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Abstract

:

To study the effect of the length of the second inclined section of the inclined vane on the vortex structure and pressure distribution inside a vortex pump, this paper uses a combination of numerical simulations (CFD) and experimental verification methods to analyze the static pressure distribution of the internal flow field and the volume fraction distribution of the impeller bubble at different total inlet pressures as well as to analyze the volume and streamline of the distribution of the impeller bubble of the vortex pump at different instants. The results show that as the length of the second inclined section of the inclined vane increases, both the low-pressure area and the volume fraction of the vapor bubbles inside the impeller of the vortex pump increase, and the resistance to cavitation becomes worse. When the total inlet pressure of the impeller is low, a large number of vortices will be generated inside the flow channel of the vortex pump, leading to vortex cavitation; the longer the length of the inclined section, the larger the velocity gradient of the fluid and the more serious the phenomenon of deliquescence, leading to more intense cavitation, while a shorter inclined section length can effectively improve the anti-cavitation performance of the vortex pump.
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1. Introduction


Vortex pumps are a special type of centrifugal pump with good nonclogging properties due to the fact of their semi-open impeller structure [1,2]. Compared to other vane pumps, vortex pumps are more prone to cavitation [3], which can lead to violent impacts on the impeller [4] and damage to the impeller surface material [5,6]. Designing a highly adaptable and efficient vane form under the premise of ensuring the cavitation performance of the vortex pump has been an area of great interest in vortex pump research. For example, from the vortex pump impeller blade parameters, Svoboda et al. [7] found that the width of the impeller blade on the vortex pump pressure and efficiency had a greater impact. Gao et al.’s [8] research on the impeller blade wrap angle found that when the wrap angle was reduced, the vortex pump’s efficiency increased. To improve the cavitation phenomenon of the pump and increase the operating stability, Huan et al. [9] increased the pressure to reduce and inhibit cavitation at the impeller inlet by installing an induced wheel, and Kondić et al. [10] added vortex rings to the back of the centrifugal rotor, which could help reduce cavitation in the centrifugal pump. Cheng et al. [11] found that changes in the specific area of the balance bore caused changes in the centrifugal pump dust lifting and efficiency, and this provides an idea for improving the cavitation resistance of the pump. Ye et al. [12] used a kriging approximation model to establish the relationship between the vortex pump geometry parameters and the vane efficiency and erosion rate, which provides a more reliable method for studying the optimization of the cavitation characteristics of a vortex pump. Ju et al. [13] proposed an angular vane design, and compared with traditional radial straight vanes, two- and three-dimensional angular vanes can improve the hydraulic performance of a vortex pump in terms of the efficiency and head.



An inclined vane is the most commonly used form of a vortex pump impeller vane, and the efficiency of the vortex pump will be affected by the vane folding point position, vane folding angle, and whether the vane is wedge-shaped, with the vane folding position having the greatest impact [14]. At present, the relationship between the length of the second inclined section of the inclined vane and the performance of the vortex pump has not been studied in depth [15,16]; the different lengths of the second inclined section of the inclined vane of the vortex pump will change the strength and position of the vane vortex to a large extent and also have an impact on the pressure distribution at the impeller inlet; therefore, the different lengths of the second inclined section of an inclined vane will inevitably affect the cavitation characteristics of the vortex pump [17,18,19,20]. To investigate the influence of the length of the second inclined section of the inclined vane on the internal flow field and cavitation characteristics of the vortex pump, the IS 125-80-230 (LXH) vortex pump was used as the research object to establish a computational model of the fluid domain with different lengths of the second inclined section of the inclined vane, and numerical simulations and experiments were conducted to study the flow state and cavitation characteristics of the vortex pump with different second inclined sections of the inclined vane.




