

  jmse-11-00268




jmse-11-00268







J. Mar. Sci. Eng. 2023, 11(2), 268; doi:10.3390/jmse11020268




Article



The Analysis of Cavitation Flow and Pressure Pulsation of Bi-Directional Pump



Haiyu Liu 1, Fangping Tang 1,*, Lijian Shi 1[image: Orcid], Liang Dai 2, Jie Shen 2 and Jian Liu 2





1



College of Hydraulic Science and Engineering, Yangzhou University, Yangzhou 225000, China






2



Yangzhou Survey Design Research Institute Co., Ltd., Yangzhou 225000, China









*



Correspondence: tangfp@yzu.edu.cn; Tel.: +86-0514-8797-9530







Academic Editor: Luca Cavallaro



Received: 20 December 2022 / Revised: 3 January 2023 / Accepted: 16 January 2023 / Published: 24 January 2023



Abstract

:

A bi-directional pump is designed by using S-shaped hydrofoil, is the most convenient way to achieve bi-directional operation. In this paper, high-speed photography is used to visualize the flow field characteristics of the bidirectional pump under different cavitation numbers, and the flow field changes caused by cavitation are quantitatively analyzed in combination with the pressure pulsation sensor. The results show that the operation efficiency of the bidirectional pump in reverse operation is lower than that in forward operation. Tip clearance cavitation occurs on both suction and pressure surfaces of the impeller under reverse operation and large flow. In reverse operation, the influence of guide vane on the main frequency of pressure pulsation in the impeller is obvious. The quasi-periodic vertical cavitation flow phenomenon increases the amplitude of pressure pulsation in the impeller and becomes the main component of the internal flow in the bidirectional axial flow pump.
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1. Introduction


Axial flow pumps are mainly used for long-distance water transport, urban drainage, and agricultural irrigation [1,2,3].The bi-directional axial flow pump is a special type of axial flow pump, which has the properties of axial flow pump, but in reverse operation, and can obtain higher operation efficiency than the unidirectional axial flow pump. The bi-directional axial flow pump is designed by using a centrally symmetrical S-shaped hydrofoil [4,5], and the different direction of the axial flow pump can be switched only by adjusting the motor steering, which is the most convenient way to realize the bi-directional operation, and can save a lot of human resources and energy [6].



Cavitation is the main factors restricting the development of rotating machinery to with high speed and high performance [7,8]. Since the 19th century, the existence of cavitation has been found in experiments with propellers. Until today, cavitation is still a difficult problem to solve in the field of hydraulic machinery. There are different ways of cavitation movement in different hydraulic machinery [9]. Tip clearance cavitation is mainly driven by the pressure difference between the suction surface and the pressure surface, which widely exists between the stator and rotor of high-speed rotating hydraulic machinery [10]. Arndt et al. [11] tested the cavitation flow phenomenon inside a turbine. Wu et al. [12] used Particle Image Velocimetry (PIV) technology to test the tip leakage vortex (TLV) of a water-jet propulsion pump. The results showed that the tip leakage flow moved in the form of jet flow, and the evolution characteristics of various staggered vortex structures were determined through a large number of detailed data. Zhang et al. [13,14,15] performed study on an axial-flow pump with a specific speed of 728, using high-speed photography to capture the evolution of TLV, and used the modified SST (Shear Stress Transport) turbulence model combined with the Zwart cavitation model to simulate the cavitating flow, revealing the interaction mechanism of TLV and SSPCV. Hao et al. [16] studied the transient cavitating flow of PAT (pump as turbine) in pump mode by combining experiment and numerical simulation, quantitatively analyzed the cavitation performance in pump mode caused by clearance size variation, and compared the radial force variation under different sizes of tip clearance. Li et al. [17] studied the cavitation phenomenon inside the pump-turbine, adopted the entropy production theory to analyze the flow loss caused by the cavitation phenomenon in the S characteristic region, and found the hysteresis characteristics of the flow loss in the hump region of the pump turbine. Shen et al. [18,19] studied the instantaneous development process of vertical cavitation vortices through high-speed photography combined with the synchronous measurement of pressure sensors. It was found that tip cavitation vortices caused blockage in the impeller passage, and the correlation between the transient motion of SSPCV and the flow instability of the axial flow pump under the condition of low flow rate was confirmed. Shi et al. [20] studied the energy conversion changes of a spiral multiphase pump under different cavitation conditions, and discussed the changes of turbulence loss and friction loss under three different cavitation numbers (initial cavitation, critical cavitation, and severe cavitation). Wang et al. [21] studied the correlation characteristics of cavitation flow and vortex, and used the vorticity transport equation to analyze the evolution of a vortex induced by cavitation in tip clearance of the axial-flow pump.



