sum performance of the best design is 9.273% and 3.369% higher than the worst design and overall averaged performance, respectively.
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      1. Introduction
      From the last century, engineers already applied the cyclone separators to separate solid particles from the gas or fluid flow, especially for chemical engineering and environmental field(1,2). Until nowadays, Various types of gas cyclone separators and hydro cyclone separators are still widely used for efficiently removing solid particles of relatively big size as the convenience of construction and application, simplicity of operation and low cost of electric power(3). For the evaluation of cyclone performance, the pressure drop and the collection efficiency are two most important factors widely utilized in cyclone separators and many studies had been conducted in earlier century by experimental methods to increase cyclone collection efficiency and decrease the pressure drop. They tried to find empirical equations to describe the relationship between cyclone performance and constructed geometry parameters as they couldn’t rely on the numerical analysis. Moreover, at that time it was quite difficult to conduct numerical analysis because computer hadn’t popularized(4–7). Since then, the fast development in computational computers and commercial coding technology helped researchers to utilize numerical analysis softwares and predict swirling flows characteristics and behaviors inside cyclone bode more accurately, which has significantly promoted the improvement of cyclone separators’ performance(8–10). Cortes and Gil(3) summarized the difference of analysis methods between previous studies and development tendency of nowadays. They indicated that previous researchers always focused on developing algebraic relationships among major cyclone performance and designed variables. However, the tendency nowadays changed and numerical analysis of cyclone separators are going to more and more popular(11-13). Recently the computational fluid dynamics (CFD) method has been widely employed to estimate the flow pattern in cyclone body and the separation performance of cyclone separators. Due to the application of CFD, The turbulence models need to be carefully considered and discussed as it could significantly influence the predicted flow field and performance in CFD simulations(14). The k-ε model is one of the most commonly used turbulence models and it is also known as the weakness for anisotropic turbulence, flow separation, curvature effect and severe pressure gradient(15). Many relevant studies showed that the prediction accuracy of Reynolds Stress Model(RSM) and Large Eddy Simulation(LES) are much higher and they are more appropriate than the simple two-equation models for complicated turbulent flow.

      As the anisotropic turbulence is detailedly considered in RSM, which is also with lower cost and better convergence, The RSM is more widely used(16,17). In recent years, there has been an increasing interest in multi-objective optimization of cyclone separators. These studies generally used CFD method to predict the performance of the proposed optimum design to compare with the reference design. A multi-objective optimization of cyclone separator using the response surface methodology and CFD data is performed by Elsayed and Lacor(18) and Sun et al.(19). The genetic algorithm is performed by Safikhani(20), Sun and Yoon(21), Pishbin and Moghiman(22). Le and Yoon(23) proposed two innovative designs of four-inlet cyclone separator. Those designs provide the better performance than the reference design of Stairmand cyclone separator, which has been confirmed by numerical investigation. Recently, with improvements in the dimensions of various parts of the cyclones, separation of sub-micron order particles with fairly high precision has become possible(24,25). However, most of the methods have moving or rotating part in the cyclone such as guide plate, or apex cone. There are not many research works related to the cyclone separator systems with external mist injection. Yang et al.(26) had simply reported their experiment results and numerical simulations of cyclone separator with mist injection, which showed it is effective to reduce cut off size by external mist injection. Only few injection locations were tested and the numerical simulations are not comprehensive and detailed.

      In this study, the effect of mist injection location on the internal flow pattern and performance of cyclone separators has been estimated by Computational Fluid Dynamics method. The numerically analyzed results summarized detailedly in the present paper were used as references for the industrial applications. More comprehensive numerical and experimental results will be reported later.

    

    

  
    
      2. Cyclone model design and numerical methods
      
        2.1 Model design of cyclone separators with mist injection
        Regarding the traditional and modern design theories of cyclone separators, several fast and efficient design methods had been developed. In the present study, the based cyclone separators model without mist injection is designed according to our previous relevant studies(19,21,23).

