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Abstract

:

CFD simulation and analysis of the internal flow field of the annular multi-nozzle jet pump are carried out to study the effects of nozzle section geometries on performance of the pump based on the finite volume method and realizable k-ε model. The results show that the square nozzle peak efficiency is 3% higher than that of the circular nozzle and 4.1% higher than that of the triangular nozzle. According to the simulation results, the mixing mechanism of the working fluid and second fluid is analyzed on the basis of the vortex dynamics. The results show the following: the recirculation area and the friction loss of the non-circular nozzle are reduced, and the mixing effect is improved; the streamwise vortex plays a major role in the mixing process and decays to an extremely small value at the end of the throat after attenuating rapidly in the suction chamber; compared with the streamwise vortex, the strength of the spanwise vortex is relatively stronger; the spanwise vortex still fluctuates after developing to a certain extent in the throat; the maximum streamwise vorticity peak value of the square nozzle is 31% more than that of the circular nozzle and 39% more than that of the triangular nozzle; the maximum spanwise vorticity peak value of the square nozzle is 19% less than that of the circular nozzle and 12% less than that of the triangular nozzle.
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1. Introduction


The jet pump takes big advantages of having no moving parts, such as rotor and piston, which makes it particularly suitable for pumping mixed fluids containing large amounts of solid particles. Therefore, it has broad application prospects in engineering fields such as emergency draining, hydraulic dredging, and cooling of nuclear reactors [1,2,3]. Compared with the traditional central jet pump, the annular multi-nozzle jet pump can increase the interface surface area between the working fluid and the second fluid in the same conditions, thereby speeding up energy exchange, reducing the length of the throat and the size of the pump, and improving the pump efficiency.



In recent years, computational fluid dynamics (CFD) and experimental methods have been used to study the effects of geometric structures on the performance of jet pumps. Yang and Long [4] studied the mixing process of annular nozzles with different structures by using CFD techniques. The entrainment rate (ER) and critical back pressure (CBP) of the jet pump were improved by using nozzles with special shapes. Deng [5] combined the self-oscillating suction chamber with a conventional annular jet pump, and the numerical results showed that the efficiency was increased by 10%. Sheha [6] investigated the effect of the diffuser angle on the performance of the central jet pump and found that the optimum angle for diffuser with the maximum efficiency was 5°. Sun [7] presented the flow field inside the jet pump to clarify the effect of inlet convergence angles on pump efficiency and suction performance. The simulation results show that the pump efficiency and suction performance decreases gradually with the increase of inlet convergence angle. Fan [8] created surrogate models of the pump’s behavior using the moving least-squares method based on the high fidelity CFD solutions and carried out the global optimization using the surrogates. The optimization results showed that the efficiency of the pump was increased by 13.8%. Zou [9] carried out numerical study in order to show the effect of horizontal installation and the vertical installation of the performance of jet pump. They concluded that the vertical inlet produced the higher efficiency. Zhu [10] proposed jet pump without the throat and made use of the unavoidable turbulent flow in the diffuser to induce cavitation. The proposed structure significantly enhanced cavitating pump operating range and operation ability. Lyu [11] conducted structural optimization studies on the annular jet pump through the design of experiments (DOE) method together with CFD. The results showed that the throat length, diffusion angle and suction chamber angle are the most critical parameters that determine the performance of the central jet pump. Duan [12] studied the effect of various structural parameters on the performance of the annular multi-nozzle jet pump through a large number of experiments, which provided a theoretical basis for the rational design of the pump. Based on the theory of vortex dynamics, Long [13] studied the influence of the number and distribution of nozzles on the internal flow field and performance through numerical simulation. The results showed that the arrangement of nozzles should be distributed along the circumference. Yang [14] studied the effects of different turbulence models and wall boundary treatment methods on internal flow field simulation results and found that the Realizable k-ε model could obtain more accurate performance prediction and internal flow field details. Long [15] numerically investigated the effects of the nozzle exit tip thickness on the performance and the flow field of a jet pump. According to their results, the thickness only slightly affected the pressure ratio and efficiency of the pump, whereas its effect on the flow field is relatively big. Yamazaki [16] compared the effects of the notched nozzle, the flow-shaped nozzle and the conventional circular nozzle on the internal mixing process and performance of the jet pump. Guillaume [17] compared the jet pump efficiencies of the elliptical nozzle and the circular nozzle and found that the efficiency of the elliptical nozzle was approximately six times more than that of the circular at high flow rate. Mallerla [18] improved the efficiency of the jet pump by optimizing the shape of the outer wall surface of the central jet pump nozzle. Kwon [19] studied the effect of the suction pipe angle on the performance of central jet pump by numerical method. Tadashi [20] conducted numerical simulation and experimental researches on the central multi-nozzle jet pump and analyzed the internal flow field and efficiency characteristics of the jet pump, as well as the influence of wall roughness.



