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Abstract

:

The operating range of axial flow pumps is often constrained by the onset of rotating stall. An improved method using a double inlet nozzle to stabilize the performance curve is presented in the current study; a single inlet nozzle and three kinds of double inlet nozzle with different rib gap widths at the inlet of axial flow pump impeller were designed. Three dimensional (3D) incompressible flow fields were simulated, and the distributions of turbulence kinetic energy and velocity at different flow rates located at the inlet section, as well as the pressure and streamline in the impeller, were obtained at the same time. The single inlet nozzle scheme and a double inlet nozzle scheme were studied; the experimental and numerical performance results show that although the cross section is partly blocked in the double inlet nozzle, the head and efficiency do not decline at stable operation flow rate. On small flow rate condition, the double inlet nozzle scheme effectively stabilized the head-flow performance, whereby the block induced by the backflow before the impeller was markedly improved by using a double inlet nozzle. It has also been found that the rib gap width impacts the efficiency curve of the axial flow pump.
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1. Introduction


The characteristic of the axial flow pump is that it has a good hydraulic performance near the design flow rate; however, if the flow rate deviates, the hydraulic performance of the axial flow pump will decrease [1]. A series of problems are caused by flowing instability on small flow rate condition, such as vibrations, noise, the features of the head-flow curve showing saddle-shape, etc. The axial flow pump will produce violent vibrations and noise when it runs in saddle zone, and at the same time, the hydraulic loss of the axial flow pump will increase, which will reduce the effective head of the pump and seriously affect the stability of the pump. Working on the saddle-shape condition for a long time will seriously affect the life of the pump. Therefore, the study of saddle-shape characteristics of axial flow pumps has been a hot spot in the industry. It is considered that saddle-shape appearance of an axial-flow pump performance curve is due to the rotating stall in impeller channels, as well as the alternation of low-pressure and high-pressure in impeller channels and corresponding jet-flow and backflow [2,3,4]. It is difficult for axial flow pumps to ensure their stable operation in high-efficiency design conditions, and it is one of the difficulties in the research of the axial-flow pump to improve its unstable operating conditions, especially to restrain the unstable saddle area produced by an axial-flow pump.



In recent years, scholars have used Laser Doppler Velocimeter (LDV) and Particle Image Velocimetry (PIV) flow observation techniques, pressure pulsation test measurements, and numerical simulations to carry out fruitful research on rotating stall phenomena in conventional centrifugal pumps [5]. Greitzer et al. [6] researched an axial pump stall in 1979. Goltz and Kosyna et al, [7,8,9] used high-speed photography, PIV, and oil film to reveal the development of tip-gap vortex and cloud like cavitation in the low-pressure area of the vortex under the rotating stall condition. In order to restrain the instability of the pump under partial working condition, Kurokawa [10] proposed the trench flow control technology of "J-groove" to improve the unsteady hydraulic performance of hydraulic machinery on rotating stall conditions. Pacot et al. [11] used the large eddy simulation methods to study the rotating stall condition of a certain type of pump turbine and compared the simulation results with the experiments to analyze the pressure pulsation under partial load and the rotating stall phenomenon between the guide vanes. Researches on the internal flow and external characteristics of axial flow pumps were also highly concerned [12,13,14,15,16,17]. In order to analyze the operating characteristics of the axial pump on the operating conditions in the saddle region, the hydraulic performance in saddle region of an axial flow pump was tested under different conditions by He et al. [18]. Zhang et al. [19] studied the flow characteristics in the saddle region of a low head and large flow rate pump device by using numerical simulation and experimental methods. There is an unstable operation saddle zone of the axial flow pump when the flow rate drops to 0.65 times the design flow rate. There was a wide range of backflows and vortices in the inlet and outlet of the impeller in the pumping station under low flow rate conditions. The intense energy exchange was the main reason for the instability of the axial flow pump. Zheng et al. [20] calculated the unsteady flow of a vertical axial flow pump and compared and analyzed the typical internal flow structure and pressure pulsation characteristics of the pump under design flow rate and rotating stall conditions. The authors revealed the mechanism of low frequency pressure pulsation under rotating stall conditions.



