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            Abstract
          
        

        
          Jet pump contributes to transport sensitive objects of liquid single phase flow or solid-liquid two-phase flow, which has a merit of very simple structure without moving body. However, the pump has a inevitable demerit of cavitation occurrence in the pump passage and the cavitation phenomenon damages the transport object. This paper presents the numerical investigation to improve the cavitation performance of an annular jet pump (AJP) using J-Groove. J-Groove is the passive rectangular grooves installed on the wall of pump mixing zone passage to the flow direction and the grooves entrain high pressure fluid from the diffuser to the throat of AJP. The installation of J-Groove on the pump passage wall increases the pressure in the mixing zone of AJP and improves the pump cavitation performance. In this study, the effectiveness of J-Groove has been evaluated by the parametric study of J-Groove design variables (depth, length, angle and number). The study results reveal that each design variable of J-Groove has its influence on the increase of fluid pressure in the mixing zone of AJP.
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      1. Introduction
      The jet pump is a type of pump used to transfer energy from primary fluid flow to secondary flow by the Venturi effect. Jet pumps are simple in design and manufacturing. Unlike centrifugal and reciprocating pumps, the jet pump does not have any moving components. The absence of moving components eradicates the friction loss, rotor-stator interaction, and other operational problems associated with lubrication, bearing, and sealing(1). The main disadvantage of the jet pump is low efficiency ranging to 40% and low pumping height(2).

      The main components of the jet pump are the primary pipe, secondary pipe, nozzle, diffuser, and outlet pipe. The working mechanism of the jet pump is to convert the pressure energy from the primary fluid into the velocity energy through a nozzle. The high-pressure fluid moves through the primary pipe. When the primary flow passes through the nozzle, it increases the fluid velocity and generates the low-pressure zone in the throat, which withdraws secondary flow via the secondary pipe. Eventually, primary flow and secondary flow mixed in the throat, and the velocity energy converts back into pressure energy.

      According to the shape, the jet pump is classified into two types: central jet pump (CJP) and annular jet pump (AJP)(3). The central jet pump (CJP) is the most commonly used. The CJP applies the primary fluid to the inner nozzle and secondary fluid flow through a surrounding annular nozzle. The AJP is another type of jet pump. In the AJP, the primary fluid flows through an annular nozzle and the secondary fluid flows through the central nozzle. Therefore, the AJP is most suited for the hydraulic transport of large and delicate solids such as potatoes, fish, shellfish, etc.

      For the CJPs, there are numerous studies related to geometrical design and operational parameters(4-6). On the other hand, there are few studies related to the AJPs. Shimizu et al.(7) have experimented on different configurations of AJP. They concluded that the maximum efficiency of AJP is 36%, depending on the configuration. Elger et al.(3) showed that the recirculation flow occurs at the center of the mixing section in the AJP. Hammoud(8) explained the effect of the nozzle-to-throat spacing to nozzle diameter on the jet pump performance. Kwon et al.(9) conducted a numerical analysis in the AJP. He explained that there is an occurrence of recirculation and reverse flow in the AJP at a low mass ratio(9). Song et al.(10) showed that the AJP transports liquid and solid particles efficiently. When mass ratio increases to the critical value, the inception of cavitation will occur. The cavitation causes serious injury to the body of fish(11). The cavitation in the AJP occurs when the pressure falls below the vapor pressure.

      Among the methods of anti-cavitation occurrence, J-Groove is selected for the improvement of cavitation performance of the AJP. This paper investigates the parametric study of J-Groove design variables. The main purpose of this work is to demonstrate the effectiveness of J-Groove on the improvement of cavitation performance in the AJP.

    

    

  
    
      2. Test Pump and Methodology
      
        2.1 Test pump
        Fig. 1 shows the schematic view and nomenclature of an annular jet pump (AJP) model. The test pump model of AJP has been adopted from the previous studies(12-13). The main components of the AJP are primary inlet, secondary inlet, nozzle, throat, diffuser and outlet. The most significant parameter for the AJP is the convergence and divergence angle. Moreover, the diameter and length of the throat are crucial for the proper mixing of primary and secondary flow. The range of the relative throat length is 2.17-2.89 times the throat diameter(12).