However, most of the current researches focus on the central jet pump and annular jet pump. The researches on the annular multi-nozzle jet pump are not sufficient, especially regarding the application of the non-circular nozzle. Compared with the conventional circular nozzle, the non-circular nozzle can further improve the contact area between the working fluid and the secondary fluid resulting in different jet characteristics. Therefore, this paper firstly simulates the internal flow field of multi-nozzle annular jet pumps with different nozzle section shapes, comparing the effects of nozzle section shapes on the performance and flow field. Based on the theory of vortex dynamics, the mixing mechanism of the annular multi-nozzle jet pump and the influence of vortex structure on its performance and flow field are studied, providing a theoretical basis for the practical application of annular multi-nozzle jet pumps.




2. Structure and Principle of an Annular Multi-Nozzle Jet Pump


The structure of an annular multi-nozzle jet pump is as shown in Figure 1. The working fluid from the pressure source is driven through the nozzles with a high speed and forms a vacuum in the downstream suction chamber. The secondary fluid is sucked up and flows through the throat together with the high-velocity working fluid. The working fluid transfers a part of the energy to the secondary fluid. In this way, the working fluid is slowed down, and the secondary fluid is accelerated. The velocities of the two fluids reach the same level at the end of the throat, and the mixing process is completed. In the diffuser, the flow rate gradually decreases and the pressure rises up to the ambient pressure and the mixed fluid is discharged out of the diffuser.



The performance of the jet pump depends on the turbulent mixing effect of the working fluid and the secondary fluid. The flow of the jet pump is a confined space jet and the performance relies on the structure design of the jet pump. The working fluid of the annular multi-nozzle jet pump produces multiple jets and the total area of the interface of the two fluids is much higher than that of the central jet pump. The fluids can exchange energy and momentum relatively quicker in a short throat and thereby reduces the friction loss in the throat to improve the pump efficiency.



The dimensionless pressure ratio h and efficiency η are used to investigate the performance of the pump. The definitions are as follows:


  h =   Δ  p o    Δ  p w    =    (   p o  +  γ o     V o 2    2 g   +  γ o   z o   )  −  (   p s  +  γ s     V s 2    2 g   +  γ s   z s   )     (   p w  +  γ w     V w 2    2 g   +  γ w   z w   )  −  (   p o  +  γ o     V o 2    2 g   +  γ o   z o   )    ,  



(1)






  η =    Q s     Q w    ·   Δ  p o    Δ  p w  − Δ  p o    = q  h  1 − h   ,  



(2)




where,


  q =    Q s     Q w    ,  



(3)







In these equations, q is the flow ratio, p is the static pressure, Q is the volume flow rate, γ is the unit weight, g is the gravitational acceleration, z is the water head, V is the sectional average velocity, footnotes w, s and o represent the working fluid at the inlet, secondary fluid at the inlet and their mixture at the outlet respectively.




3. CFD Modeling


CFD simulation is used to investigate the performance of the annular multi-nozzle pumps with three nozzle section geometries, circular, square and triangle.



3.1. Geometry Model


Based on the research [12], the number of jet pump nozzles designed in this paper is 6, and the geometry model is as shown in Figure 2. The cross-section of every part of the fluid domain except the multi-nozzle is circular, and the dimensions are listed in Table 1.