At present, there are many studies on the operational characteristics of the axial pump’s saddle zone, but the studies on influence of different import schemes on the performance of saddle zone are still relatively rare. Considering the saddle-shape performance curve is caused by impeller blade inlet backflow, in order to stabilize the axial flow pump in the saddle area, reduce the flow channel blockage caused by backflow, and study the influence of the gap size of different inlet nozzles on the flow characteristics inside the axial flow pump, a new type of double inlet nozzle scheme is proposed in this paper. Based on the performance tests, the effects and influences of double inlet nozzle on the hydraulic performance and impeller inlet velocity field of an axial flow pump were studied, and the causes of unsteady hydraulic performance under a rotating stall condition were discussed. The research results can provide some reference to improve the operation stability of the axial flow pump under the condition of small flow rate.




2. Physical Model and Calculation Model


2.1. Physical Model and Computing Mesh


In this paper, the submersible axial flow pump with the specific speed higher than 1250 m0.75/s1.5 is taken as the research object. This kind of pump is mainly used for urban water supplying, drainage, flood controlling, municipal engineering, and water conservancy projects, etc. Considering the requirement of anti-winding, the blades of the impeller are relatively short, the flow ability between the blades is stronger, and the efficiency is lower compared to those of the conventional axial flow pumps. The hydraulic model of whole flow fields includes inlet nozzle, impeller, guide vane and the outlet section. The design flow rate Qopt was 1050 m3/h, head Hopt was 5 m, rotating speed was 1450 r/min, the impeller diameter was 300 mm, hub ratio was 0.35, the number of impeller blades and guide vane blades was three and seven respectively, the axial distance between the impeller outlet with the guide vane inlet was 32 mm, and the axial length of the guide vane was 190 mm. The physical model is shown in Figure 1; water flows from the inlet nozzle to the impeller, then flows into the guide vane, and finally flows out.



Figure 2 shows the conventional single inlet nozzle and the optimization scheme of the double inlet nozzle. The inner wall of the original nozzle inlet is connected with the partition board by evenly distributing 16 ribs, and the double inlet nozzle is composed of the original nozzle and the partition board. The diameter of the inlet was 330 mm, and the nozzle length was 150 mm, gap width was 3 mm, partition thickness was 2 mm, length of ribs was 20 mm, and ribs width was 4 mm.



The calculation area was meshed with full hexahedron grid, J-topology was selected for highly warped impeller blades, and H-topology was used for the guide vane. In order to control the distribution of the boundary layer near the blades wall, the blades were surrounded by O-type topology. The meshes are shown in Figure 3.




2.2. Calculation Methods and Boundary Conditions


The commercial Computational Fluid Dynamics (CFD) software ANSYS CFX 15.0 (ANSYS Inc., Pittsburgh, PA, USA) was used to solve the internal Reynolds averaged equations of the axial flow pump. The finite volume method was used to discretize the governing equations. The convection terms were discretized by the two-order upwind difference scheme, and the fully implicit multi-grid coupling solution technique was used. The medium of the pump was water, which is regarded as incompressible fluid. The prediction accuracy of flow field has a complex relationship with grid layout, geometric model, wall function, discrete accuracy, etc. Since its proposal by Lauder and Spalding in 1972, the k-ε turbulence model has been widely used in various turbulence simulation for its simple feature, good calculation stability, and high calculation efficiency, and it is one of widely used models in the field of pump stations to study multi-objective optimization and transient flows in axial flow pumps [21,22,23]. Therefore, the standard k-ε turbulence mode was also adopted in this paper. In order to reduce the influence of the grids number on the accuracy of the calculation results, the head and hydraulic efficiency at the design flow rate of 1.0 Qopt were observed as an indicator to verify the grids independence. When the number of grid nodes is above 1.1 million, the fluctuation of head or hydraulic efficiency is small. Considering the configuration and calculation times of the computer, the final total number of grid nodes selected was 1.3 million. The average y+ of the near wall meshes in whole calculation area was less than 100, and the average y+ on impeller blades pressure and suction sides was less than 50. The inlet was adopted as the static pressure boundary condition, the outlet was adopted as the mass flow boundary condition, the solid walls were set as non-slip and adiabatic wall surface conditions, the standard wall function was adopted on the near wall surface, and the roughness of main flow passage components, such as the impeller and guide vane, was set to 0.025 mm. The water in the impeller was set as the rotating area, while the rest water body was set as the static area. The coupling interfaces between the rotating areas and the static areas were set as transient frozen rotor mode, and the coupling interfaces between the static regions was set as none. The convergence precision was set to be 10−4.