        
          
          

          Fig. 1 
				
          

          
            Schematic view of an annular jet pump (AJP) model
          
          

          

        

        The main design parameters of the annular jet pump are primary inlet diameter (Dp), secondary inlet diameter (Ds), throat diameter (Dt), outlet diameter (Dd), diffuser length (Ld), convergence angle (α) and divergence angle (β). The dimension of AJP design parameters are Dp = 100 mm, Ds = 80 mm, Dt = 60 mm, Dd = 125 mm, Ld = 500 mm, α = 20˚ and β = 7˚. The AJP can be identified by the area ratio, m. The area ratio, m is calculated as indicated in Eq. (1), and fixed to m =1.75 in this study.
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        where m is area ratio, Aj is cross section area of annular jet, At is cross section area of throat, Da diameter of annular ring, Ds is diameter of secondary pipe, Dt is diameter of throat.

      

      
        2.2 Design of J-Groove for AJP
        The previous study suggested that the AJP is prone to the recirculation flow(3) and cavitation at the throat region(11). The J-Groove is the passive method for the suppression of the swirl flow and cavitation. The installation of the J-Groove has successfully suppressed the swirl flow and cavitation in inducer(14), Francis turbine(15), and pump-turbine(16).

        Fig. 2 shows the schematic view of J-Groove mechanism of reverse jet flow inducement in the groove passages. J-Groove is the rectangular groove passages installed on the wall of diffuser to the flow direction. J-Groove entrains the reverse flow from the high pressure to low pressure regions in the groove passages. And the reverse jet flow, which has relatively higher pressure, mixes with the main flow, which has relatively lower pressure, at the upstream edge of the groove. Therefore, the reverse jet flow increases the pressure of main stream at the throat and diffuser sections of the AJP.

        
          
          

          Fig. 2 
				
          

          
            Schematic view of J-Groove mechanism in diffuser
          
          

          

        

        The design of J-Groove for the AJP is shown in Fig. 3. The main design parameters for the J-Groove are length (l), depth (d), angle (θ) and number (n). In the AJP, the mixing zone is divided into the nozzle, throat, and diffuser sections. Therefore, the length of J-Groove in the AJP is categorized as l1, l2, and l3. The main objective of J-Groove installation is to direct the high pressurized fluid from the diffuser towards the throat through the groove passages in the AJP.

        
          
          

          Fig. 3 
				
          

          
            Design parameters of J-Groove in the AJP mixing zone: (a) Front view (b) cross sectional view
          
          

          

        

        In this study, various types of J-Groove specification are evaluated for the cavitation performance improvement under the fixed condition of pump specification as explained in the previous chapter.

      

      
        2.3 Numerical Methodology
        The CFD analysis was used to investigate the flow behavior in the AJP in detail. CFD analysis was conducted by using a commercial code of ANSYS-CFX 19.2(17). The flow in the jet pump has been assumed as steady and incompressible states because the flow field in AJP is simple and without any moving bodies. The previous studies also suggested that incompressible steady state is better for the CFD analysis of AJP(1,8,12,13). The realizable κ-ε model has been used for computational analysis(13). The realizable κ-ε model uses variable turbulent viscosity. It derives transport equation for dissipation rate from mean- square vorticity fluctuation. As a result it gives improved predictions for the spreading of the jets(18). The realizable κ-ε model can treat the viscous sub-layer near the wall, when y+ value is less than 5(17). Therefore, in this study y+ value for each components is less than 5 to predict the viscous sub-layer.

        The numerical grid in the flow field domain for the AJP is shown in Fig. 4. The numerical grids in Fig. 4 represent the mixing zone of the AJP. The structured hexahedral grids have been generated by ANSYS ICEM 19.2(17) for the computational analysis. The cross section of J-Groove is indicated in Fig. 4.