        In our previous studies, the response surface model and genetic algorithm were utilized to conduct multi-objective optimization of a typical standard Stairmand cyclone separator by using pressure drop and total collection efficiency as objective functions. The main geometric configuration of the classical Stairmand and optimal cyclone separators are shown in Fig. 1 and Table 1. The main diameter of cyclone separators D2 in current study is 400 mm and the particle concentration at inlet 1 is 10 g/m3 according to the corresponding project requirement. Yang et al.‘s(26) design of tangential mist injection location of cyclone separator and reported experiment results were referred. Total five mist injection locations are designed in present paper as illustrated in Fig. 2 and Table 2. Inlet 1 and inlet 2 are set in opposite injection direction with 180° rotation interval. Mist injection flow rate is kept as constant and it could vary depending on the experimental conditions. The ratio of liquid to gas flow rates is mainly tested as 0.05 L/m3 in this study.

        
          
          

          Fig. 1 
				
          

          
            Schematic diagram of the Stairmand and optimal cyclone separators(19,21). Left: Stairmand type, Right: optimal type
          
          

          

        

        
          Table 1 
				
          

          
            Geometrical dimensions of the Stairmand and optimal design
          
          

        

        
          
            
              	Dimensions
              	Symbol
              	Ratio
(Factor/D)
Optimal
              	Ratio
(Factor/D)
Stairmand
            

          
          
            	Inlet height
            	
              a
            
            	0.685
            	0.5
          

          
            	Inlet width
            	
              b
            
            	0.172
            	0.2
          

          
            	Cylinder height
            	
              h
            
            	1.25
            	1.5
          

          
            	Cyclone height
            	
              HT
            
            	6
            	4
          

          
            	Outlet tube diameter
            	
              DX
            
            	0.501
            	0.5
          

          
            	Outlet tube length
            	
              HC
            
            	-
            	2
          

          
            	Cone-tip diameter
            	
              BC
            
            	0.65
            	0.37
          

          
            	Vortex finder length
            	
              S
            
            	0.75
            	0.5
          

        

        
          
            Cyclone body diameter D = 400 mm
          

        

        

        
          
          

          Fig. 2 
				
          

          
            Various designs of mist injection location
          
          

          

        

        
          Table 2 
				
          

          
            Summary of the main dimensions of inlet 2 of each designed cyclone separator
          
          

        

        
          
            
              	Designs
              	LS1
              	LS2
              	LT1
              	LT2
            

          
          
            	Case 1
            	200
            	200
            	-
            	-
          

          
            	Case 2
            	170
            	200
            	-
            	-
          

          
            	Case 3
            	200
            	300
            	-
            	-
          

          
            	Case 4
            	170
            	300
            	-
            	-
          

          
            	Case 5
            	-
            	-
            	167.2
            	68.5
          

        

        
          
            a2 and b2 are fixed as 34.4 mm and 137 mm, respectively
          

        

        

      

      
        2.2 Turbulence model
        The key to the success of CFD simulation lies in an accurate description of the turbulent behavior of the inner flow. The k-epsilon turbulence model and its variants do not effectively simulate the highly swirling turbulent flow in cyclones due to the assumption of isotropic turbulence structure(27). The RSM, conversely, has proven an accurate simulation of cyclones as it accounts for the effects of stream curvature, rotation, swirl, and rapid changes in strain(27,28).

        Over recent years, LES has grown popular for this purpose as well. Previous researchers(29,30) have found that LES is more accurate than RSM in the simulation of cyclones. However, LES is highly dependent on the grid resolution and requires higher computational cost than the RSM; Jang et al.(30) found that the mean velocities predicted by LES and RSM are quite closed to each other. Given the accuracy of results and low computational cost, we used RSM in this study to predict the flow field in the cyclone separator. The detailed description had been explained and the accuracy of RSM had been validated by our previous studies(19,21,23).

      

      
        2.3 Discrete phase model (DPM)
        In order to obtain the overall collection efficiency, the particle trajectories in the cyclone are usually modeled using the discrete phase model (DPM) for normal type cyclone separator without mist injection. The discrete phase model is based on the Euler-Lagrange approach. The fluid phase is treated as a continuum by solving the Navier-Stokes equations, while the dispersed phase is solved by tracking a large number of particles through the calculated flow field. According to the statement in our previous study(23), there are major assumptions made to describe the particles transport in a fluid medium. First, the particles are assumed to be spherical. Second, the density of the dust particles is much higher in comparison to air density. Third, drag force is the dominant force, the density of the particles is much higher than the air density, several forces such as Saffman’s lift force, Basset force and buoyancy force can be neglected. Fourth, one-way coupling, the particle loading is small in a cyclone separator (below 12%), so the effect of particle on the fluid flow and the interaction among particles are neglected by discrete phase model(31). Final, collisions among particles could be neglected and the collisions between particles and walls were assumed to be perfectly elastic. More detailed description could be found in the relevant studies(23,31).