2.3. Test Process


The double inlet nozzle was produced, and the external characteristics of the axial flow pump were tested. The double inlet nozzle is shown in Figure 4.



The external characteristic tests were carried out on an open test bench system, and the test bench system precision reached international Class B(ISO 9906:1999, Geneva, Switzerland). The external characteristic test bench system mainly includes the pressure transmitter, the turbine flowmeter, the rotating speed sensor, the power measuring instrument, and the external characteristic data acquisition instrument, etc. Test devices are shown in Figure 5. The WT2000 series pressure transmitter (Welltech Industrial Automation Co., Ltd, Shanghai, China) was adopted, the measuring range was 0–1.0 Mpa, and the precision level was 0.2%. The LWGY300 type turbine(Shangyi group, Shanghai, China) flowmeter with the precision 0.5% was adopted in the experiment. The precision level of the current and voltage sensors was 0.5%, and the HSJ-2010 type hydraulic mechanical (Huazhong University of science and technology, Wuhan, China) comprehensive test instrument was used whose precision level was 0.2%.




2.4. Test Uncertainty Analysis


During the pump performance test, the uncertainty of the system is mainly related to the accuracy and measurement methods of instruments. It is very important to analyze and master the measurement uncertainty of performance indicators such as efficiency, flow rate, and head. The flow rate, torque, and rotating speed can be obtained directly from the sensors’ datum, so the system uncertainty is obtained directly from instruments parameters. The uncertainty of pump efficiency needs to be calculated by the synthesis formula. The system uncertainty of each sub-item is calculated by the systematic error of measuring instruments. The stochastic uncertainty is determined by the analysis and calculation of ten measurements. Comprehensive tests and calculations determined that, when measuring the corresponding type of axial flow pump within the measurements parameters of the test bench, the measurement uncertainty of the pump efficiency was about 0.56%, the measurement uncertainty of the flow rate was about 0.43%, and the measurement uncertainty of the head was about 0.38%. In general, measurement accuracies are high.





3. Calculation Results and Analysis


3.1. Hydraulic Performance Comparison and Analysis


For single inlet nozzle and double inlet nozzle schemes, the head and efficiency of the steady calculations at different flow rates were compared with those of the experimental results. As shown in Figure 6 and Figure 7, under the design flow rate conditions, the simulation results of single inlet nozzle scheme showed that head was 4.85 m and hydraulic efficiency was 71.46%, meanwhile, the test results showed that head was 4.8 m and efficiency was 60.8%. If the estimated motor efficiency was 87%, the tested pump hydraulic efficiency was about 69.88%. Under the condition of small flow rate, due to the obvious pressure difference between the pressure side and the suction side of the blade tip region, the tip leakage flow occurred at the tip clearance, which collided with the main stream at the inlet and generated a vortex at the leading edge of the impeller, and which lead to the increasing of the hydraulic loss caused by the flow in the impeller, resulting in the external characteristic curve at small flow rates being greatly affected by the leakage amount. Eventually, the simulated head was larger than the experimental head. In the small flow area, the rotating stall and the deterioration of the inflow condition of the axial flow pump were two main factors that lead to the hydraulic instability. When the simulation deviated from the optimal working condition area, the errors between the simulation and experiment data occurred, but on the whole, the errors were small. Under the condition of large flow rate, the cavitation of the axial flow pump occurred during the test, for the cavitation model was not added during the simulation, therefore the efficiency of the simulation under the condition of large flow rate was higher than that from the test. In addition, the error of prototype manufacturing, the accuracy of the test bed, and the limited applicability of turbulence models were all the causes for the errors between the simulated values and experimental values. In general, the comparisons between the experimental and simulated results showed that the simulation results of external characteristics were basically consistent with the trend of test curves, and the numerical calculation results were of good credibility.