In order to suppress or delay the instability of flow caused by the tip leakage vortex, researchers began to use control methods at the position of tip clearance. The current control methods are mainly passive control to improve the shape of tip clearance structure. There are many excellent passive control methods in the field of axial fan [22,23,24], which mainly suppress the influence of TLV by changing the shape of the blade tip and improve the operating performance of fluid machinery. Tan et al. [25] adopts T-shaped structure to successfully suppress the tip clearance vortex of the mixed flow pump, reduce the leakage flow in the tip area, and improve the efficiency of the mixed flow pump. Liu et al. [26] used C-shaped grooves at the tip clearance to study the influence of C-shaped grooves of different sizes on TLV, which effectively improved the lift coefficient of NACA0009. Nazir et al. [27,28,29,30,31] take ethylene glycol with nanoparticles behaves as the research object and consider the importance of temperature gradient in studying fluid behavior.



At present, the research of bidirectional axial flow pump mainly focuses on the design optimization and energy performance of the base hydrofoil [32,33,34]. The research on the cavitation phenomenon of bidirectional axial flow pump has not been reported. Due to the particularity of the base airfoil forming the bidirectional axial flow pump, the cavitation characteristics of the bidirectional axial flow pump are bound to be different from that of a conventional axial flow pump. Therefore, through high-speed photography combined with a pressure pulsation sensor, this paper studies the correlation between cavitating flow and pressure pulsation change of a bidirectional axial flow pump under different directions, different flows, and different cavitation numbers, providing theoretical guidance for the cavitation research and application of a bi-directional axial flow pump.




2. Experimental Setup


2.1. Experimental Platform


Cavitation experiment of the bi-directional pump was completed in Jiangsu Provincial Key Laboratory of Hydraulic Power. The experimental platform can realize the operation of the bidirectional pump in different directions, which is completely consistent with the application in practical engineering, and the energy performance and cavitation characteristics of the different directions can be recorded. The experimental platform is mainly composed of a test pump section, stainless steel pipe, water tank, and driving pump, etc., as shown in Figure 1. The maximum rotational speed of the test axial flow pump can reach 1500 revolutions per minute. Cavity occurs through a vacuum pump to continuously reduce the inlet pressure. The experimental platform is also equipped with an auxiliary pump for circulating water movement. The number of bi-directional axial flow pump blades is four, and the number of guide vane blades is five. In order to facilitate high-speed photography, about 1/4 of the area of the shroud is transparent glass instead of stainless steel, which is convenient to observe the cavitating flow at the tip clearance. The parameters of the bidirectional pump in this study are shown in Table 1. The impeller of the bi-directional pump is shown in Figure 1a, the guide vane is shown in Figure 1b, and the pump section is shown in Figure 1c.