        
          
          

          Fig. 4 
				
          

          
            Numerical grid of the AJP for CFD analysis
          
          

          

        

        The inlet boundary conditions were total pressure and mass flow rate for primary and secondary inlets, respectively. The outlet boundary condition was static pressure. The detailed boundary conditions for CFD analysis of AJP are shown in Table 1. The mass ratio (q), pressure ratio (p), and efficiency (η) were used to evaluate the performance of AJP, which are calculated by using Eqs. (4), (5), and (6), respectively(19).
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          Table 1 
				
          

          
            Boundary conditions for the CFD analysis of the AJP
          
          

        

        
          
            
              	Parameter/Boundary
              	Value/Conditions
            

          
          
            	Primary inlet
            	Total pressure
          

          
            	Secondary inlet
            	Mass flow rate
          

          
            	Outlet
            	Static pressure
          

          
            	Turbulence model
            	Realizable κ-ε turbulence model
          

          
            	Wall
            	No slip condition
          

        

        

        where q is mass ratio, p is pressure ratio, η is efficiency, Qs is secondary flow rate, Qn is flow rate at nozzle exit, pmT is total pressure at diffuser outlet, psT is total pressure at secondary inlet, pnT is total pressure at nozzle exit.

        The cavitation phenomenon in the AJP is observed by using a homogeneous mixture of water and water vapor at 25˚C. The Rayleigh-Plesset equation is used to predict the cavitation occurrence in this study.

        The selection of the proper numerical grid is critical for the CFD analysis. Therefore, a mesh dependency test was conducted to evaluate the effect of numerical grids on CFD analysis results. Fig. 5 shows the results of the mesh dependency test. Finally, the numerical grids with 4.2 million nodes are selected for further analysis. The y+ value for numerical grids of the primary inlet, secondary inlet, nozzle, diffuser and outlet are 3.54, 0.33, 2.75, 0.73, and 0.14, respectively.

        
          
          

          Fig. 5 
				
          

          
            Mesh dependency test for the AJP CFD analysis at q=0.45
          
          

          

        

        The detailed information of the numerical grid is indicated in Table 2.

        
          Table 2 
				
          

          
            Information of numerical grids for the AJP
          
          

        

        
          
            
              	Components
              	Node number
              	y+ value
            

          
          
            	Primary inlet
            	631000
            	3.54
          

          
            	Secondary inlet
            	491904
            	0.33
          

          
            	Nozzle
            	801600
            	2.75
          

          
            	Diffuser
            	935940
            	0.73
          

          
            	Outlet
            	1369200
            	0.14
          

          
            	
              Total
            
            	
              4229644
            
            	
          

        

        

      

    

    

  
    
      3. Results and Discussion
      
        3.1 Test pump performance and validation
        The experimental and reference CFD analysis data from Long et al.(13) has been used to validate the CFD analysis results of present study. The performance of the AJP from experiment and CFD analysis were compared as shown in Fig. 6. The results indicate that the comparison between experimental and CFD analysis results shows a sound agreement in the pressure ratio and efficiency with the variation of mass ratio of AJP.

        
          
          

          Fig. 6 
				
          

          
            Validation of CFD analysis results with Long et. al(13) at m=1.75
          
          

          

        

      

      
        3.2. Internal flow behavior
        The internal flow of the AJP has been investigated with various mass ratios. When the AJP operates at the lower mass ratio, there is a significant amount of recirculation flow at the nozzle section of the AJP. The recirculation flow at the nozzle section can be decreased with an increase in the mass ratio. As indicated in Fig. 7, the recirculation flow has been suppressed with an increase in the mass ratio. When q=0.8, there is no recirculation flow in the mixing section. Fig. 8 indicates the measuring location in the AJP. The x/Dt = 0 indicates the outlet of secondary pipe in the AJP.

        
          
          

          Fig. 7 
				
          

          
            Velocity streamlines distribution in the AJP at different mass ratio
          
          

          

        

        
          
          

          Fig. 8 
				
          

          
            Measuring location in the central line of the AJP
          
          

          

        

        The dynamic pressure is used to evaluate the mixture of high velocity primary flow and secondary flow. The dynamic pressure is estimated by Eq. 7.
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        where Cv is dynamic pressure, ρ is density of water at 25˚C, U is velocity at central line of the AJP.