2. Numerical Calculation Method


2.1. Model of the Fluid Domain


A vortex pump vane has a straight vane, bent vane, and a slanting vane of three kinds. The slanting vane can limit the fluid from a radial to an axial circulation flow and reduce the circulation loss, and the efficiency and head of the vortex pump improve to a certain degree; therefore, the slanting vane is the most widely used vane form [21,22,23,24]. This paper took the IS 125-80-230 (LXH) vortex pump as the object of study, with the specific parameters shown in Table 1. The vortex pump is a kind of R30-F30 vane vortex pump; R30 refers to the same direction of the rotation with an impeller slope angle of 30°, and F30 refers to the opposite direction of the rotation with an impeller slope angle of 30°. The second inclined section length (L) of the blade indicates the position of the bending point of the inclined blade to the distance at the impeller outlet. The R30-F30 blade was modeled in the research process for the three cases of L = 20, 30, and 40 mm, and the vortex pump blade structure is shown in Figure 1.



The fluid domain model of the vortex pump was constructed, including a suction chamber, pressure chamber, impeller fluid domain, and inlet and outlet fluid domain. Each part was assembled to establish a three-dimensional model of the vortex pump, as shown in Figure 2. This study used Pro/ENGINEER 3D modeling software to build a vortex pump fluid domain model, including a suction chamber, pressure chamber, impeller fluid domain, and the inlet and outlet pipe fluid domain parts, and to assemble each part to establish the vortex pump 3D calculation area model, as shown in Figure 2.




2.2. Mesh Partitioning


Before the numerical simulation calculation of the cyclonic pump, the fluid domain of the cyclonic pump must mesh. In this study, ICEM was chosen as the software for meshing, which is able to interface with Pro/ENGINEER and also to automatically span geometric defects and some redundant minute features. For the relatively complex pump body and impeller in the vortex pump, a tetrahedral mesh is a feasible choice for delineation. For the inlet and outlet pipes, the structure was simple; thus, it can be divided by hexahedral meshing. The overall meshing of the vortex pump is shown in Figure 3.



The form and number of meshes have a relatively large impact on the results of numerical simulations. To balance the accuracy of the numerical simulation and the speed and efficiency of the calculation, the grid needs to be irrelevant [25]. As shown in Figure 4, the head, shaft power, and efficiency of the vortex pump are stable when the number of grids for a model pump is greater than 1.4 million, and its error does not exceed 0.5%. Since a grid number of 1.8 million is low and most computers are now able to calculate quickly and efficiently, the total number of computational grids for the model pump was 18,066,545.




2.3. Cavitation Model and Parameter Setting


The RNG k-ε model establishes the mixing function and provides an analytical formula for the viscosity of low Reynolds number flow, which makes the turbulence model transition smoothly from the near-wall to the far-wall region with good accuracy and simulation effect; therefore, the RNG k-ε turbulence model was used for the numerical calculation of the flow field. The Zwart cavitation model, based on the Rayleigh–Plesset equation, which is characterized by correlating the density variation of the tiny bubbles in the flow field with their motion characteristics and assuming that all of the bubbles are the same size, was used, considering that the interphase mass transport rate is determined by the bubble number density [26,27,28], using the following equation.



When P < Pv, that is, when the flow field pressure is smaller than the liquid vaporization pressure at the temperature, and the liquid phase transforms to the gas phase, it is calculated using Formula (1):


   R e  =  F  vap     3  α  ruc   ( 1 −  α v  )  ρ v     R B        2 (  P v  − P )   3  ρ 1       



(1)







When P > Pv, the gas phase transforms to a liquid phase, it is calculated by Formula (2):


   R c  =  F  cond     3  α v   ρ v     R B        2 ( P −  P v  )   3  ρ 1       



(2)




where P is the fluid field pressure; Pv is the vaporization pressure; Re is the steam generation rate; Rc is the steam condensation rate; Fvap and Fcond are the experience correction coefficient for the evaporation and the condensation progress; αruc is the volume fraction of the nucleation sites; αv is the bubble volume fraction; RB is the bubble radius; and ρv and ρ1, respectively, is the vapor density and liquid density.