2.2. Instrument and Its Precision Analysis


The models, parameters, and accuracy of the instruments are shown in Table 2. The performance of the bi-directional pump were collected by experimental instruments, among them, the head is collected by differential pressure transmitter, the measuring instrument model is EJA110A, and the shaft power is collected by speed torque sensor, and the measuring instrument model is JC2C. The inlet flow rate is recorded by an electromagnetic flowmeter, the measuring instrument model is E-mag, and the pressure of the experimental system is recorded by absolute pressure transmitter, and the measuring instrument model is EJA110A. The image of cavitation flow was captured by a VEO710L high-speed camera with a camera frequency of 7400 f/s. The cavitation experimental device is shown in Figure 2a. Three HM90A pressure pulsation sensors are installed in the shroud of the impeller. The installation position of the sensors is shown in Figure 2b, and the sampling frequency is 3000 Hz.



Both the cavitation external characteristic experiment and the high-speed photography experiment are repeated for many times. Among them, the external characteristic experiment ensures that the error of the flow head and shaft power of the multiple experiments is within 0.39%. For repeated testing of high-speed photography, cavitation photos of multiple tests are selected for comparison to ensure the same cavity volume and motion form.



The accuracy of the experimental platform is mainly determined by the accuracy of various instruments, and the formula is shown in Equation (1). According to the uncertainty of each instrument in Table 2, the comprehensive uncertainty can be calculated as Equation (1) and, the value is ±0.39%.


       E  System   =     E D  2  +   E E  2  +   E S  2  +   E A  2  +   E P  2         



(1)




where,    E  System     represents the system uncertainty of the test bench of the axial flow pump.    E D    represents the uncertainty of the differential pressure transmitter,     E E    represents the uncertainty of the electromagnetic flowmeter,    E S    represents the uncertainty of the Speed and torque sensor,    E A    represents the uncertainty of the absolute pressure transmitter,     E P    represents the uncertainty of the pressure transmitter





3. Results and Analysis


3.1. Energy Performance of Bi-Directional Pump


Energy performance is the basis of using bi-directional pumps. According to the data collected by various instruments, the forward and reverse efficiency can be calculated, and the formula is as Equation (2).


      η =      ρ gQH     P w         



(2)




where,  Q  presents the flow rate;  H  presents the head;    P w    presents the shaft power.



In the forward operation, the water first passes through the impeller and then through the guide vane, which is the same as the operation mode of the conventional axial flow pump. As is shown in Figure 3, under the forward operation, the maximum operation efficiency of the bi-directional pump is 76.31%, and the corresponding flow rate and head are 374 L/s and 3.51 m, respectively.



In the reverse operation, the direction of rotation of the impeller is opposite to that in the forward operation. The maximum operation efficiency of the two-way pump is 70.29%, and the corresponding flow rate and head are 334 L/s and 3.51 m, respectively. From the view of axial-flow pump design theory, the impeller designed with a symmetric S-shaped hydrofoil should have exactly the same hydraulic performance in the forward operation and reverse operation. However, compared with the forward operation, the reverse operation has a lower maximum operating efficiency, and the overall flow is smaller. The main reason for this phenomenon is the position of the guide vane. In reverse operation, the water will first pass through the guide vane and then through the impeller. The flow angle at the inlet of the impeller will change due to the diversion effect of the guide vane. Secondly, there is no rearward guide vane recovery circulation, which will cause the flow disorder in the inlet flow channel, increase the hydraulic loss, and decrease the maximum efficiency of reverse operation. In forward operation, the saddle zone occurs at 0.65 Qd, while in reverse operation, the saddle zone occurs at 0.72 Qd. However, the flow in forward operation and reverse operation stall is the same, both at 242 L/s, indicating that the axial flow pump stall is related to the change of the angle of attack of the hydrofoil caused by the inlet flow rate and the inlet velocity, but has little correlation with the forward operation and reverse operation.