        In present study, an appropriate description of the injected mist is quite important. In practical experiment, the injected mist could attach to the particles and the size of particles could grow up, so it is easier to separate the particles in the flow field and increase the collection efficiency. However, currently it is quite complicated and difficult to accurately simulate the attaching effect and random interaction behavior among the particles and mist by numerical softwares. Moreover, the loading of particles and injected mist investigated in this study are quite small (below 5%) in the cyclone separators as mentioned in section 2.1. Therefore, the dust particles and mist are treated as no interaction with each other and all of the particles and injected discrete mist were tracked by discrete particle model (DPM). It should be indicated that the injected mist phase and the tracked particle phase are independent and both of the two phases are described by Lagrange’s approach. The continuous air phase is described by Euler’s method.

        Moreover, it is now well established from a variety of studies that the Discrete Random Walk (DRW) model and Random Eddy Lifetime (REL) should be used to consider the turbulent dispersion of particles, which can improve the accuracy of predicting the cyclone collection efficiency. This has been validated in previous studies as shown in Fig. 3(23). In this study, the DRW and REL are also adopted to conduct numerical simulations. It could be observed that the difference between numerical analysis and experimental results is not small when cyclone operates with relatively small size particles. In present study, the small size particle loading is not so high and the tendency of numerical results could match with experimental results at small size particle loading. Therefore, the results are considered to be acceptable.

        
          
          

          Fig. 3 
				
          

          
            Validation of the DRW and REL models(23)
          
          

          

        

      

      
        2.4 Numerical schemes and solver
        The discretization approaches of pressure gradient and advection terms utilized to carry out numerical simulation have significant effects on the numerical results because of the strongly swirling flow existing in the cyclone body. The second order upwind scheme has been determined for discretization of momentum, momentum, turbulent kinetic energy and turbulent dissipation rate equations; the first order upwind and the Presto scheme have been employed for Reynolds stress and pressure gradient discretization, respectively.

        To improve the convergence of numerical simulations and get believable numerical results, the steady state calculations have been conducted before the unsteady calculations as the steady state results are utilized to be the initial condition for unsteady calculation. The relative small time step size of 1e-4 has been determined to improve the convergence and accuracy. Moreover, the criteria of scaled residuals are set as less than 1e-4 for continuity equation and 1e-5 for all other equations. The overall judgement of convergence of numerical simulations does not depend on the simulated time, the convergence is determined by monitoring the area weighted average static pressure at all the boundary surfaces until all of them reach a stable states. The monitoring of the area weighted average static pressure at all the boundary surfaces are presented in Fig. 4.

        
          
          

          Fig. 4 
				
          

          
            Monitor of the area weighted average static pressure ratio across inlet and outlet surfaces
          
          

          

        

      

      
        2.5 Boundary conditions and grid generation
        For the fluid phase, the inlet velocity at inlet 1 is set to 16 m/s, which is calculated from a fixed air volume flow rate of 0.3016 m3/s in project requirement. For conventional design, the inlet 2 area is 0.25 times of inlet 1 (width and height are both half of inlet 1). And the same inlet velocity is set to inlet 2. The particle concentration at inlet 1 and injected mist ratio at inlet 2 have been explained in section 2.1. The outlet is set to ambient condition (0 Pa of gauge pressure). The turbulence quantities are uniformly imposed at the inlet and outlet with 5% turbulent intensity and hydraulic diameter. The no-slip boundary condition is used for all walls. The distribution of dust particles injected at the inlet 1 surface whose density is 2700 kg/m3 and the mist diameter size distribution injected at inlet 2 surface whose density is around 1000 kg/m3 are described using the popular Rosin-Rammler diameter distribution. The mass fraction of particles of diameters greater than d is given by(42)

        
          
            
              	
                
                  
                    
                      
                        Y
                      
                      
                        d
                      
                    
                    =
                    
                      
                        e
                      
                      
                        
                          
                            -
                            (
                            d
                            /
                            
                              
                                d
                              
                              -
                            
                            )
                          
                          
                            n
                          
                        
                      
                    
                  
                
              
              	
                (1) 
				
              
            

          

        

        Where the mean diameter d and spread parameter n of inlet 1 were set as 3.63 μm and 3.55 μm, and the minimum and maximum diameters of the inlet 1 were 0.5 μm and 8 μm, respectively. The mean diameter d and spread parameter n of inlet 2 were set as 7.81 μm and 3.72 μm, respectively. The minimum and maximum diameters of the inlet 2 were 0.5 μm and 20 μm according to project requirement. Table 3 summarizes the type of boundary conditions in the present study.

