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Abstract

:

Due to the irregular change of gas void fraction (GVF) in multiphase pumps, the pressure distribution in the pump is often uneven, which leads to the formation of low-pressure area and thus the occurrence of cavitation. In order to study the gas phase and cavitation distribution in the impeller region of a multiphase pump under different cavitation stages and GVF conditions, this study used numerical calculations as the main method and experimental verification as a secondary method to investigate the cavitation phenomenon in the pump under different stages and GVF conditions. The results showed that at different stages, both the volume fraction and the covering area of the gas phase were reduced to a certain extent with the increase in blade height, and the distribution law of the gas phase on the blade changed with the development of the cavitation stage, especially on the blade surface. At different GVFs, cavitation first occurred at the inlet of the blade SS and then extended along the blade streamline from the inlet to outlet, with the volume fraction and distribution of cavitation gradually increasing and then extending to the blade PS. The results showed that the presence of the gas phase inhibited the development of cavitation in the multiphase pump to some extent, and the cavitation performance of the multiphase pump was better in the presence of the gas phase than in pure water conditions. The results of this study provide a theoretical basis for improving the cavitation performance of multiphase pumps.
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1. Introduction


As terrestrial energy resources dwindle, people are turning to the deep-sea [1,2]. Although deep-sea energy is very abundant, it is much more difficult to exploit and transport than terrestrial energy, and it has not been exploited in large quantities so far. One of the main reasons is that deep-sea mineral resources, such as oil, natural gas, and other energy resources, may contain a variety of gases, solid particles, crude oil, and water in the transportation process, which require higher transportation equipment. Multiphase transport technology has been developed to increase the intensity and efficiency of deep-sea oil field extraction. Helico-axial multiphase pumps have received a lot of attention from scholars at home and abroad because of their advantages, such as high flow rate, small size, and insensitivity to solid particles [3,4]. For example, based on the singular method, Xiao et al. [5] proposed a design method applicable to the controllable velocity moment in a multiphase pump and gave the specific range of dimensionless controllable parameters. Liu et al. [6] applied the decomposition and reconstruction of dynamic modes to mixed transport pumps, compared and analyzed the original flow field and the decomposed and reconstructed flow field from the perspective of time and space, and established the functional relationship between the dynamic mode decomposition parameters and results. Shi et al. [7] proposed a feasible stage-by-stage design method to increase the mixed transport performance of multiphase pumps and, based on this, explored the flow pattern variation law within each level of the pump. Shi et al. [8] established a numerical calculation method to predict the performance of multiphase pump and verified its reliability through tests. The results showed that the multistage pump could effectively slow down the great decline of pump performance under the condition of low inlet gas void fraction (IGVF). Suh et al. [9] combined computational fluid dynamics with experimental verification to analyze the flow patterns in multiphase pumps with different GVFs and studied the influences of important parameters, such as the interphase force between gas and liquid phases and the diameter of bubbles, on the hydraulic performance. Deepak et al. [10] conducted three-dimensional numerical simulation of a mixed pump and found that the internal flow pattern of the multiphase changed constantly with the velocity and concentration of the gas–liquid two phases and the speed of the impeller and found that the number of blades greatly affected the performance of the pump. As indicated by Yu Y et al. [11], compared to the traditional method, the oil–gas multiphase pump adopts the production mode of conveying first and then separating, which has a lot of advantages. For example, it can save significant investment costs and operation and maintenance costs in the production process. Han et al. [12] revealed the distribution law of important parameters, such as the GVF, pressure, and gas–liquid two-phase velocity, in the impeller domain through the steady-state simulation calculation of a mixed-transport pump and then established the internal relationship between the vortex flow in the pump and energy loss.