3.2. Analysis of Cavitation Performance of Bi-Directional Pump


The cavitation of the bi-directional pump has different flow characteristics under different flow conditions. Three groups of high-speed photography with different flow rates and three groups of different cavitation numbers (initial cavitation, critical cavitation, and severe cavitation) were selected for analysis.



a. Forward operating condition



During forward operation, it can be seen from the cavitation image from Figure 4 that tip clearance cavitation is relatively stable under large flow conditions, and tip clearance cavitation forms a triangular area with blade edge. With the decrease of cavitation number, the volume of tip clearance cavitation area increases continuously. Under the condition of severe cavitation, the tip clearance cavitation is stable and the shedding at trailing edge is less. Under the condition of design flow rate and the lower flow rate, the volume of unstable shedding cavitation at the trailing edge of cavitation increases, the instability degree of cavity movement at the tip clearance increases, and the quasi-periodic cavitation shedding phenomenon is induced. Velocity and Angle of attack are the main factors that cause the cavity to produce unstable shedding. The decrease of flow rate leads to the change of inlet velocity triangle, which is equivalent to the increase of the Angle of attack of the hydrofoil. It is the main reason that the bidirectional axial flow pump produces an unstable shedding structure under the condition of lower flow rate.



b. reverse operating condition



By adjusting the rotation direction of the motor and changing the rotation direction of the impeller, the reverse operation of the axial flow pump can be realized. Figure 5 is the cavitation motion image under different cavitation numbers in reverse operating condition. It can be seen from the Figure 5 that, under the condition of large flow, the cavitation is mainly in the form of the tip clearance vortex in the initial cavitation stage. As the inlet cavitation number decreases, the area between the tip clearance and tip cavitation is filled the by cavitation bubble.



Under severe cavitation conditions, the cavity also exists on the pressure surface of the impeller, which is different from the cavitation phenomenon of tip clearance in other unidirectional axial flow pumps. According to the analysis, it is mainly due to the special pressure distribution of the basic S-shaped hydrofoil [35]. Under the condition of a large flow rate, the angle of attack of the S-shaped hydrofoil is close to zero, and the reverse pressure difference generated in the latter part drives the water flow to form a new clearance cavity on the pressure side. With the decrease of flow rate, the area of tip clearance cavitation increases continuously in the design flow condition and the lower flow rate, and the volume of unstable shedding cavity increases gradually. Under the condition of lower flow rate, the instability degree of the cavity increases, and quasi-periodic large volume cavitation clouds fall off and move along the tip, forming a vertical cavitation phenomenon.




3.3. Pressure Pulsation Analysis under Cavitation Condition


a. Forward rotation



The pressure pulsations at tip clearance locations under different cavitation numbers were collected by a pressure sensor. The pressure pulsation coefficient can be calculated by the formula as Equation (3).


       Cp =     P −   P ¯    0.5   ρ u  2         



(3)




where P presents the pressure,   P ¯   presents the average pressure,  ρ  presents the density,  u  presents the velocity.



As can be seen from Figure 6, under the condition of a large flow rate and without cavitation, the pressure pulsation has multiple peaks within one circle of impeller rotation. With the decrease of cavitation number, under the critical cavitation condition and severe cavitation condition, the variation of the pressure pulsation peak is small, and the multiple wave peaks gradually disappear and become a single wave peak. Although cavitation will inevitably cause material damage, it also restrains the high frequency variation of pressure pulsation. Under the condition of the lower flow rate, the inlet position of the impeller can still maintain a good variation law, but in the impeller and impeller outlet, the unstable movement of cavitation causes more complex changes in pressure pulsation. In general, in the forward operation, except for the lower flow condition, the pressure pulsation at the inlet of the impeller changes regularly, and with the decrease of cavitation number, the pressure pulsation regularity becomes more obvious and changes smoothly.



b. reverse rotation



In reverse operation, P1 is the impeller outlet and P3 is the impeller inlet. As can be seen from Figure 7, similar to the forward operation, the pressure pulsation changes at different positions have good regularity under design flow rate and large flow rate, but the pressure pulsation changes at the impeller outlet are complex under a lower flow rate. Different from the forward operation, with the decrease of cavitation number; The pressure pulsation amplitude increases gradually under high flow conditions, while cavitation can suppress the pressure pulsation amplitude during forward operation. Under different cavitation numbers, the pressure amplitude of the design flow rate is the largest, and the pressure amplitude of the middle of the impeller exceeds the inlet and outlet of the impeller. When large-scale cloud cavitation does not occur, relatively stable cavitation can suppress unstable pressure pulsation. However, after large-scale cloud cavitation occurs, the instability degree of pressure pulsation data increases and becomes more complex.