        Fig. 9 indicates the dynamic pressure distribution in the AJP. The dynamic pressure in the mixing zone for the mass ratio of q=0.8 is comparatively higher than the case of q=0.1, Moreover, when the mass ratio is relatively higher, the secondary flow has higher dynamic pressure in the secondary inlet pipe passage. The results imply that the higher dynamic pressure contributes to the proper mixture between the primary and secondary flows in the throat section of the AJP.

        
          
          

          Fig. 9 
				
          

          
            Dynamic pressure distribution in the AJP
          
          

          

        

      

      
        3.3 Pressure distribution
        The pressure coefficient is used to calculate and investigate the pressure distribution in the centerline of the AJP. The pressure coefficient is calculated by using Eq. 8(20).
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        where Cp is pressure coefficient, px is static pressure at central line of the AJP, ps is static pressure at secondary inlet, Up is velocity at primary inlet.

        The pressure coefficient distribution at q=0.8 is shown in Fig. 10. The pressure coefficient at the throat region is below the vapor pressure coefficient. The vapor pressure coefficient is calculated by substituting saturated vapor pressure (pv) in the place of px.

        
          
          

          Fig. 10 
				
          

          
            Pressure coefficient distribution in the AJP at q=0.8
          
          

          

        

        When the pressure coefficient value is below the vapor pressure coefficient line, it concerns the occurrence of cavitation inception in that region. Fig. 10 suggests the possibility of cavitation in the throat of the AJP at q=0.8.

        The cavitation may cause serious damage and injuries to sensitive objects. Therefore, the pressure coefficient distribution should be improved and increased above the vapor pressure line for the safe transportation of the sensitive objects.

      

      
        3.4 Effect of J-Groove shape
        The main aim of the J-Groove installation in the mixing zone of the AJP is to transfer the high pressure fluid from the diffuser to the jet nozzle and throat sections. Therefore, the various shape design of J-Groove has been implemented in the AJP to evaluate the pressure coefficient distribution. The effect of J-Groove has been examined at q=0.8.

        
          3.4.1 Effect of J-Groove depth (d)
          The depth of J-Groove is one of the significant design parameters. The influence of depth on the increase of pressure coefficient in the mixing zone of the AJP is discussed in this section. Table 3 shows the variety of the depth in the design of J-Groove. The depth of J-Groove is varied from 1.5 mm to 6 mm and the depths are calculated by the equation shown in Fig. 3b). Fig. 11 illustrates the effect of the J-Groove depth on the improvement of the pressure coefficient at the mixing zone of the AJP. The results imply that the depth of J-Groove plays a significant role in the increase of pressure distribution in the mixing zone.

          
            Table 3 
				
            

            
              Design variables for J-Groove with various depth (d)
            
            

          

          
            
              	Length (l2)
              	162 mm
              	162 mm
              	162 mm
              	162 mm
              	162 mm
              	162 mm
            

            
              	Length (l1)
              	19 mm
              	19 mm
              	19 mm
              	19 mm
              	19 mm
              	19 mm
            

            
              	Length (l3)
              	501 mm
              	501 mm
              	501 mm
              	501 mm
              	501 mm
              	501 mm
            

            
              	Angle (θ)
              	12°
              	12°
              	12°
              	12°
              	12°
              	12°
            

            
              	Number (n)
              	15
              	15
              	15
              	15
              	15
              	15
            

            
              	
                
                  Depth (d)
                
              
              	
                
                  1.5 mm
                
              
              	
                
                  2.5 mm
                
              
              	
                
                  3.5 mm
                
              
              	
                
                  4.5 mm
                
              
              	
                
                  5.5 mm
                
              
              	
                
                  6 mm
                
              
            

          

          

          
            
            

            Fig. 11 
				
            

            
              Variation of pressure coefficient in the AJP with various J-Groove depth (q=0.8)
            
            

            

          

          In order to visualize the pressure increase according to the J-Groove depth, the two different locations are selected as shown in Figs. 12 and 13. Fig. 12 shows the pressure contours in the AJP at –5≤x/Dt≤1. The pressure is increasing at the secondary pipe passage with an increase of the J-Groove depth. Similarly, Fig. 13 shows the pressure contours in the AJP at 2≤x/Dt≤7. The increase of depth increases the passage pressure in the mixing zone of the AJP.

