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            Abstract
          
        

        
          Jet pumps are extensively used in the transportation of sensitive goods such as food (potato, onion, and capsicum), capsules, and live fish. The operating mechanism of the jet pump is the transfer of momentum and energy from the primary to secondary fluid without any rotating and reciprocating bodies. The jet pump is prone to cavitation in the mixing chamber of the nozzle outlet, where an extreme pressure drop occurs. This study presents numerical investigation results regarding the improvement in suction performance in an annular jet pump (AJP) model by varying the diffuser angle and J-groove depth. The J-groove is a rectangular groove engraved on the wall of the AJP model in the flow direction. The study results indicate that the installation of the J-groove with a suitable diffuser angle in the AJP model is effective in improving the suction performance and consequently suppressed cavitation in the pump. A tradeoff exists between the suction performance improvement and pump efficiency reduction by the J-groove installation; however, the degradation in the pump efficiency is insignificant compared with the suction performance improvement.
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      1. Introduction
      Jet pumps are widely used in chemistry, petroleum, metallurgy, refrigeration, nuclear reactors, food transportation, and many other industries [1][2]. The use of the jet pump is increasing owing to its uncomplicated design, absence of moving components, low cost of production, favorable mass transfer, and mixing characteristics [3][4]. A jet pump comprises five main components: primary pipe, secondary pipe, mixing chamber (nozzle and throat), diffuser, and outlet. The operating principle of the jet pump is easy to understand. The jet pump typically comprises two inlets: one each for the primary and secondary fluids. The primary fluid is supplied with high pressure, which transfers energy and momentum to the stagnant or slow-moving secondary fluid in a suction chamber. The turbulent mixing of the primary and secondary fluids occurs in the mixing chamber or throat of the jet pump. After mixing, the mixture will diffuse to the outlet [5]. The major disadvantage of the jet pump is its low efficiency due to frictional and mixing losses. Jet pumps are highly susceptible to cavitation because of severe pressure drops.

      Generally, two types of jet pumps exist: the central jet pump (CJP) and annular jet pump (AJP) [6]. Many studies have been conducted regarding the design [7][8], performance analysis [9][10], suction performance [11][12], and optimum design [13] of the CJP. Meanwhile, studies related to AJPs are few. Shimuzu et al. [14] conducted numerous experiments on the AJP and explained the correlation between the design parameters and performance of the AJP. Elger et al. [6] concluded that the recirculation flow in the AJP was dependent on the pump geometry, Reynolds number, and momentum ratio. Kwon et al. [15] analyzed different turbulence models for the numerical analysis of AJPs to satisfy their experimental data.

      Cavitation is the main problem affecting the intended operation of the AJP. Cavitation bubbles occur in the pump when the operation occurs below the vapor pressure of the liquid. Cavitation deteriorates the pump performance and causes serious damage to transported goods. Cavitation in a jet pump differs from that in a normal centrifugal pump. Cavitation occurs in a jet pump owing to the instability of the re-entrant jet, and an adverse pressure gradient will reinforce the re-entrant jet and cloud cavitation in the jet pump [16]. The cloud cavitation is visible in the divergence section of the jet pump. Cavitation can occur in an AJP when the primary jet velocity is increased, or the suction pressure or pump outlet pressure is decreased [11]. Xiao and Long conducted a cavitation analysis of the AJP [17]. Numerical and experimental analyses indicated that cavitation occurred at the throat and diffuser of the AJP. This was due to the separation of the primary flow near the wall. The cavitation phenomenon differed based on the variation in the mass ratio of the AJP. At a low mass ratio, cavitation occurs in the suction chamber because of recirculation flow and can cause serious damages, e.g., during fish transportation [18]. A reduced adverse pressure gradient can suppress cloud cavitation in the AJP [16].

      In an AJP, cavitation primarily occurs at the throat and diffuser [19]. The cavitation problem can be resolved by modifying the diffuser in the AJP model. Generally, the flow in the diffuser is determined by the inflow conditions (velocity distribution and Reynolds number) and diffuser geometries (diffuser angle and diffuser length) [20]. Meanwhile, the flow conditions and area ratio are dependent variables in the AJP. Hence, the diffuser angle has been considered to improve the adverse pressure gradient in the diffuser [21].

      In this study, because the diffuser angle is one of the key parameters for improving the suction performance, the pump and suction performances were investigated based on the variation in the diffuser angles and J-groove installation using an AJP model via CFD analysis. Therefore, an improved suction performance can ensure the safe transportation of sensitive objects.