3.4. Analysis of Unstable Signal of Cavitation


From the visualization image of cavitating flow, it can be found that at a small flow rate, vortex cavitation caused by tip clearance leakage presents a complex flow form, and there are a variety of complex vortex cavitation structures such as tip leakage vortex and vertical cavitation vortex. From the analysis of pressure pulsation data, it can be seen that the complexity of the change of pressure pulsation in the time domain under the low-flow condition is far more than that under other conditions, and the deepening of cavitation degree further increases the complexity of the change of the pressure data. In order to further analyze the variation of pressure pulsation frequency caused by cavitation motion, fast Fourier transform was applied to the pressure pulsation signal to distinguish the influence of different motion forms on pressure pulsation change.



a. Forward rotation



It can be seen from Figure 8 that the main frequency of pressure pulsation at the inlet is stable. The frequency of pressure pulsation is mainly affected by impeller rotation, while the change of cavitation state has a limited effect. Even under the condition of severe cavitation, the inlet frequency of the impeller is still dominated by the rotating frequency of the impeller. Although the main frequency of the central position and outlet position of the impeller is still the rotation frequency, there is low-frequency interference caused by cavitation. Before the unstable cloud cavity and shedding occurs, the generation of cavitating can restrain the unstable fluctuation of pressure to a certain extent. However, the low frequency amplitude pulsation of non-impeller frequency increases obviously after the occurrence of unstable cloud cavity and shedding.



b. Reverse rotation



When the bi-directional pump is in reverse operation, the inlet of the impeller will not be affected by cavitation before reaching the critical cavitation state, and the main frequency of pressure pulsation is a multiple of the rotational frequency of the impeller is shown Figure 9. However, in the condition of severe cavitation, the impeller inlet will also be affected by cavitation. The main frequency is still fn, but the overall frequency shifts to lower frequency. The movement of the vortex caused by the cavity causes the development of low- frequency. Compared with forward operation, the biggest change of pressure pulsation mainly occurs in the lower flow condition. Under the double action of vertical cavitation flow and inlet guide vane diversion, the amplitude of the main frequency in the impeller is almost the same as that of other low frequency pulsations, indicating that the influence of vertical cavitation has become the main component of the flow in the impeller. The maximum value of pressure pulsation occurs inside the impeller, and with the decrease of cavitation number, the increase of the volume of the cavity causes the constant rise of pressure pulsation amplitude. It shows that cavitation not only causes the complexity of the pressure pulsation in the bidirectional axial flow pump, but also increases the amplitude of the pressure pulsation, which is easy to cause damage to the impeller of the bidirectional axial flow pump.





4. Conclusions


In this paper, starting from high-speed photography combined with a pressure pulsation test, high-speed photography is used to capture the tip clearance flow phenomenon of the two-way pump, and the influence of the pressure pulsation sensor on cavitation flow is further analyzed quantitatively.



	(1)

	
The bi-directional axial flow pump has different energy characteristics in forward and reverse operation. In reverse operation, the position of the impeller and guide vane is interchanged and, there is no guide vane recovery circulation at the outlet of the impeller, resulting in a significant increase in hydraulic losses. Therefore, the maximum efficiency of the reverse run is lower than that of the forward rotation.




	(2)

	
The cavitation phenomenon of tip clearance in the bi-directional axial flow pump is obviously different from that in the conventional axial flow pump. In reverse rotation, cavitation phenomenon exists on both the suction surface and pressure surface under a larger flow condition, which is related to the special shape of S-shaped hydrofoil. At a lower flow rate, the interaction between tip clearance leakage flow and cavitation results in a complex shedding phenomenon.