The nozzles with square, circular and triangular sections were designed, as shown in Figure 3. The section areas are the same for the three models. The ratio of the throat cross-sectional area to the nozzle outlet area is 6.25.




3.2. CFD Simulation


The following assumptions are used in the simulation:




	(1)

	
The flow of the jet pump is steady and the medium is incompressible;




	(2)

	
The heat transfer between water and surroundings does not occur;




	(3)

	
The surface roughness is taken as zero;




	(4)

	
The effect of buoyancy is negligible.









Based on these assumptions, the continuity and momentum equations can be written as


    ∂  (  ρ γ  )    ∂  x i    = 0 ,  



(4)






    ∂  (  ρ  u j   u i   )    ∂  x j    =  ∂  ∂  x j     [  μ   ∂  u i    ∂  x j    − ρ    u i   u j   ¯   ]  −   ∂ p   ∂  x i    ,  



(5)




where Reynolds stresses are


  − ρ    u i   u j   ¯  =  μ t   [    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     ]  −  2 3  ρ k  δ  i j   .  



(6)







In these equations, ui is the velocity component, xi is the space coordinate, δ is the boundary layer thickness, μ is the dynamic viscosity, μt is the turbulent viscosity, and k is the turbulent dynamic energy.



The internal flow of the jet pump belongs to turbulent flow, and there is a complex mixing shear layer between the working fluid and the secondary fluid. Therefore, it is necessary to select a suitable turbulence model to ensure the simulation accuracy. In addition, the simulation of the near-wall region requires an appropriate wall treatment to accurately reflect the influence of the wall on the flow field. Realizable k-ε model and standard wall function can obtain accurate performance prediction and internal flow field [14].



The Realizable k-ε model proposed by Shih [21] differs from the standard k-ε model in two ways: The realizable k-ε model contains an alternative equation for the turbulent viscosity; A modified transport equation for the dissipation rate, ε, has been derived from an exact equation for the transport of the mean-square vorticity fluctuation. This modified transport equation has shown substantial improvements over the standard k-ε model where the flow features include strong streamline curvature, vortices, and rotation. The term “realizable” means that the model satisfies certain mathematical constraints on the Reynolds stresses, consistent with the physics of turbulent flows. The modeled transport equations for k and ε in the realizable k-ε model are:


       ∂  (  ρ k  )    ∂ t   +   ∂  (  ρ k  u j   )    ∂  x j    =    ∂  ∂  x j     [   (  μ +   ∂  u i     σ k     )    ∂  ( k )    ∂  x j     ]       +  G k  +  G b  − ρ ε −  Y M  +  S k     ,  



(7)






       ∂  (  ρ ε  )    ∂ t   +   ∂  (  ρ ε  u j   )    ∂  x j    =    ∂  ∂  x j     [   (  μ +   ∂  u t     σ ε     )    ∂ ε   ∂  x j     ]  + ρ  C 1  S ε      − ρ  C 2     ε 2    k +   v ε     +  C  1 ε    ε k   C  3 ε    G b  +  S ε     ,  



(8)




where,


   C 1   = max   [  0.43 ,  η  η + 5    ]  , η = S  k ε  , S =   2  S  i j    S  i j     ,  



(9)







In these equations, S is the strain rate magnitude, Gk represents the generation of turbulence kinetic energy due to the mean velocity gradients. Gb is the generation of turbulence kinetic energy due to buoyancy. Ym represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate. C2 and Cε are constants. σk and σk are the turbulent Prandtl numbers for k and ε, respectively. Sk and Sε are user-defined source terms.