          
            
            

            Fig. 12 
				
            

            
              Pressure distribution in the AJP with various J-Groove depth (d) at x/Dt from –5 to 1 (q=0.8)
            
            

            

          

          
            
            

            Fig. 13 
				
            

            
              Pressure distribution in the AJP with various J-Groove depth (d) at x/Dt from 2 to 7 (q=0.8)
            
            

            

          

          Table 4 shows the variation of the vapor pressure coefficient in the AJP according to the J-Groove depth, which is resulted from the secondary inlet pressure variation as shown in Fig. 12.

          
            Table 4 
				
            

            
              Variation of vapor pressure coefficient with J-Groove depth (d)
            
            

          

          
            
              
                	Different depth (d)
                	Vapor pressure coefficient
              

            
            
              	Without J-Groove
              	-2.18048
            

            
              	1.5 mm
              	-3.61121
            

            
              	2.5 mm
              	-3.84975
            

            
              	3.5 mm
              	-4.77971
            

            
              	4.5 mm
              	-5.62339
            

            
              	5.5 mm
              	-5.74857
            

            
              	6.0 mm
              	-6.58589
            

          

          

          Fig. 14 shows the velocity vectors with reverse flow along the J-Groove passage. It clarifies that the installation of the J-Groove on the diffuser wall induces the reverse flow. Stronger reverse flow is visible at d=5.5 mm compared to that at d=1.5 mm. Therefore, the depth of J-Groove is directly related to the strength of reverse flow in J-Groove. The high intensity reverse flow helps to increase the pressure at the mixing zone of the AJP. Thus, the deeper J-Groove is efficient to increase pressure at the mixing zone.

          
            
            

            Fig. 14 
				
            

            
              Velocity vectors with reverse flow in J-Groove passage at q=0.8
            
            

            

          

        

        
          3.4.2 Effect of J-Groove length (l1)
          The different J-Groove lengths (l1) from 5 mm to 20 mm are shown in Table 5 and the effect of J-Groove length on the increase of pressure coefficient is shown in Fig. 15. The variation of pressure coefficient distribution indicates that the J-Groove length l1 has a significant influence on the improvement of pressure coefficient at the mixing zone of the AJP. The extension of l1 helps to improve the pressure coefficient at the throat section of the AJP. Therefore, it is obvious that the effect of the length (l1) has an essential role in the improvement of pressure coefficient at the mixing zone of the AJP.

          
            Table 5 
				
            

            
              Design variables for J-Groove with various length (l1)
            
            

          

          
            
              
                	
                  
                    Length (l1)
                  
                
                	
                  
                    5 mm
                  
                
                	
                  
                    7.5 mm
                  
                
                	
                  
                    10 mm
                  
                
                	
                  
                    12.5 mm
                  
                
                	
                  
                    15 mm
                  
                
                	
                  
                    20 mm
                  
                
              

            
            
              	Length (l2)
              	162 mm
              	162 mm
              	162 mm
              	162 mm
              	162 mm
              	162 mm
            

            
              	Length (l3)
              	501 mm
              	501 mm
              	501 mm
              	501 mm
              	501 mm
              	501 mm
            

            
              	Angle (θ)
              	12°
              	12°
              	12°
              	12°
              	12°
              	12°
            

            
              	Number (n)
              	15
              	15
              	15
              	15
              	15
              	15
            

            
              	Depth (d)
              	6 mm
              	6 mm
              	6 mm
              	6 mm
              	6 mm
              	6 mm
            

          

          

          
            
            

            Fig. 15 
				
            

            
              Pressure coefficient distribution with various J-Groove length (l1) (q=0.8)
            
            

            

          

        

        
          3.4.3 Effect of J-Groove angle (θ)
          The J-Groove angle (θ) helps to predict the width of the J-Groove. Table 6 shows the design variables for J-Groove with various angles.