    

    

  
    
      2. Pump Model and Methodology
      
        2.1 Pump Model
        The AJP model was adopted from the study of Long et al. [18]. A schematic view of the AJP model is shown in Figure 1. The AJP model is composed of a primary inlet, a secondary inlet, a nozzle, a throat, a diffuser, and an outlet. The nozzle, throat, and diffuser are the main components of the AJP. The nozzle is used to increase the dynamic pressure, whereas the primary and secondary flows are mixed in the throat. Finally, the diffuser releases the fluid and objects at atmospheric pressure. The key point in the design of the AJP is the length-to-diameter ratio of the throat for an effective mixing. Generally, the length-to-diameter ratio of the throat is 2.17–2.89 [22]. The main design parameters of the annular jet pump are listed in Table 1. In the magnified view of the dotted rectangular box, as shown in Figure 1, the regions located at 0 ≤ x/Dt ≤ 1.2, 1.2 ≤ x/Dt ≤ 4.1, and x/Dt ≥ 4.1 represent the nozzle outlet, throat, and diffuser, respectively.

        
          
          

          Figure 1: 
				
          

          
            Schematic view of annular jet pump (AJP) model
          
          

          

        

        
          Table 1: 
				
          

          
            Specifications of annular jet pump model
          
          

        

        
          
            
              	Design Parameter
              	Value
            

          
          
            	Primary inlet diameter, Dp
            	100 mm
          

          
            	Secondary inlet diameter, Ds
            	80 mm
          

          
            	Throat diameter, Dt
            	60 mm
          

          
            	Throat length, Lt
            	162 mm
          

          
            	Outlet diameter, Dd
            	125 mm
          

          
            	Diffuser length, Ld
            	500 mm
          

          
            	Annular nozzle diameter, Da
            	92 mm
          

          
            	Nozzle length, Ln
            	90.7 mm
          

          
            	Diffuser angle, α
            	3.5°
          

          
            	Nozzle angle, β
            	20°
          

          
            	Area ratio, m
            	1.75
          

        

        

        The AJP is categorized based on the area ratio m. The area ratio is defined as the throat-to-jet area ratio, as shown in Equation (1). In the AJP, the jet is shaped like an annular nozzle. The area of the jet is calculated using Equation (2).
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        where At is the throat area of the AJP, Aj the jet area of the AJP, Dt the diameter of the throat, Da the diameter of the annular nozzle, and Ds the diameter of the secondary pipe.

        The area ratio is an important parameter for the classification of an AJP. The appropriate selection of the area ratio can suppress the recirculation regime and maintain the nozzle effect. Therefore, an area ratio of 1.75 was selected for the design of the AJP model, thereby classifying the AJP model in the same category. In this study, some diffuser angles were selected for a further investigation of the AJP model.

      

      
        2.2 Design of J-Groove Shape
        The J-groove is a groove engraved on the wall of the throat and diffuser of the AJP model. Generally, the J-groove is used to suppress swirl flows, cavitation, and secondary flows in turbomachinery, such as inducers [23], the Francis turbine [24], and pump turbines [25]. The various design parameters of the J-groove impose different effects on the suppression of swirl flows [26].

        As indicated in previous studies, the current design of the AJP model is prone to a severe pressure drop at the pump throat. This pressure drop induces cavitation in the AJP model. The installation of the J-groove in the throat and diffuser of the AJP can induce a reverse flow from the high-pressure region at the diffuser outlet to the low-pressure region at the throat inlet through the groove passages [19]. The reverse flow will increase the pressure at the throat region and minimize the possibility of cavitation occurrence in the AJP model. Figure 2 shows a schematic view of the J-groove design. In the AJP model, the J-groove is located at the nozzle outlet, throat, and diffuser with lengths l1, l2, and l3, respectively. θ is the J-groove angle, which represents the J-groove width. The depth (d) of the J-groove is calculated using Equation (4). Therefore, the main design parameters for the J-groove are the length (l1, l2, l3), angle (θ), depth (d), and number (N).

        
          
          

          Figure 2: 
				
          

          
            Design of J-Groove shape for the AJP model
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        where D2 and D1 are the outer and inner diameters of the J-groove, respectively.