As in other k-ε models, the eddy viscosity is computed from:


   μ t  = ρ  C μ     k 2   ε  ,  



(10)







The difference between the realizable k-ε model and the standard model is that Cμ is no longer constant. It is computed from


   C μ  =  1   A 0  +  A S    k  U *   ε    ,  



(11)




where


     U *  ≡    S  i j    S  i j   +   Ω ˜   i j     Ω ˜   i j           Ω ˜   i j   =  Ω  i j   − 2  ε  i j k    ω k       Ω  i j   =   Ω ¯   i j   −  ε  i j k    ω k       A 0  = 4.04 ,  A s  =  6  cos φ     φ =  1 3   cos  − 1    (   6  W  )  , W =    S  i j    S  j k    S  k i       S ˜  3    ,  S ˜  =    S  i j    S  i j     ,  S  i j   =  1 2   (    ∂  u j    ∂  x i    +   ∂  u i    ∂  x j     ) ,     



(12)




where     Ω ¯   i j     is the mean rate-of-rotation tensor. It can be seen that Cμ is a function of the mean strain and rotation rates, the angular velocity of the system rotation, and the turbulence fields (k and ε). In Equation (11), Cμ can recover the standard value of 0.09 for an inertial sublayer in an equilibrium boundary layer.



ANSYS Fluent 18.2 provides a scalable wall function instead of the standard wall function. Based on the standard wall function, the scalable wall function introduces a limit function in the y* calculation:


    y ˜  *  = M A X  (   y *  ,  y *     limit    )  ,  



(13)




where the value of y* limit is 11.5.



Scalable wall functions avoid the deterioration of standard wall functions under grid refinement below y* < 11. These wall functions produce consistent results for grids of arbitrary refinement. For coarser grids with y* > 11, the standard wall functions are identical. Therefore, this paper used the scalable wall function instead of the standard wall function.



In this paper, both the working fluid and the secondary fluid are water. The hexahedral element is used and grid is created by ICEM CFD. Velocity inlet is used for the working fluid and the secondary fluid inlets. Outflow is set as the diffuser outlet. The second order upwind scheme is adopted for spatial discretization of the convection terms. The pressure-based solver is used in the simulation, and the SIMPLE algorithm is used to couple the pressure and velocity.




3.3. Comparison with Experiments


Duan [12] has obtained the efficiency curve of a six-nozzle annular jet pump with different flow ratios through experiments. The ratio of the throat cross-sectional area to the nozzle outlet area was 18. In this paper, the numerical simulation was carried out under the same conditions as the experiment and compared with the experimental results, listed in Table 2. The maximum error was ±7.89%. Therefore, the results calculated by the simulation scheme agree well with the experiment data and the simulation scheme can be utilized in the further investigation.





4. Nozzle Section Effects and Discussion


Simulations were carried out to compare the performance of annular multi-nozzle jet pumps with nozzle section of square, circular and triangle.



4.1. Performance Comparison


According to the simulation results, the pressure ratio curves and the efficiency curves of the jet pump are calculated by Equations (1) and (2), as shown in Figure 4.



Figure 4a shows that the pressure ratio decreases linearly as the flow ratio increases. This is because the flow rate of the secondary fluid increases as the flow ratio increases. The pressure ratio of the pump with square nozzle is the highest one as a whole. The energy of the working fluid is transferred to the secondary fluid resulting in a decrease in the pressure at the jet pump exit. Figure 4b shows that the efficiency increases firstly and then decreases with the increase of the flow ratio, and the efficiency of the pump with square nozzle is the highest in the given flow ratio range. The efficiency peak of the square nozzle pump is 20.1% at q = 1.1, which is 3% higher than that of the circular nozzle pump and 4.1% higher than that of the triangular nozzle pump.




4.2. Flow Field Analysis


The distributions of the axial velocity of the jet pumps at q = 1.1 are as shown in Figure 5. After the working fluid is ejected from the nozzle with a high velocity, it flows downstream along the wall of the suction chamber. The two fluids mixing basically completes at the end of the throat or the front of the diffuser and then further decelerates and boosts in the diffuser. From the suction chamber to the throat, the momentum of the high velocity jet is partially transferred to the second fluid by turbulent mixing. Comparing with circular and triangular nozzles, the square nozzle maintains high speed over a larger area and a long distance. The square multi-nozzle produces the minimized backflow (negative velocity) area, followed by the triangular nozzle, and the circular nozzle. In the XZ plane (through nozzle axis), velocity fields are symmetric about the axis for all three pumps. In the XY plane (between the two nozzles), the square nozzle and the triangular nozzle velocity fields are symmetrical about the axis. The fluid ejected from the circular nozzle deflects toward a side wall surface and flows along the wall surface, causing jet attaching effect.