For the single inlet nozzle scheme, it can be seen from the simulation results that, when the flow rate was reduced to about 0.66 Qopt, the head dropped obviously, the phenomenon of “positive slope” appeared in the head-flow curve, and the unstable rotating stall happened. On the contrary, when the flow rate was reduced to 0.66 Qopt, although the head of the double inlet nozzle scheme had a slight decline, compared with the original scheme, the double inlet nozzle improved the head and efficiency performance.




3.2. Flow Field Analysis


The inlet flow fields at the flow rate of 0.55 Qopt in the saddle region and at the design flow rate of 1.0 Qopt were selected to be compared with each other. Figure 8 shows the inlet axial velocity vectors of the single inlet nozzle scheme and the double inlet nozzle scheme at shaft section plane of crossing one blade center.



Because the axial pump had the swirls and backflows near the edge at the impeller blades inlet, the smaller flow rate was, the larger swirls and backflows strength were, as shown in Figure 8. It can be seen from the Equation (1) of Euler that the head and the pressure were of course influenced by the swirls and backflows near the edge at the impeller blades inlet; these are also the reasons that the change happens on performances for different inlet nozzles.


   H t  =    u 2   v  u 2   −  u 1   v  u 1    g   



(1)




where, Ht is the theoretical head, m; u2 is the edge rotating velocity at impeller blade outlet, m/s; vu2 is the fluid circumferential speed at impeller blade outlet, m/s; u1 is the edge rotating velocity at impeller blade inlet, m/s; vu1 is the fluid circumferential speed at impeller blade inlet, m/s; and g is the acceleration of gravity, m/s2.



When flow rate was less than 1.0 Qopt, the head and the pressure on the pressure side of the impeller blades were large; swirls flowing from the pressure side to the suction side at the position of inlet edge of the impeller blade happened; swirl flow forms positive circumferential speed vu1, if vu1 was large at some flow rates, theoretical head decreases; and the phenomenon of “positive slope” appeared in the flow-head curve. However, if the double inlet nozzle scheme is adopted, swirls flow will be resisted due to the ribs; normally, swirl flow happens strongly at the rim of the impeller, thus circumferential speed vu1 is very small if the ribs exist, and the theoretical head will be influenced only a little by the swirls.



It can be seen from Figure 8a and Figure 8b that, at the flow rate of 1.0 Qopt, well distributed liquid flowed into the impeller chamber through the gap region and inlet nozzle not only in the scheme of the single inlet nozzle, but in the scheme of the double inlet nozzle. With the decreasing of the flow rate, the phenomenon of rotating stall occurred at the flow rate of 0.55 Qopt. It can be seen from Figure 8c that, there were swirls and backflows near the rim under the single inlet nozzle condition, and that swirls and backflows blocked the inlet channel and reduced the effective flow area in the pump, affecting the performance of the pump. For the double inlet nozzle scheme in Figure 8d, the liquid flowed through the gap region into the impeller chamber, as well as the nozzle entrance. Comparing the two schemes in the saddle zone at the flow rate of 0.55 Qopt, the backflow area in the double inlet nozzle scheme was smaller than that in the single inlet nozzle scheme, therefore the double inlet nozzle scheme had a large mainstream flow area, which resulted in stable operation of the axial pump at small flow rate.



Figure 9 shows the distributions of turbulent kinetic energy in the impeller area and inlet nozzle area at the flow rate of 0.55 Qopt at shaft section plane of crossing one blade center. The turbulent kinetic energy was small not only in the inlet nozzle, but in the impeller chamber near the hub area. At the outer edge of the impeller, especially at the junction between the inlet and the impeller, the turbulent energy was large and the flow was disordered, leading to energy loss.