        
          Table 3 
				
          

          
            Summary of the boundary conditions
          
          

        

        
          
            
              	Boundary
              	Fluid phase
              	Particle phase
              	Mist phase
            

          
          
            	Inlet 1
            	Velocity inlet
            	Escape
            	Escape
          

          
            	Inlet 2
            	Velocity inlet
            	Escape
            	Escape
          

          
            	Outlet
            	Pressure outlet
            	Escape
            	Escape
          

          
            	Dust collector
            	Wall
            	Trap
            	Trap
          

          
            	Other surfaces
            	Wall
            	Reflect
            	Reflect
          

        

        

        Comparison of the accuracy between the grid-independent polyhedral and hexahedral grid and the grid independence test for several grid resolutions with maximum edge size and face size 9.5 mm, 7.5 mm, and 6.7 mm were implemented in our previous study(19), presented in Fig. 5(a)(19). It had been identified that he tangential velocity predicted by the polyhedral grid is slightly closer to the experimental data than that found by these hexahedral grid. It was also found that a grid resolution of 7.5 mm for the maximum edge size and face size is sufficient to predict the grid-independent simulation as shown in Fig. 5(b)(19). Therefore, the grid used for this study is kept as 7.5 mm grid resolution shown in Fig. 6. each wall-adjacent cell’s centroid has been estimated and each of them is located within the log-law layer to meet the requirements of the turbulence model and standard wall function used in the present study.

        
          
          

          Fig. 5 
				
          

          
            Grid dependence test of the cyclone separator(19) (a) Comparison of polyhedral and hexahedral grid, (b) Comparison of different grid sizes
          
          

          

        

        
          
          

          Fig. 6 
				
          

          
            Numerical grid generation of the designed cyclone separator
          
          

          

        

      

    

    

  
    
      3. Results and discussion
      
        3.1 Comparison of flow pattern among various designs
        The mean static pressure distributions of the total 5 designs are illustrated in Fig. 7. As we know, because of the formation of strong swirling vortex flow formed in the center of cyclone separator body, the static pressure decreases from the near wall region to the center of swirling flow. And it is easy to recognize that the pressure gradient is quite large in the radial direction and the pressure gradient transition is very small in axial direction. Therefore, two more detailed radial locations (H/D=1.5, H/D=3) presented in Fig. 8 are adopted to quantitatively analyze the internal mean static pressure distributions shown in Fig. 9. The minimum static pressure distribution of each case at two different locations are summarized in Fig. 10. From Figs. 9 and 10, it could be easily observed that Case 5 provide a comparatively higher static pressure in the center and near wall region. It could be inferred that the swirling intensity of Case 5 is lowest among the 5 cases. That is why it could provide a lowest static pressure distribution. The minimum static pressure differences among the other 4 cases are within 50 Pa. In general, the main static pressure distributions are similar to each other. Case 4 and Case 1 provide lowest minimum static pressure at H/D=1.5 and H/D=3, respectively.

        
          
          

          Fig. 7 
				
          

          
            Static pressure distribution of various designs of cyclone separator
          
          

          

        

        
          
          

          Fig. 8 
				
          

          
            Analyzed radial locations inside of cyclone body
          
          

          

        

        
          
          

          Fig. 9 
				
          

          
            Static pressure distribution at two radial locations. (a) Line 1, (b) Line 2
          
          

          

        

        
          
          

          Fig. 10 
				
          

          
            Comparison of minimum static pressure at two radial locations, (a) Line 1, (b) Line 2
          
          

          

        

        The Iso-surface at static pressure equal to 30 Pa is drawn and it is colored by axial velocity as illustrated in Fig. 11. The internal swirling vortex flow is visualized from the Iso-surface distribution. The comparison of total surface area is shown in Fig. 12. The Iso-surface means that the static pressure distribution of every point in the surface area is same with each other. Therefore, a comparatively smaller Iso-surface area means it is closer to the center of swirling flow and the vortex intensity is weaker. The result show that Case 5 provide smallest surface area among the total 5 cases. Case 1 and Case 2 shows similarly highest surface area which is around 10% larger than Case 5.