        The depth variation was considered in this study for improving the pressure drop in the AJP model because it was the most influential parameter affecting the pump efficiency and pressure drop at the nozzle outlet [19].

        Table 2 shows the specifications of the J-groove. The length (l3) is controlled by the diffuser angle (α), and it decreases with an increase in the diffuser angle. In this study, except for the J-groove depth (d) and length (l3), the same J-groove shape parameters were used for different diffuser angles, which means that J-grooves with different depths were installed for various pump diffuser angles.

        
          Table 2: 
				
          

          
            Specification of J-Groove shape parameters
          
          

        

        
          
            
              	Diffuser angle
(α)
              	3°
              	5°
              	7°
              	9°
            

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

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

          
            	Length (l3)
            	621 mm
            	373 mm
            	266 mm
            	207 mm
          

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

          
            	Number (N)
            	18
            	18
            	18
            	18
          

          
            	Depth (d)
            	1.0 mm
            	1.0 mm
            	1.0 mm
            	1.0 mm
          

          
            	1.5 mm
            	1.5 mm
            	1.5 mm
            	1.5 mm
          

          
            	1.8 mm
            	1.8 mm
            	1.8 mm
            	1.8 mm
          

          
            	2.0 mm
            	2.0 mm
            	2.0 mm
            	2.0 mm
          

        

        

      

      
        2.3 Numerical Methodology
        CFD analysis was performed to evaluate the flow phenomena in the AJP model. In this study, the commercial code ANSYS CFX 19.2 [27] was used. The CFD analysis was performed in the AJP model by assuming steady and incompressible flows. Moreover, the realizable κ–ε turbulence model, which uses the variable turbulent viscosity, was selected for the CFD analysis. The turbulence model has been known to provide an accurate prediction for the spreading of jets by calculating the transport equation for the dissipation rate from vorticity fluctuation [28]. Furthermore, the viscous sublayer near the wall in the κ–ε model can be modeled using numerical grids with y+ values less than 5. Otherwise, the scalable wall function can be selected for a higher y+ value [29].

        The numerical grid of the AJP model is shown in Figure 3. ANSYS ICEM 19.2 [27] was used to generate a hexahedral mesh for the CFD analysis. The y+ values near the wall of the primary inlet, secondary inlet, nozzle, diffuser, and outlet were 3.54, 0.33, 2.75, 0.73, and 0.14, respectively. The y+ value near the wall of the AJP model was less than 5. Therefore, the realizable κ–ε turbulence model can predict the viscous sublayer in the AJP.

        
          
          

          Figure 3: 
				
          

          
            Numerical grids for the CFD analysis of AJP model
          
          

          

        

        The inlet boundary conditions were the total pressure and mass flow rate of the primary and secondary inlets, respectively. The outlet boundary condition was the static pressure. The cavitation phenomenon in the AJP was captured using a homogeneous mixture of water and water vapor at 25 °C. The Rayleigh–Plesset equation was used to evaluate the cavitation that occurred in this study.
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        To measure the pump performance, the mass ratio (q), pressure ratio (p), and efficiency (η) were used, as shown in Equations (5) to (7) [1].

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

        The primary inlet was set as follows: static pressure, ps = 372 kPa; mass flow rate, Qs = 27.8 kg/s. According to the mass conservation law, Qs = Qn, and the secondary flow rate was set accordingly to yield a mass ratio of 0.05–0.9. A mesh dependency test was performed to select the appropriate numerical grid for the CFD analysis. Figure 4 shows the results of the mesh dependency test. The mesh dependency test indicated that the 4.2 million nodes yielded stable CFD analysis results. A further increase in the number of meshes did not affect the pump performance.

        
          
          

          Figure 4: 
				
          

          
            Mesh dependency test for AJP model at q = 0.45
          
          

          

        

      

    

    

  
    
      3. Results and Discussion
      
        3.1 Performance Curves of Pump Model
        Figure 5 shows the performance curves of the AJP model, in which the comparison of performance curves between the experimental and CFD analysis results is revealed. For the validation test of the current CFD analysis method, the reference experimental and CFD analysis results by Long et al. [18] were adopted for the AJP model. The performance curves of the AJP model were prepared by varying the mass ratio from 0.1 to 0.8, and the BEP was located at a mass ratio of q = 0.5 in the current CFD analysis result. Figure 5 shows the consistency between the experimental and CFD analysis results.