          
            Table 6 
				
            

            
              Design variables for J-Groove with various angle (θ)
            
            

          

          
            
              
                	Length (l1)
                	19 mm
                	19 mm
                	19 mm
                	19 mm
                	19 mm
                	19 mm
              

            
            
              	Length (l2)
              	162 mm
              	162 mm
              	162 mm
              	162 mm
              	162 mm
              	162 mm
            

            
              	Length (l3)
              	501 mm
              	501 mm
              	501 mm
              	501 mm
              	501 mm
              	501 mm
            

            
              	
                
                  Angle (θ)
                
              
              	
                
                  8°
                
              
              	
                
                  10°
                
              
              	
                
                  12°
                
              
              	
                
                  14°
                
              
              	
                
                  16°
                
              
              	
                
                  18°
                
              
            

            
              	Number (n)
              	15
              	15
              	15
              	15
              	15
              	15
            

            
              	Depth (d)
              	2.5 mm
              	2.5 mm
              	2.5 mm
              	2.5 mm
              	2.5 mm
              	2.5 mm
            

          

          

          Fig. 16 shows the effect of the J-Groove angle on the pressure coefficient distribution. The wider J-Groove shape improves the higher pressure coefficient distribution. However, the increase of the pressure coefficient according to the J-Groove width is limited below the vapor pressure coefficient lines, which reveals that the effectiveness of the J-Groove width is relatively low.

          
            
            

            Fig. 16 
				
            

            
              Pressure coefficient distribution with various J-Groove angle (θ) (q=0.8)
            
            

            

          

        

        
          3.4.4 Effect of J-Groove number (n)
          J-Groove number specifically affects the surface area covered by J-Groove. The variation of J-Groove design with J-Groove number (n) is shown in Table 7. Fig. 17 indicates the improvement in the pressure coefficient distribution in the AJP by J-Groove number. The increase in the J-Groove number has a positive but limited effect on the pressure coefficient distribution. The results indicate that the effectiveness of J-Groove directly depends on the surface area covered by J-Groove in the mixing zone.

          
            Table 7 
				
            

            
              Design variables for J-Groove with various number (n)
            
            

          

          
            
              
                	Length (l1)
                	19 mm
                	19 mm
                	19 mm
                	19 mm
                	19 mm
              

            
            
              	Length (l2)
              	162 mm
              	162 mm
              	162 mm
              	162 mm
              	162 mm
            

            
              	Length (l3)
              	501 mm
              	501 mm
              	501 mm
              	501 mm
              	501 mm
            

            
              	Angle (θ)
              	12°
              	12°
              	12°
              	12°
              	12°
            

            
              	
                
                  Number (n)
                
              
              	
                
                  10
                
              
              	
                
                  12
                
              
              	
                
                  15
                
              
              	
                
                  18
                
              
              	
                
                  20
                
              
            

            
              	Depth (d)
              	2.5 mm
              	2.5 mm
              	2.5 mm
              	2.5 mm
              	2.5 mm
            

          

          

          
            
            

            Fig. 17 
				
            

            
              Pressure coefficient distribution with various J-Groove number (n) (q=0.8)
            
            

            

          

        

      

      
        3.5 Effect on the pump performance
        The effect of J-Groove installation on the pump performance is investigated. Table 8 indicates J-Groove design specification for the examination and Fig. 18 shows the comparison between the cases without and with J-Groove for the performance of the AJP.

        
          Table 8 
				
          

          
            J-Groove design specification for pump performance comparison
          
          

        

        
          
            
              	J-Groove parameters
              	Value
            

          
          
            	Length (l1)
            	19 mm
          

          
            	Angle (θ)
            	12°
          

          
            	Number (n)
            	15
          

          
            	Depth (d)
            	5.5 mm
          

        

        

        
          
          

          Fig. 18 
				
          

          
            Comparison of pump performance without and with J-Groove
          
          

          

        

        The efficiency in the case with J-Groove installation shows 2% decrease at the best efficiency point in comparison with that without J-Groove. It is clear that the decrease of efficiency is originated from the decrease of pressure ratio in the case with J-Groove as indicated in Fig. 18.

        Therefore, in order to increase the pump efficiency in the case with J-Groove installation, more careful and suitable selection of J-Groove shape based on the increase of pressure at the mixing zone as well as the suppression of pressure decrease at the pump outlet is required.