For a better observation, the velocity cloud and vector charts from the suction chamber to the throat inlet in the XY plane are enlarged as shown in Figure 6. The circular nozzle jet flow shown in Figure 6b is disturbed in the suction chamber and the pressure loss on both sides is unbalanced. The main jet correspondingly deflects slightly. Therefore, the pressure on both sides of the main jet is unbalanced and the main jet is attached to the wall. The jet of the square or triangular nozzle is detached from the side walls as shown in Figure 6a,c.




4.3. Vortex Structure of the Confined Jet


Vortex motion is a ubiquitous motion form in fluids. Turbulent motion could be regarded as the superposition of vortices with different scales, including a background flow field composed of a large number of random small vortices and large scale coherent vortex structures.



The internal flow of the jet pump belongs to confined coaxial jets with a main flow direction (x direction) in the flow field. The vortex can be decomposed into streamwise vortex and spanwise vortex. The direction of the streamwise vortex is parallel to the main flow direction. The direction of spanwise vortex is perpendicular to the main flow direction. In order to facilitate the analysis of the vortex structure of different models, dimensionless equations introduced by Hu [22] of the two kinds of vortex are shown below:


   Ω s  =  D   U 0     (    ∂ w   ∂ y   −   ∂ v   ∂ z    )  ,  



(14)






   Ω n  =  D   U 0         (    ∂ u   ∂ z   −   ∂ v   ∂ x    )   2  +    (    ∂ v   ∂ x   −   ∂ u   ∂ y    )   2    ,  



(15)




where u, v and w are the velocities in the x, y and z directions, Ωs is the streamwise vortex, Ωn is the spanwise vortex, D is the equivalent exit diameter of the nozzles, and U0 is the working fluid velocity at the inlet.



4.3.1. Streamwise Vortex Structure Analysis


The distribution of the streamwise vortex in the cross-sections from the suction chamber to the throat along the x-axis with q = 1.1 is as shown in Figure 7. The streamwise vortex structures mainly occur in the turbulent boundary layer. These counter-rotating streamwise vortices appear in pairs and correspond to the nozzle position and nozzle section geometry. The distribution of the streamwise vortex is stretched along the radial direction of the throat and vortex breakage occurs due to the influence of the adjacent vortex. The streamwise vortex is crucial to the entrainment effect of the jet and has a great relationship with the external characteristics of the device.



It can be seen from Figure 7 that the streamwise vortex diffusion and decay mainly occurs in the suction chamber. The perimeter of the square nozzle is greater than that of the circular nozzle, which increases the contact area and results in the greater scale of the streamwise vortex at the exit. With the mixing of the two fluids, the decay of the streamwise vortex of the square nozzle is kept uniform. The streamwise vortex structures of the circular nozzle are closer to the wall surface. This causes the attached flow to form a single-side expansion as shown in Figure 5b and the friction loss increases. Although the perimeter of the triangular nozzle is longer than that of the circular nozzle, the streamwise vortex of the triangular nozzle is weaker due to the sharp angle of the nozzle section resulting in lower efficiency. Comparing these three models, the distribution and decay of the streamwise vortex has a great influence on the performance of the jet pump. The faster the flow vortex decays results in the higher the degree of mixing in the throat and the lower the friction loss, which is reflected by the external characteristics that the efficiency is higher.



The maximum streamwise vorticity values along the axial direction, x, from the suction chamber to the throat are shown in Figure 8. It can be seen that: in the suction chamber, the square nozzle streamwise vortices decay rapidly, and the circular nozzle and the triangular nozzle streamwise vortices are attenuated after the initial fluctuation; in the throat, especially of the square nozzle, the stream vortices decay gently as a whole and approach a lower value at the end of the throat where vortex structures are mainly caused by the pulsation of the flow. During the process, the maximum streamwise vorticity peak value of the square nozzle is 31% more than that of the circular nozzle and 39% more than that of the triangular nozzle.