        
          
          

          Fig. 11 
				
          

          
            Iso-surface area distributions at a constant static pressure(30 Pa)
          
          

          

        

        
          
          

          Fig. 12 
				
          

          
            Comparison of total surface area of each design
          
          

          

        

        In cyclone separator, the swirling vortex flow is called as Rankin vortex. It generally consists of two main parts, the outer free vortex region and the inner forced vortex region. The maximum tangential velocity usually could be observed in the transition area between the free vortex and forced vortex. In actual flow field, the tangential velocity is a key point which many researchers had payed much attention. The swirling intensity of the internal vortex flow in the cyclone body is mainly determined by the tangential velocity. A relatively higher tangential velocity distribution could generate higher centrifugal force to grasp the particles to the outer near wall region and then the particles could be easily collected by the dustbin. Therefore, the previous many research works also validated that higher tangential velocity means higher collection efficiency. Moreover, for the small size particles, the gravity could be neglected. Overall collection efficiency is mainly determined by centrifugal force. Therefore it is necessary to investigate the internal tangential velocity distribution in the cyclone separator body with adjustment of the cyclone geometry.

        The overall contour distributions of internal tangential velocity in the whole cyclone body are illustrated in Fig. 13 and quantitatively tangential velocity distribution at two radial locations are presented in Fig. 14. It could be clearly recognized the tangential velocity distribution from the center region to the outer wall region sharply increases and achieve a maximum value then decreases gradually to the wall region. This is a typical Rankin vortex distribution, which also could be validated in present study. The maximum value achieved in the transition aera and the minimum value at the center forced vortex region of the two analyzed locations are summarized in Fig. 15. The maximum tangential velocity at transition aera of Case 5 is much smaller than other 4 cases. Case 4 and Case 2 provide the lowest minimum tangential velocity 0.8 m/s and 1.6 m/s at the center region of the two analyzed locations, respectively.

        
          
          

          Fig. 13 
				
          

          
            Tangential velocity distribution of various designs
          
          

          

        

        
          
          

          Fig. 14 
				
          

          
            Tangential velocity distribution at two radial locations, (a) Line 1, (b) Line 2
          
          

          

        

        
          
          

          Fig. 15 
				
          

          
            Comparison of minimum tangential velocity in the center area and maximum tangential velocity, (a) Line 1, (b) Line 2
          
          

          

        

      

      
        3.2 Comparison of performances among various designs
        As is well known to us, the performance of cyclone separator is usually estimated by using both of the pressure drop and collection efficiency. Higher collection efficiency and lower pressure drop are expected in the industrial application. Due to the strongly swirling vortex flow pattern inside of the cyclone body, higher efficiency means higher swirling intensity of cyclone separator, higher swirling intensity usually results in higher energy loss(pressure drop). Therefore, it is a trade-off selection when considering the two main aspects of cyclone separator. In this study, the overall collection efficiency of the injected mist at inlet 2 also has been taken into account. As discussed in the section 2.3, the dust particles and injected mist are treated as no interaction with each other. If the injected mist is quite quickly and easily collected by the dust box, it could be inferred that the evaluated collection efficiency of injected mist is relatively higher and the mixing effect of mist with injected particles is comparatively weaker. when the collection efficiency of mist is low, it leads to a longer residential time and mist is going to escape from the outlet in the top. It is also could be inferred that lower collection efficiency of mist means higher opportunity for mist interact with solid particles. This phenomena make the particle diameter increase and in general it could be easier to be collected Therefore, a relative low collection efficiency of inlet 2 is better for the overall performance of cyclone separator.