The fluid in the vortex pump was 25 °C and composed of water and vapor. At this temperature, the vaporization pressure of the water was Pv = 3610 Pa, αruc = 5 × 10−4, and the average diameter of the bubble was set to RB = 1 × 10−6 m, Fvap = 50, and Fcond = 0.01. The reference pressure was set to 0 Pa; the boundary conditions were set to inlet total pressures of Pin = 3, 6, and 9 × 104 Pa. These three inlet total pressures corresponded to the different degrees of cavitation: Pin = 3 × 104 Pa, which corresponded to the strong cavitation phenomenon; Pin = 6 × 104 Pa, which corresponded to the lighter cavitation phenomenon; and Pin = 9 × 104 Pa, which corresponded to the slight cavitation phenomenon, which would not affect the operation. The outlet was the mass flow, and the first-order upwind scheme was used to calculate the fluid field. The accuracy was 10−4.





3. Cavitation Flow Analysis of the Vortex Pumps


3.1. Analysis of the Static Pressure Distribution of the Vortex Pump under Different Inlet Total Pressures


The pump’s internal (P) distribution of the different L values under the three cases of inlet total pressure are shown in Figure 5. The three cases of inlet total pressure were Pin = 3, 6, and 9 × 104 Pa, shown from left to right. As shown in Figure 5, the static pressure from the impeller inlet to the outlet of the vortex pump increased gradually, and the inlet of the impeller was the lowest pressure region. The low-pressure region of the impeller was not evenly distributed, and the area in the 3 o’clock direction of the vortex pump impeller, due to the tongue, was a relatively low-pressure region in the whole flow passage. When the fluid flowed through the tongue, it caused a certain pressure pulsation; thus, the low-pressure regions were likely to have cavitation. With the increase in the total inlet pressure, the static pressure at the same position of the impeller of the vortex pump increased gradually, and the strength of the cavitation could be suppressed. When the total inlet pressure was large enough, the cavitation could be avoided. Comparing the three kinds of blades (i.e., L = 20, 30, and 40 mm), when L = 40 mm, the low-pressure region was larger than for L = 20 and 30 mm, and the low-pressure region spread to the second inclined part of the blade. If the fluid in the low-pressure region vaporized and flowed forward, it would sharply reduce and rupture when achieving the high-pressure region, causing a water hammer impact on the wall. Therefore, the probability of the occurrence of cavitation with the L = 40 mm blade was greater than for the other two cases. When L = 20 mm, the low-pressure region of the whole flow passage was significantly smaller; thus, it can be seen that a shorter L value can improve the impeller distribution of the impeller flow passage and reduce the low-pressure region inside the pump impeller. The reason for this is that when the L was shorter, the first inclined part length of the blade increased, and its ability to work on fluid became stronger and enhanced the anti-cavitation ability of the vortex pump.




3.2. Analysis of the Bubble Volume Fraction Distribution of the Vortex Pump Impeller under Different Inlet Total Pressures


The pump’s internal flow field (αv) distribution with different L values under the three cases of inlet total pressure is shown in Figure 6, and the three cases of inlet total pressure were Pin = 3, 6, and 9 × 104 Pa, from left to right. As shown in Figure 6, the three kinds of vortex pump blades had different degrees of cavitation; the region of cavitation corresponded to the low-pressure region, and the region with the most serious cavitation was the area with the lowest pressure regions, which were the impeller inlet area and tongue area. The larger the radius of the impeller, the greater the pressure, and the degree of cavitation will be alleviated. With the increase in the inlet total pressure, the bubble inside the impeller of the vortex pump gradually reduced, and the cavitation phenomenon also gradually weakened, because the higher inlet total pressure could reduce the vaporization of the fluid and inhibit the occurrence of cavitation. Comparing the three blades with L = 20, 30, and 40 mm, it can be found that the vapor content increased with the increase in the L value. With L = 40 mm, the degree of cavitation was stronger than that for L = 20 and 30 mm, because the low-pressure area of the L = 40 mm blade was larger, which led to the increased generation of vapor bubbles. The generated bubbles flowed forward with the fluid, and when they reached the high-pressure area, the bubbles were squeezed by the surrounding high-pressure liquid so that they ruptured rapidly, which was also the reason for the smaller volume fraction of the bubbles with the larger impeller radius. However, at the same time, the bubble burst, and the fluid particle hypervelocity impacted the flow components, damaging the body of the pump and generating a large amount of noise and vibration. Thus, compared with the other two cases, the L = 40 mm blade showed a poor cavitation performance. When L = 20 mm, even if the low-pressure region of the impeller was much smaller, the too low inlet total pressure still caused severe cavitation, which was due to the impeller inlet pressure being lower than the fluid vaporization pressure, and the cavitation phenomenon could not be avoided. However, with the increase in the inlet total pressure, due to the better pressure distribution of the L= 20 mm blade, it showed a better anti-cavitation ability; therefore, when the inlet total pressure was not too low, the shorter L could reduce the vapor content inside the pump impeller, improving the anti-cavitation ability of the vortex pump.