In addition, a number of scholars have carried out in-depth research on the energy loss and internal flow characteristics of multiphase pumps. For example, Liu et al. [13] conducted an in-depth study of multiphase pumps by combining experiments and simulations to analyze the energy performance and flow field distribution in a multiphase pump at different viscosities. The results showed that at high viscosity conditions, the pump performance deteriorated as the viscosity of the transport medium increased, which was mainly reflected by a significant decrease in both the pump head and speed. Based on the combination of numerical simulation and experimental verification, Shi et al. [14] conducted relevant research on the inevitable tip leakage flow (TLV) in a multiphase pump, revealing the evolution process of TLV in the pump and the relationship between TLV swirl intensity and pressure difference. Ge et al. [15] studied the influence of different blade thickening of screw axial flow in oil–gas multiphase pumps. Sano T et al. [16] explored the different flow patterns inside a multiphase pump using high-speed photography to reveal the influence of important parameters, such as flow rate and speed, on the behavior of bubbles. Unsteady flow in the low speed region was identified from the high frequency pressure obtained from the experimental data and the pressure loading on the blades, and the mechanism was explained. Wang et al. [17] found that at different flow rates, the gas phase changed sharply near the inlet of different blade heights of the head impeller, and the flow rate had a strong influence on the distribution of the gas phase in the rear half of the blade, especially in the suction side. Zhang et al. [18] investigated the effect of different operating parameters, such as GVF and flow rate, on the pressurized performance and stability of multiphase pumps based on the numerical method of solving the Navier–Stokes equations combined with experimental validation. By adding buffer tanks to a multiphase pump, Zhang et al. [19] found that the bubble flow in the flow passage was more uniform and the accumulation of large bubbles slowed down. Shi et al. [20] conducted a quantitative analysis of the energy conversion characteristics of the impeller in a multiphase pump and revealed the energy conversion capabilities of different positions along the envelope angle in the impeller domain under the gas–liquid two-phase condition. Shi et al. [21] conducted numerical simulation and experimental verification, analyzed the cavitation phenomenon in multiphase pumps, examined the influence of GVF on the cavitation phenomenon in multiphase pumps, and found that GVF inhibited the evolution of cavitation. In order to study the gas–liquid two-flow pattern in a multiphase pump under different operating conditions, Zhang et al. [22] chose water and air as mediums to visualize a multiphase pump, and the results showed that the average diameter of the flow bubbles increased with increasing IGVF and decreased with decreasing speed. Abhay et al. [23] conducted an experimental study on axial flow pumps under different operating conditions and found that an increase in GVF reduced efficiency and head, causing the best efficiency point to move towards the low flow region. Xu Y et al. [24] designed a liquid–gas multiphase pump with better performance and verified its performance parameters experimentally, revealing the pressure characteristics of the multiphase pump under nonconstant operating conditions.



According to the above research status, the present research on multiphase pumps mainly focused on internal flow mechanism and energy conversion characteristics and was less involved with research on the cavitation performance of the multiphase pump under the gas–liquid two-phase condition. This study took a multiphase pump as the research object, and the gas phase and cavitation distribution law in the impeller of the multiphase pump were analyzed under different cavitation stages. This included the gas phase distribution law in the impeller passage at different blade heights, the evolution process of cavitation distribution, and the influence of gas phase on the volume fraction of cavitation in the impeller domain. The results of the study can provide a theoretical basis to improve the cavitation performance of multiphase pumps.




2. Introduction of the Multiphase Pump Model


As the impeller is the key part of multiphase pumps to pressurize the fluid, the cavitation phenomenon in the impeller domain was analyzed and studied in this work. The calculation model was composed of an in duct, impeller, and out duct in order to allow the inlet and outlet of the impeller to reach full flow. The inlet pipe and outlet pipe were extended to 2 times and 6 times of the axial length of the impeller, respectively [25]. Specific information on the impeller is shown in the diagrams below. Figure 1 and Figure 2 show the impeller dimensions and the calculated fluid domain of the model, respectively, and Table 1 shows the design parameters of the model. Where, D and d are diameters of impeller shroud and hub respectively.




3. Fundamental Equation


3.1. The Governing Equation


	1.

	
The mass conservation equation







Continuity equation or the mass conservation equation in the applications of fluid flow says that control of the surface quality of the rate of outflow is equal to the loss of internal quality control body. The mass conservation theorem of differential expression is as follows:


    ∂ ρ   ∂ t   + ∇ ⋅   ρ V   = 0  



(1)




where  ρ  is the medium density in kg/m3;  ∇  is the Hamilton operator; and  V  is the velocity in m/s.



	2.