        A summary of the pressure drop and collection efficiency at each inlet is presented Table 4. The escape efficiency of dust particle at inlet 1 was adopted in this section to evaluate the collection efficiency of inlet 1. A lower escape efficiency, a better performance for cyclone separator. The grade efficiency of each case with constant particle size injection at inlet 1 is shown in Fig. 16. The increasing tendency of grade efficiency of case 5 is different from the case 1 to 4. From the discussion of internal flow characteristics in section 3.1, it is easy to understand the reasons. The mist injection location(inlet 2) of Case 5 is set in the top surface. The flow pattern from inlet 1 and inlet 2 could collide with each other as the variation of flow direction, which directly causes the reduction of tangential velocity and swirling intensity in cyclone body. This could be validated by the tangential velocity distributions in the previous section of this paper. The mist injection locations(inlet 2) of case 1 to 4 are set the same with inlet 1 in clockwise direction, which could contribute more swirling energy. Therefore, the grade efficiency of case 1 to 4 at inlet 1 is better than case 5. From the Table 4, it could be observed that Case 1 achieves a best collection efficiency at inlet 1, Case 5 provides a lowest pressure drop and collection efficiency at inlet 2 but very highest escape efficiency at inlet 1. It is difficult to judge the total performance of the cyclone separators by the comparison at each separated aspect. Therefore, the inverse weighted sum performance PWSM is utilized to compare the total performance of each design of cyclone separator by taking all the evaluated aspects of cyclone separator into account(23). The inverse weighted sum performance PWSM is described as follows:
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          Fig. 16 
				
          

          
            Comparison of grade efficiency of all designed cyclone separators
          
          

          

        

        
          Table 4 
				
          

          
            Summary of the performance of each designed cyclone separator
          
          

        

        
          
            
              	Design
              	
                η
                A1
              
              	
                Δ
                Ap
              
              	
                η
                A2
              
              	PWSM
            

          
          
            	Case 1
            	0.06126
            	794.9188
            	0.95068
            	0.96631
          

          
            	Case 2
            	0.06432
            	789.5726
            	0.93927
            	0.97349
          

          
            	Case 3
            	0.06641
            	798.8211
            	0.97611
            	1.00026
          

          
            	Case 4
            	0.08147
            	787.1564
            	0.96686
            	1.05904
          

          
            	Case 5
            	0.09987
            	654.5854
            	0.74037
            	1.00090
          

          
            	Average
            	0.07466
            	765.0109
            	0.91466
            	1.00000
          

        

        

        Where ηA1, ΔAp and ηA2 are the normalized escape efficiency at inlet 1, pressure drop and collection efficiency at inlet 2, which could be calculated by dividing the average values of all designs. The wA1, wAp and wA2 are the relative weights of importance of the normalized escape efficiency at inlet 1, pressure drop and collection efficiency at inlet 2, respectively. In the present study, the relative weights of each aspect is assumed to be equal to each other. The sum of all relative weights is equal to 1 (wA1+wAp+wA2=1) so that wA1+wAp+wA2=1/3. The smaller the inverse weighted sum performance is, the better the performance of cyclone separator is.

        From Table 4, it is easily summarized that Case 1 provides the best performance that all the other designs. The inverse weighted sum performance of Case 1 is 9.273% and 3.369% higher than the Case 4 and overall averaged performance.

      

    

    

  
    
      4. Conclusions
      This study utilized the previous optimized cyclone separator geometry as the base model and numerically investigated the effect of external mist injection location on the flow behavior and performance of cyclone separator by using the Computational Fluid Dynamics method. The numerical models and boundary conditions utilized in this study have been validated by the experimental work from previous studies. The Reynolds stress turbulence model is adopted to conduct numerical simulations. The air phase, dust particles and injected mist are described by Euler, Lagrange and Lagrange method.

      The internal flow characteristics including static pressure and tangential velocity distribution at various internal locations have been compared. Case 5 provides a comparatively higher static pressure in the center and near wall region. The Iso-surface at static pressure equal to 30 Pa has been drawn and compared. The results show that Case 5 provide smallest surface area among the total 5 cases. Case 1 and Case 2 shows similarly highest surface area which is around 10% larger than Case 5. The summarized tangential velocity distributions at two various locations also show that the tangential velocity of Case 5 is weaker than other cases. It could be concluded that the top injection location reduced the swirling intensity of the internal vortex flow as the variation of two inlet injection directions.

      The inverse weighted sum performance parameter has been utilized to relatively compare the performance of each design with various external mist injection location. The inverse weighted sum performance of Case 1 provides the best performance that all the other designs, which is 9.273% and 3.369% higher than the Case 4 and overall averaged performance.
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