3.3. Analysis of the Flow Streamline and Bubble Distribution of the Vortex Pump Impeller under Different Instants


When the inlet total pressure was Pin = 3 × 104 Pa, the streamline and bubble distribution of the vortex pump with the different L values are shown in Figure 7. Due to the cavitation phenomenon of the vortex pump changing periodically, the impeller was divided per rotation into three time points for analysis; an internal flow field chart of the vortex pump every 120° was analyzed, as shown in Figure 7, from left to right, with the 0/3, 1/3, and 2/3 cycles. The impeller bubble volume fraction of the isosurface, as shown in Figure 7, was 0.3, and the streamlines were located in the middle section of the impeller.



The rotation direction of the impeller was counterclockwise, rotating from the 12 o’clock position of the 0/3 cycle. After a 120° rotation to the 1/3 cycle, it could be found that the bubble of the impeller had a tendency to become smaller, and the bubbles began to fall off. In addition, a large number of vortices were generated in this region, as shown in the streamlines. At the 12 o’clock position, the bubble produced by cavitation was minimal and the thinnest, consistent with the distribution of the static pressure in Figure 5. After turning 120° to the 2/3 cycle, the cavitation phenomenon at the impeller inlet began to deteriorate, the vapor bubble gradually started to become larger, the vapor bubble at the trailing edge of the impeller inlet started to become thicker and coarser, and the scope of the vapor bubble’s influence started to become larger. In addition, the vapor bubble in the inlet was in a state of local shedding, where it shed the vapor bubble after leaving the impeller trailing edge due to the rapid increase in pressure, and it rapidly transformed from a gaseous state to a liquid state. During this process, the liquid will continuously strike the surface of the pump’s body, causing cavitation damage. In summary, from the 1/3 cycle to the 2/3 cycle of the impeller’s rotation, the cavitation phenomenon gradually weakened but produced a large number of vortices. From the 2/3 cycle to cycle’s completion, the cavitation phenomenon rapidly aggravated; a large number of bubbles were produced and flowed forward with the fluid, and the water hammer generated by the subsequent rupture was the main reason for the vortex pump cavitation phenomenon. The vortex generated in the operation of the vortex pump caused cavitation in the low-pressure region of the vortex, leading to severe vortex cavitation, which was the cause of the severe cavitation in the vortex pump.



Comparing the three blades (i.e., L = 20, 30, and 40 mm), with the increase in the L value, the bubble volume fraction increased, and the cavitation became more serious. The analysis of the streamlines also showed that with the increase in the L value, the fluid velocity gradient became larger, and the change in the flow rate intensified, leading to a reduction of the local pressure inside the pump, forming a large number of vapor bubbles. In addition, the increase in the L value caused the deliquescence to be more serious, which also increased the intensity of cavitation.





4. Test Verification


A vortex pump cavitation test system was used to test the cavitation characteristics of the vortex pump. Using an open test bench, the design of the test bench was in line with national standards (GB/T3126), with a B-level accuracy. The test site diagram is shown in Figure 8. An orifice flow meter was used for the pump flow measurements, a torque sensor was used to measure the shaft power of the pump, and a standard pressure gauge was used to measure the pressure at the inlet and outlet of the vortex pump. The fluid pressure distribution at the inlet and outlet of the vortex pump was measured with an electromagnetic manometer during the experiment, and the sensor was located at the inlet and outlet positions of the vortex pump. During the test, the pressure, flow, torque, and speed of the inlet and outlet of the vortex pump were measured, where the integrated error of the test system was 0.86%, and the cavitation condition of the test pump was produced by changing the pressure at the impeller inlet. The predicted value for the L = 30 mm vortex pump was taken in comparison with the test value to verify the credibility of the simulation results.