In order to further study the entrainment effect of the streamwise vortex on the jet, the square nozzle was taken as an example to study the flow characteristics at the nozzle exit section. The distribution of the streamwise vortex and velocity vector at the exit section of the square nozzle are shown in Figure 9. Due to the rotation of streamwise vortices, the outer lateral secondary fluid is drawn from the edge of the vortex into the jet. At the same time, the high-velocity working fluid flows outwards under the influence of the streamwise vortex motion. The rotating of the streamwise vortex structures causes the convection between the working fluid and the secondary fluid resulting in the mixing effect.




4.3.2. Spanwise Vortex Structure Analysis


The spanwise vortex along the edge of the geometric structure is driven by the viscous shear force resulted from the velocity gradient of the working fluid and the secondary fluid. The spanwise vortex is perpendicular to the streamwise vortex and interacts with the streamwise vortex during the development of the flow.



Figure 10 shows the distribution of the spanwise vortex in the cross-section from the suction chamber to the throat with q = 1.1. Compared with the streamwise vortex, the strength of the spanwise vortex is significantly larger and decays more gently in the throat. In the front of the suction chamber, the vortex structure is dominated by the spanwise vortex in the initial stage of mixing. The distribution of the spanwise vortex is relatively regular, especially at the nozzle exit. The vortex distribution is similar to the shape of the nozzle exit constrained by the geometry of the nozzle. Due to the adhesion condition, the wall surface forms a certain area of the spanwise vortex structure. With the development of the flow, the vortex structure near the nozzle exit spreads toward the wall surface and decays. The vortex decay speed decreases gradually.



The maximum spanwise vorticity values along the axial direction x from the suction chamber to the throat are plotted in Figure 11. It can be seen that the maximum spanwise vorticity value decays rapidly in the suction chamber similar to the streamwise vortex. Then after the mixing of the two fluids in the downstream throat to a certain extent, this value still fluctuates with obvious ups and downs. During the process, the maximum spanwise vorticity peak value of the square nozzle is 19% less than that of the circular nozzle and 12% less than that of the triangular nozzle.



In order to further study the entrainment effect of the spanwise vortex on the jet, the square nozzle was taken as an example to study the flow characteristics in the XY plane. The distribution of the spanwise vortex and velocity vector in the XY plane are shown in Figure 12. Similar to streamwise vortex, the spanwise vortex can also cause the externally secondary fluid to be drawn into the jet from the edge of the vortex and the working fluid to flow outward to form a convection through the vortex rotation. This results in the mixing effect. However, as shown in Figure 12, owing to the spanwise vortex direction perpendicular to the mainstream direction of the jet pump, this entrainment effect will cause a recirculation zone in the longitudinal plane (such as the XY plane) and increase energy loss. Therefore, under the condition of constant vorticity, the lower the spanwise vortex strength is, the higher the device efficiency is.



According to the analysis results of Figure 8 and Figure 11, it can be seen that the maximum streamwise vorticity value and the maximum spanwise vorticity value of the annular multi-nozzle jet pump have opposite laws, which conforms to the law of vorticity decomposition and reflects the influence of two vortex structures on the mixing effect. The streamwise vortex plays a major role in the mixing process. The stronger the streamwise vortex is and the faster the streamwise vortex decays, the higher the efficiency is. The spanwise vortex, which contributes little to the performance of the pump, fluctuates greatly and results in the recirculation. Therefore, the efficiency of the square nozzle is 3% higher than that of the circular nozzle and 4.1% higher than that of the triangular nozzle.