Comparing the two schemes, it was found that the region with larger turbulent kinetic energy in the double inlet nozzle scheme was obviously smaller than that in the single inlet nozzle scheme. The swirls in the double inlet nozzle scheme were weak and the flow was more stable, therefore the hydraulic loss in the double inlet nozzle scheme was relative small.



Figure 10 shows the distributions of the static pressure on impeller blade pressure and suction sides at the radius of 35 mm and 67 mm and at the flow rate of 0.55 Qopt and 1.0 Qopt (the radius 35 mm and the radius 67 mm are the radius from the hub to the rim, respectively). The abscissa is the ratio of the length of the projection between the points in the blade cross section from the leading edge in the chord-wise direction to the chord length of the blade section. It can be seen from Figure 10a and Figure 10b that, at the flow rate of 1.0 Qopt, there was no obvious difference between the single inlet nozzle scheme and the double inlet nozzle scheme. When the flow rate was reduced to 0.55 Qopt, the pressure on the blade pressure side of the double nozzle scheme reduced near the leading edge of the blade, while the pressure increased a little near the outlet of the blade, as shown in Figure 10c at the radial position of 35 mm. Also shown in Figure 10d, the distributions of the static pressure on the blade pressure side were almost the same at the radial of 67 mm for the two schemes. However, the pressure on the blade suction side of the double inlet nozzle scheme was obviously smaller than that of the single inlet nozzle scheme. As the pressure difference between pressure side and suction side of the impeller increased, the head of the pump rose. In general, at the design flow rate, pressure did not show an obvious difference between the single inlet nozzle scheme with double inlet nozzle scheme. When the flow rate decreased to the saddle zone, the difference became obviously.




3.3. Performance Comparison


In order to compare the influences of different double nozzle gap widths on the performance of the axial flow pump, double inlet nozzles with gap widths of 2 mm and 4 mm were designed, with either the similar grids or boundary conditions being used to simulate performances. Table 1 lists four schemes structure parameters including the single inlet nozzle.



Figure 11a shows simulation results. When the flow rate exceeded 0.65 Qopt, head curves of four schemes were similar, and head values were almost the same. However, when the flow rate was less than 0.65 Qopt, the differences between four schemes were large. Although the effects of three double inlet nozzles schemes on head performance curves were not the same in the small flow area, head-flow curves of three double inlet nozzles schemes were obviously better than that of the single inlet nozzles scheme, which indicates that double inlet nozzles schemes can improve the operation instability of the axial flow pump in the saddle zone. The No.2 scheme showed the least head drop and the best optimization effect, while the No.3 scheme was the worst. These results indicate that the gap width of the double inlet nozzle is an important factor affecting the performance of the axial flow pump. Figure 11b shows the effect of different double inlet nozzles on efficiency performance curve under the condition of small flow rate. All efficiency curves of double inlet nozzle schemes were slightly higher than that of the single inlet nozzles scheme by about 2%. When the flow rate was close to 1.0 Qopt, the differences were not obvious, and in small flow rate area, the No.2 scheme seemed to make the greatest contribution to the efficiency improvement.



Figure 12 represents streamlines on blade suction sides of the four different nozzles at the flow rate of 0.55 Qopt. There was turbulence and significant separated flow on the hub side and the rim side in the vicinity of the exit. The size of the backflow range was similar near the hub and there was no obvious improvement with the double inlet nozzles. Near the side of the rim, the largest range of backflow existed in the single inlet nozzle scheme and No.3 scheme, and the most obvious improvement on the fluid backflow was in the scheme of No.2. This was most clearly consistent with the improvement of the head-flow curve saddle zone with the scheme of No.2. According to the comparison, it can be noted that the No.2 double inlet nozzle with reasonable inlet gap width can eliminate the saddle area of head-flow curve better on small flow condition and improve the hydraulic performance of axial flow pump obviously.