The vortex pump test flow–head curves and flow effectiveness curves are shown in Figure 9. As can be observed, the tendency of the numerical simulation results basically agreed with the experimental results. The numerical simulation value of the head was slightly higher than the test value, while the value of the efficiency was lower than the test value. Under different conditions, there was a difference of approximately 5% between the numerical simulation value for the head and the test value; although the efficiency had a larger fluctuation, in the case of a small flow, the gap between the test value and the simulation value was larger, and the difference was 5%. With the increase in the flow rate, the efficiency value of the test value was close to the simulation value, which was similar than the prediction trend.



The relationship between the cavitation margin and the head of the vortex pump is shown in Figure 10. It can be observed that the change tendency of the predicted value and the test value basically coincided. The difference between them was that the predictive head decreased slowly with the decrease in the cavitation margin, but the test value was basically unchanged before the critical cavitation margin, and it was very stable. The common feature was that when reaching the critical cavitation margin, the head of both the test value and predictive value declined sharply. Overall, the results of the numerical simulation accurately reflected the cavitation performance of the vortex pumps and had a certain reliability.




5. Conclusions


	(1)

	
For the vortex pump with the same inlet total pressure, the longer the second inclined part length of the inclined blade, the larger the low-pressure region inside the flow passage, and this led to more fluid vaporization. When the vaporization bubble reached the high-pressure region, the volume decreased sharply and resulted in a burst, causing severe cavitation; therefore, a shorter second inclined part length could improve the pressure distribution inside the vortex pump flow passage to reduce the possibility of cavitation.




	(2)

	
With the increase in the length of the second inclined part of the inclined blade, the bubble volume fraction in the flow passage of the vortex pump increased under the same inlet total pressure inside. The shorter the second inclined part length, the smaller the bubble volume fraction in the flow passage, resulting in a better cavitation performance of the vortex pump. When the inlet total pressure was too low, the change in the length of the second inclined part could not restrain the occurrence of cavitation, leading to severe cavitation.




	(3)

	
When the impeller inlet total pressure was low, resulting in a large number of vortices in the flow passage, the hole generated in the low-pressure region of the vortex led to severe impact and vortex cavitation, which was the reason for the serious cavitation of the vortex pump. With the increase in the length of the second inclined part of the inclined blade, the increase in the rate of change of the fluid velocity and the worse flow separation led to more intense cavitation.




	(4)

	
The results of the test and numerical calculation were consistent; before the critical cavitation margin, with the decrease in the cavitation margin, the pump head slowly decreased, while after reaching the critical cavitation margin, the head declined sharply.
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Figure 1. Models of the different L values of the blades. 
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Figure 2. Calculation model of the vortex pump. 
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Figure 3. Vortex pump meshing. 
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Figure 4. Effect of the grid number on the numerical simulation results. 
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Figure 5. Internal (P) distribution of the pump with different L values under the three cases of inlet total pressure. 
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Figure 6. The internal flow field (αv) distribution of the pump with different L values under the three cases of inlet total pressure. 






Figure 6. The internal flow field (αv) distribution of the pump with different L values under the three cases of inlet total pressure.



[image: Machines 11 00021 g006]







[image: Machines 11 00021 g007 550] 





Figure 7. Flow streamline and bubble distribution of the vortex pump impeller under different instants and L values. 
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Figure 8. Test site map. 
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Figure 9. Comparison of the performance parameters of the vortex pump. 
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Figure 10. Cavitation margin and head curve of the vortex pump. 
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Table 1. The vortex pump parameters.






Table 1. The vortex pump parameters.





	Inlet Diameter
	Outlet Diameter
	Impeller Diameter
	Flow (Q)
	Head (H)
	Cavitation Margin (NPSH)
	Power (P)





	125 mm
	80 mm
	230 mm
	144 m3/s
	80 m
	3.6 m
	75 kW
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