5. Conclusions


This paper used the Realizable k-ε model and the scalable wall function based on the finite volume method to numerically study the flow characteristic inside jet pumps with different nozzle structures and verified the simulation scheme with experimental data to ensure the reliability of the simulation results. Based on the simulation results and the introduction of vortex dynamics theory, the distribution of velocity, the spatial evolution laws of streamwise vortex and spanwise vortex, and the decay of the maximum vortex along the main flow direction in the cross-sections were studied. The following conclusions were obtained:




	(1)

	
The square nozzle peak efficiency is 3% higher than that of the circular nozzle and 4.1% higher than that of the triangular nozzle;




	(2)

	
Compared with the conventional circular nozzle, the recirculation area and the friction loss are reduced by the non-circular nozzles and the mixing effect is improved;




	(3)

	
The streamwise vortex plays a major role in the mixing process and decays to an extremely small value at the end of the throat after decaying rapidly in the suction chamber. Therefore, the greater the streamwise vortex strength is, the higher the device efficiency is.




	(4)

	
Compared with the streamwise vortex, the strength of the spanwise vortex is stronger and the overall change is relatively lower. The spanwise vortex is a vortex component that is perpendicular to the main flow direction. Although it also contributes to the mixing effect, it causes a backflow phenomenon and increases friction loss.




	(5)

	
During the process, the maximum streamwise vorticity peak value of the square nozzle is 31% more than that of the circular nozzle and 39% more than that of the triangular nozzle; the maximum spanwise vorticity peak value of the square nozzle is 19% less than that of the circular nozzle and 12% less than that of the triangular nozzle.
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Figure 1. Structure of the annular multi-nozzle jet pump. 1: Diffuser; 2: Throat 3: Suction chamber 4: Annular multi-nozzle 5: Working fluid inlet 6: Suction pipe. 
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Figure 2. The geometry model of the annular multi-nozzle jet pump. 
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Figure 3. The nozzle structures. (a) Circular nozzle; (b) Square nozzle; (c) Triangle nozzle. 
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Figure 4. Pressure ratio curves and efficiency curves. (a) Pressure ratio; (b) Efficiency. 
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Figure 5. The distribution of the axial velocity of the jet pump with different nozzle section geometries. (a) Square nozzle; (b) Circular nozzle; (c) Triangle nozzle. 
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Figure 6. The velocity cloud and vector charts of square, circular and triangle nozzles. (a) Square nozzle; (b) Circular nozzle; (c) Triangle nozzle. 
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Figure 7. Streamwise vortex distribution. (a) Square nozzle; (b) Circular nozzle; (c) Triangle nozzle. 
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Figure 8. Decay of the maximum streamwise vortex. 






Figure 8. Decay of the maximum streamwise vortex.



[image: Processes 08 00133 g008]







[image: Processes 08 00133 g009 550] 





Figure 9. Streamwise vortex and velocity vector distribution at the exit of the square nozzle. 
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Figure 10. Spanwise vortex distribution. (a) Square nozzle; (b) Circular nozzle; (c) Triangle nozzle. 






Figure 10. Spanwise vortex distribution. (a) Square nozzle; (b) Circular nozzle; (c) Triangle nozzle.



[image: Processes 08 00133 g010a][image: Processes 08 00133 g010b]







[image: Processes 08 00133 g011 550] 





Figure 11. Decay of the maximum spanwise vorticity value. 
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Figure 12. Spanwise vortex and velocity vector distribution in the XY plane. 
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Table 1. The dimensions of the geometry model.
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	d1
	d2
	dt
	do
	Lm
	L1
	L2
	L3
	R
	α
	β





	0.344 m
	0.143 m
	0.16 m
	0.25 m
	0.2 m
	0.18 m
	0.56 m
	0.514 m
	0.12 m
	30°
	10°
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Table 2. Comparison of the experimental and simulation data.
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	q
	h (Experimental Data)
	h (Simulation Data)
	Error (%)





	0.01
	0.0811
	0.0827
	±1.97



	0.25
	0.0807
	0.0819
	±1.49



	0.50
	0.0804
	0.0800
	±0.50



	0.75
	0.0797
	0.0775
	±2.76



	1.00
	0.0778
	0.0732
	±5.91



	1.20
	0.0760
	0.0700
	±7.89
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