4. Simulation of Different Specific Speed Axial Pump


In order to test the improvement effects of double inlet nozzle scheme on the saddle-shape performance of another axial flow pump, an axial flow pump with specific speed of ns = 700 m0.75/s1.5 was numerically simulated; the design flow rate Qopt was 700 m3/h, head Hopt was 2.5 m, and rotating speed was 980 r/min. The structure of the double nozzle was the same as the previous one, the gap width was 3 mm, and the partition thickness was 2 mm. It can be seen from the head-flow curve of Figure 13a that the head of the double inlet nozzle scheme was similar to that of the single inlet nozzle scheme in the stable working area, while in small flow rate area where the saddle-shape zone appears easily, the head-flow curve of the double inlet nozzle scheme changed more smoothly. Therefore, the double inlet nozzle scheme can also effectively improve the saddle area of the axial flow pump with specific speed of ns = 700 m0.75/s1.5. Figure 13b shows similar characteristics as those shown in Figure 11b, such that the efficiency curve of the double inlet nozzle scheme was slightly higher than that of the single inlet nozzle by about 2%.




5. Conclusions


When axial flow pumps run in saddle areas, they may produce violent vibrations and noise, and their effective heads and operation stabilities decrease. The results of this study show that the double inlet nozzle scheme has no obvious effect on the head of the axial pump at relatively large flow rates, while at small flow rate where the saddle-shape zone appears easily, the head-flow curve of double inlet nozzle scheme changes smoothly. The region with larger turbulent kinetic energy in the double inlet nozzle scheme is obviously smaller than that in the single inlet nozzle scheme. At the design flow rate of 1.0 Qopt, pressure distribution does not show obvious difference between the single and double inlet nozzle schemes. However, when the flow rate decreases to 0.55 Qopt, pressure distribution differences becomes obviously. The gap width of the double inlet nozzle is an important factor affecting the pump performance curve and streamline on the blade suction sides. The No.2 double inlet nozzle scheme shows the least head drop and the best optimization effect in different axial pumps.
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Figure 1. Physical model of the axial flow pump. 
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Figure 2. Structure of inlet nozzle: (a) single inlet nozzle and (b) double inlet nozzle. 
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Figure 3. Structured meshes. 
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Figure 4. The double inlet nozzle. 
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Figure 5. Open test system. 
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Figure 6. Comparison of head-flow curves. 
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Figure 7. Comparison of efficiency-flow curves. 
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Figure 8. Velocity in the inlet sections at different flow rate: (a) single inlet nozzle (1.0 Qopt); (b) double inlet nozzle (1.0 Qopt); (c) single inlet nozzle (0.55 Qopt) and (d) double inlet nozzle (0.55 Qopt). 






Figure 8. Velocity in the inlet sections at different flow rate: (a) single inlet nozzle (1.0 Qopt); (b) double inlet nozzle (1.0 Qopt); (c) single inlet nozzle (0.55 Qopt) and (d) double inlet nozzle (0.55 Qopt).
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Figure 9. The distribution of turbulent kinetic energy: (a) single inlet nozzle and (b) double inlet nozzle. 
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Figure 10. The static pressure on blade surfaces: (a) radius of 35 mm(1.0 Qopt); (b) radius of 67 mm (1.0 Qopt); (c) radius of 35 mm( 0.55 Qopt); (d) radius of 67 mm( 0.55 Qopt). 
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Figure 11. Performance of different double inlet nozzles: (a) head-flow curves and (b) efficiency-flow curves. 
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Figure 12. Streamlines at the suction sides: (a) Single inlet nozzle; (b) No. 1 double inlet nozzle; (c) No. 2 double inlet nozzle and (d) No. 3 double inlet nozzle. 
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Figure 13. Performance of axial-flow pump with specific speed of 700 m0.75/s1.5: (a) head-flow curves and (b) efficiency-flow curves. 
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Table 1. Structure parameters of the double inlet nozzle.






Table 1. Structure parameters of the double inlet nozzle.





	Inlet Nozzle
	Gap Width (mm)
	Partition Thickness (mm)





	single inlet nozzle
	0
	0



	No.1 double inlet nozzle
	2
	2



	No.2 double inlet nozzle
	3
	2



	No.3 double inlet nozzle
	4
	2
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