      

      
        3.6 Improvement of Cavitation Performance
        The cavitation analysis has been performed in the AJP with different cavitation numbers. The nozzle cavitation number and effective head for the AJP is defined in Eqs. 9(21) and 10.
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        where σn is nozzle cavitation number, pn is static pressure at the exit of nozzle, pv is saturated vapor pressure, pot is total pressure at the pump outlet, pst is total pressure at the secondary inlet, vn is velocity at the outlet of nozzle, H is effective head of the AJP, ρ is water density at 25°C, g is acceleration due to gravity.

        The cavitation performance without and with J-Groove has been compared at the mass ratio of q=0.4. Fig. 19 clearly indicates the improvement of cavitation performance by J-Groove installation, which includes more extension to the lower nozzle cavitation number for the pump efficiency and effective head. The nozzle cavitation number has been decreased from 0.195 to 0.162 with installation of J-Groove. Therefore, J-Groove helps to operate the AJP at lower nozzle cavitation number. Figs. 20 and 21 show the comparison of vapor volume fraction in the cases without and with J-Groove installation. The value 0 of vapor volume fraction indicates the state of water only, but 1.0 means the state of water vapor (cavitation inception) only. The installation of J-Groove has significantly reduced the vapor volume fraction in the AJP from 0.63 to 0.08 at q=0.4 and static pressure at pump outlet, po=70 kPa.

        
          
          

          Fig. 19 
				
          

          
            Comparison of cavitation performance without and with J-Groove in the AJP at q=0.4
          
          

          

        

        
          
          

          Fig. 20 
				
          

          
            Comparison of vapor volume fraction without and with J-Groove in the AJP at q=0.4 and po=70kPa
          
          

          

        

        
          
          

          Fig. 21 
				
          

          
            Comparison of vapor volume fraction contours a) without and b) with J-Groove in the AJP at q=0.4 and po=70kPa
          
          

          

        

        The vapor volume fraction distribution at q=0.8 has been shown in Fig. 22. When q=0.8, the installation of J-Groove decrease the vapor volume fraction from 0.77 to 0.38 at po=80 kPa and 0.70 to 0.11 at po=90 kPa respectively. The area under the vapor volume fraction has been reduced drastically. Figs. 23 and 24 explain more clearly that the vapor volume fraction has been decreased significantly with the installation of J-Groove. The installation of the J-Groove suppresses the cavitation occurrence efficiently. Thus, it leads the AJP to transport sensitive objects with less damage.

        
          
          

          Fig. 22 
				
          

          
            Comparison of vapor volume fraction without and with J-Groove in the AJP at q=0.8
          
          

          

        

        
          
          

          Fig. 23 
				
          

          
            Comparison of vapor volume fraction contours a) without and b) with J-Groove in the AJP at q=0.8 and po=90 kPa
          
          

          

        

        
          
          

          Fig. 24 
				
          

          
            Comparison of vapor volume fraction contours a) without and b) with J-Groove in the AJP at q=0.8 and po=80 kPa
          
          

          

        

      

    

    

  
    
      4. Conclusions
      In this study, the vulnerability of current design of AJP to the cavitation has been indicated. The optimization of the current design of AJP might not able to improve the cavitation performance. Therefore, the application of J-Groove in the annular jet pump (AJP) has been carried out. While installing J-Groove, various design parameters of J-groove (length, depth, angle and number) have been studied. By conducting CFD analysis, the effects of J-Groove design parameters have been evaluated. Each design parameter has their influence on the improvement of pressure distribution in the mixing zone of the AJP.

      J-Groove depth (d) makes a significant improvement in the pressure distribution in the mixing zone of the AJP. The deeper J-Groove passage achieves the higher pressure distribution in the AJP. J-Groove length (l1) shows the effect on the pressure distribution largely at the inlet of the throat. Similarly, the effectiveness of width and angle of J-Groove passage surely exists, but is limited to some extents.

      Consequently, J-Groove is effective on the improvement of the pressure distribution in the pump mixing zone and the increased fluid pressure in the pump can suppress the cavitation occurrence significantly. Therefore, the AJP with J-Groove installation can transport sensitive objects without any serious damage by cavitation.

      However, despite the improvement in cavitation performance by the installation of J-Groove, the degraded pump efficiency should be recovered by the optimal selection of J-Groove parameters.
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