	(3)

	
The degree of cavitation development will affect the pressure pulsation. The increase of cavity volume will not only make the pressure pulsation data develop from a smooth and stable signal to a complex multi-peak, but also restrain the complexity of pressure pulsation. The influence of cavitation on pressure pulsation needs to be combined with the flow condition and location.




	(4)

	
Under critical cavitation conditions and severe cavitation conditions, the pressure pulsation in the middle position of the impeller is relatively stable and the main frequency remains at the rotational frequency of the impeller during forward operation. However, in reverse rotation, there are more harmonic components in the frequency domain diagram of pressure, indicating that the front of the guide vane will affect the pressure pulsation of the clearance of the impeller.




	(5)

	
With the decrease of inlet flow rate, the main frequency at the inlet of the impeller is still the rotation frequency, but the amplitude of other frequencies increases significantly, and the main frequency is mainly concentrated in the lower frequency. It shows that the periodic cloud cavitation shedding is the main factor affecting the pressure pulsation in the impeller.







In future work, the details of the cavitation flow at the tip clearance cavitation flow caused by special shapes of hydrofoil will be investigated in combination with numerical simulation.
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Figure 1. Impeller, Guide vane and Pump section. (a) Impeller, (b) Guide vane, (c) Pump section. 
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Figure 2. Position of high speed photography and pressure pulsation sensor. (a) High speed photography, (b) Pressure pulsation sensors. 
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Figure 3. Bi-directional pump performance when operating in different directions. (a) forward operation, (b) reverse operation. 
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Figure 4. Cavitation image under different flow rate and different cavitation number (Arrows indicate the direction of rotation of the impeller). (a) Q = 1.13 Qd. (b) Q = 1.0 Qd. (c) Q = 0.85 Qd. 
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Figure 5. Cavitation image under different flow rates and different cavitation numbers (Arrows indicate the direction of rotation of the impeller). (a) Q = 1.13 Qd. (b) Q = 1.0 Qd. (c) Q = 0.85 Qd. 
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Figure 6. Evolution of pressure pulsation under different flow rate and cavitation number. (forward rotation). (a) Q = 1.13 Qd. (b) Q = 1.0 Qd. (c) Q = 0.85 Qd. 
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Figure 7. Evolution of pressure pulsation under different flow rates and cavitation numbers (forward rotation). (a) Q = 1.13 Qd. (b) Q = 1.0 Qd. (c) Q = 0.85 Qd. 
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Figure 8. Frequency domain diagram of pressure pulsation under different cavitation number conditions (Q = 0.85 Qd). (a) P1. (b) P2. (c) P3. 
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Figure 9. Frequency domain diagram of pressure pulsation under different cavitation number conditions (Q = 0.85 Qd). (a) P3, (b) P2, (c) P1. 






Figure 9. Frequency domain diagram of pressure pulsation under different cavitation number conditions (Q = 0.85 Qd). (a) P3, (b) P2, (c) P1.



[image: Jmse 11 00268 g009]







[image: Table] 





Table 1. The parameters of bi-directional axial flow pump.
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	Name
	Value





	Impeller diameter
	0.30 m



	Tip clearance
	0.5 mm



	Rotation speed
	±1450 r/min



	Inlet diameter
	0.350 m



	Elbow angle
	60°



	Outlet diameter
	0.350 m



	Flow rate
	0.10~0.440 m3/s
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Table 2. Instrument parameters for model tests.
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	Measured Item
	Name
	Range
	Uncertainty





	Head
	Differential pressure transmitter
	0~200 kPa
	±0.1%



	Flow rate
	Electromagnetic flowmeter
	0~500 L/s
	±0.2%



	Torque
	Speed and torque sensor
	0~500 N·m
	±0.15%



	NPSHa
	Absolute pressure transmitter
	0~130 kPa
	±0.025%



	Cavity image
	High-speed camera
	0~7400 f/s
	



	Pressure transmitter
	Pressure pulsation sensor
	0~200 kPa
	±0.1%
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