        
          
          

          Figure 5: 
				
          

          
            Comparison of AJP model performance curves with those of Long et al. [18] at m = 1.75 and α = 3.5°
          
          

          

        

      

      
        3.2 Effect of Diffuser Angle
        The performance curves for the different diffuser angles are shown in Figure 6. The efficiency of the AJP decreased with the increase in the diffuser angle. When the diffuser angle (α) was modified from 3° to 9°, the best efficiency decreased from 19.75% to 18.34%.

        
          
          

          Figure 6: 
				
          

          
            Comparison of AJP models performance curves for different diffuser angles (without J-groove)
          
          

          

        

        Figure 7 shows the static pressure contours in the secondary pipe and nozzle outlet at q = 0.5. The static pressure in the secondary pipe and nozzle outlet changed as the diffuser angle varied. When α = 9°, the static pressure distribution was higher than those of the other diffuser angles, thereby decreasing the pressure ratio and efficiency of the AJP model. Figure 8 shows the pressure distribution in the throat and diffuser of the AJP model. The diffuser length (l3) changed with the diffuser angle, as shown in Table 2; however, the pressure contours in Figure 8 are shown only in the region with the same distance from the throat. The change in the diffuser angle introduced a significant variation in the pressure gradient from the diffuser inlet to the exit. When the diffuser angle was higher, a rapid pressure change occurred at a shorter distance.

        
          
          

          Figure 7: 
				
          

          
            Pressure contours in secondary pipe and nozzle outlet of AJP model at q = 0.5 (without J-groove)
          
          

          

        

        
          
          

          Figure 8: 
				
          

          
            Pressure contours in diffuser of AJP model at q = 0.5 (without J-groove)
          
          

          

        

        The main concern in the AJP is the improvement in the pressure gradient in the throat and diffuser. Therefore, the static pressure distribution in the AJP model with varying diffuser angle was evaluated. Figure 9 shows the pump passage static pressures at q = 0.5 without the J-groove installed, and the pressures at the nozzle outlet region (0 ≤ x/Dt ≤ 1.2) were below the vapor pressure line. The pressure drop in the nozzle outlet caused the cavitation cloud in the AJP model. Hence, the pressure in the area must be improved to ensure an appropriate operation of the AJP model.

        
          
          

          Figure 9: 
				
          

          
            Pressure distribution in AJP model at q = 0.5 (without J-groove installation)
          
          

          

        

        
          
          

          Figure 10: 
				
          

          
            Pressure distribution in AJP model at q = 0.5 with J-groove (d = 1.0 mm)
          
          

          

        

        
          
          

          Figure 11: 
				
          

          
            Pressure distribution in AJP model at q = 0.5 with J-groove (d = 1.5 mm)
          
          

          

        

      

      
        3.3 Effect of J-Groove Depth
        Figure 12 shows the effect of the J-groove depth on the pressure distribution in the AJP model. A relatively shallow J-groove depth of d = 1.0 mm imposed less effects on the improvement in the pressure distribution at the nozzle outlet and throat compared with deeper groove depths of d = 1.5 and 2.0 mm at the BEP (q = 0.5). However, when the depth of the J-groove increased further, the pressure was increased significantly in the nozzle outlet and throat became more significant.

        
          
          

          Figure 12: 
				
          

          
            Pressure distribution in AJP model at q = 0.5 with J-groove (d = 2.0 mm)
          
          

          

        

        
          
          

          Figure 13: 
				
          

          
            Pressure distribution in AJP model at q = 0.5 with J-groove (d = 1.8 mm)
          
          

          

        

        Moreover, the higher diffuser angle indicated a greater increase in pressure at the nozzle outlet and throat regions. However, as shown in Figure 10, an increase in the diffuser angle resulted in a decrease in the pump efficiency. Consequently, as a tradeoff exists between the pressure improvement and pump efficiency deterioration by the J-groove installation, a suitable combination of the diffuser angle and J-groove depth is required.

        Figure 14 shows the pressure distributions for the case involving a J-groove depth of d = 1.8 mm with the variation in the mass ratio at q = 0.5 and 0.8, separately. The installation of the J-groove improved the pressure above the vapor pressure line in the AJP model when α = 7° and 9°. This indicates that the installation of the J-groove with an appropriate groove depth is effective for improving the pressure in the nozzle outlet and throat of the AJP model.

        
          
          

          Figure 14: 
				
          

          
            Pressure distribution in AJP model at q = 0.8 with J-groove (d = 1.8 mm)
          
          

          

        

        Figure 15 shows a comparison of the performances of the AJP without and with the J-groove installation. A diffuser angle of α = 7° and a J-groove depth of d = 1.8 mm were adopted as the best combination among the cases shown in Table 2, in consideration of the lower pump efficiency decrease and the larger pressure increase over the vapor pressure. The maximum efficiency decreased from 19.40% to 18.88% (a 0.52% decrease) with the installation at the BEP (q = 0.5).

        
          
          

          Figure 15: 
				
          

          
            Performance comparison of AJP model without and with J-groove
          
          

          

        

        Figure 16 shows the correlation between the J-groove depth and each of the efficiency and minimum nozzle outlet pressure. The J-groove depth directly affected the pump efficiency. The minimum nozzle outlet pressure increased significantly with the J-groove depth, whereas the pump efficiency decreased insignificantly.

        
          
          

          Figure 16: 
				
          

          
            Correlation between J-groove depth vs. pump efficiency and throat pressure (q = 0.5, α = 7°)
          
          

          

        

        Therefore, based on the results of the J-groove installation, it is evident that the degradation in the pump efficiency was inevitable. However, an appropriate combination of the J-groove depth and diffuser angle can be used to increase the pressure at the nozzle exit and throat, as well as to achieve minimal degradation in the pump efficiency.

      

      
        3.4 Improvement in Suction Performance with J-Groove
        The cavitation phenomenon was evaluated using the AJP model, where Equation (8) was used to evaluate the cavitation performance.
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        Here, σn is the cavitation number, pn the static pressure at the nozzle exit, pv the vapor pressure of water at 25 °C, vn the velocity at the nozzle exit, and ρ the density of water at 25 °C.

        Figure 17 shows the suction performance curves for the AJP model with the variation in the mass ratio q. As shown, the installation of the J-groove improved the suction performance of the AJP model. Furthermore, it resulted in a shift in the cavitation inception point at every mass ratio. At mass ratio q = 0.5, cavitation inception occurred in the pump model at σn = 0.30 in the case without J-groove installation; however, the cavitation inception point shifted to cavitation number σn = 0.22 for the case with J-groove installation. Similarly, the cavitation number σn decreased from 0.39 to 0.28 and 0.19 to 0.18 with the J-groove installation at q = 0.6 and 0.4, respectively. This indicates that the installation of the J-groove effectively improved the suction performance of the AJP model.

        
          
          

          Figure 17: 
				
          

          
            Suction performance of AJP model with different mass ratios at α = 7°
          
          

          

        

        Figure 18 shows the vapor volume fraction distribution in the AJP model at mass ratio q = 0.5 and cavitation number σn = 0.30. The volume fraction numbers 0 and 1 indicate liquid water and vapor gas (cavitation inception), respectively. The vapor volume fraction decreased remarkably by the installation of the J-groove in the AJP model, as it suppressed the cavitation occurrence significantly. Therefore, it is conjectured that, by the J-groove installation, the operating range of the AJP can be extended widely with the cavitation-free operation condition.

        
          
          

          Figure 18: 
				
          

          
            Vapor volume fraction in AJP model: a) without and b) with J-groove (d = 1.8 mm) at q = 0.5, α = 7°, and σn = 0.3
          
          

          

        

      

    

    

  
    
      4. Conclusion
      This study was conducted to improve the suction performance in an AJP model by varying the diffuser angle and J-groove depth using numerical simulations.

      The variation in the diffuser angle introduced a significant change in the pressure gradient from the diffuser inlet to the exit. When the diffuser angle increased, the amount of pressure increased in the nozzle outlet and throat, where the lowest pressure region in the pump was relatively larger; however, the pump efficiency decreased.

      A relatively shallow J-groove depth has imposed an insignificant effect on the improvement in the pressure at the nozzle outlet and throat compared with a larger groove depth. However, when the depth of the J-groove increased, the pressure was increased significantly in the nozzle outlet and throat, but the pump efficiency was decreased consequently.

      Consequently, a tradeoff occurred between the suction performance improvement and pump efficiency degradation by the J-groove installation. Nonetheless, the degradation in the pump efficiency was insignificant compared with the suction performance improvement.

      The results of this study indicated that the installation of the J-groove with a suitable combination of diffuser angle and groove depth in the AJP effectively improved the suction performance, and suppressed cavitation occurrence in the pump.
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