	
The momentum conservation equation







Momentum conservation theorem says that the ratio of the system fluid to the time rate of change of momentum is equal to the force vector. The momentum theorem of differential expression (N-S equation) is as follows:


    ∂   ρ u     ∂ t   + ∇ ⋅   ρ u V   = ρ  f x  −   ∂ p   ∂ x   +   ∂  τ  x x     ∂ x   +   ∂  τ  y x     ∂ y   +   ∂  τ  z x     ∂ z    



(2)






    ∂   ρ v     ∂ t   + ∇ ⋅   ρ v V   = ρ  f y  −   ∂ p   ∂ y   +   ∂  τ  x y     ∂ x   +   ∂  τ  y y     ∂ y   +   ∂  τ  z y     ∂ z    



(3)






    ∂   ρ w     ∂ t   + ∇ ⋅   ρ w V   = ρ  f z  −   ∂ p   ∂ z   +   ∂  τ  x z     ∂ x   +   ∂  τ  y z     ∂ y   +   ∂  τ  z z     ∂ z    



(4)




where  u ,  v , and  w  are circumferential, absolute, and relative velocities, respectively, in m/s;    f x   ,    f y   , and    f z    are mass force in different directions per unit mass of fluid;  p  is the pressure in Pa; and    τ  x x    ,    τ  y x    , and    τ  z x     are shear forces in different directions.



	3.

	
The energy conservation equation







The theorem of conservation of energy says that the unit time heat input system and environment is equal to the sum of the work done to the system control and the rate of change of time and energy in the body as controlled by the surface energy flow rate. The sum of the differential expression is as follows:


    ∂   ρ T     ∂ t   +   ∂   ρ T  v i      ∂  x i    =  λ   c p       ∂ 2  T    ∂   x i     ∂   x i      +  S T   



(5)




where  T  is the thermodynamic temperature in K;  λ  is the power coefficient;    c p    is the heat capacity at constant mass pressure in J/(kg/K); and    S T    is the internal heat source of a fluid and the part of the fluid whose mechanical energy is converted into heat by viscosity.




3.2. The Cavitation Model


Due to the condensate gas and pressure fluctuation caused by larger turbulent influence on the evolution of cavitation [26,27], the Zwart–Gerber–Belamri (ZGB) cavitation model considers the two factors that influence cavitation evolution at the same time. This cavitation model interphase transmission rate is shown below.



When   P ≤  P v   :


   R e  =  F  v a p     3  α  n u c     1 −  α v     ρ v     R B        2    P v  − P     3  ρ l       



(6)







When   P >  P v   :


   R c  =  F  c o n d     3  α v   ρ v     R B        2   P −  P v      3  ρ l       



(7)




where    R B    is the bubble radius, equal to 10−6 m;    α  n u c     is the volume fraction of the vapor core position, equal to 5   ×   10−4; and    F  v a p     and    F  c o n d     are vapor evaporation and condensation coefficients, equal to 50 and 0.01, respectively.





4. Mesh Partitioning and Independent Verification


4.1. The Mesh Generation


In this study, the single flow passage of the multiphase pump impeller was first divided using the hexahedral mesh method. Then, the mesh of the single passage was rotated and copied into the full channel using ICEM software, and the mesh of the inlet and outlet pipes was divided. Finally, in order to ensure the accurate capture of the flow situation, the basin grid encryption was studied. The mesh generation of the pressurization unit is shown in Figure 3.




4.2. Mesh Independence Validation


To eliminate the influence of mesh number on the numerical simulation results, the mesh independence was verified in this study while considering the calculation accuracy and efficiency. The fluid domain of the multiphase pump was divided into seven groups of meshes with different grid numbers. The numerical simulation of each group of fluid domains was carried out under pure water condition, and the optimal mesh number was determined for subsequent numerical calculation. The validation of mesh independence is shown in Figure 4. The head represents the energy increment obtained by the unit mass liquid transported by the pump from the inlet to the outlet. It is expressed by the liquid column height (m) of the liquid transported by the pump. The specific expression is   H = (  P 2  −  P 1  ) / ρ g  , where P2 and P1 represent the pressure of the liquid at the inlet and outlet of the pump, respectively; ρ is the density of the liquid, and g is the acceleration of gravity.



From Figure 4, it can be seen that the head decreased as the number of grids increased and finally plateaued. When the number of meshes in the computing domain was more than 3.38 million, the change of head was only 0.31%. Therefore, the number of meshes in this calculation model was 3.38 million.





5. Experimental Verification


In this experiment, water as the liquid phase and air as the gas phase were selected as mediums in order to capture the two-phase flow state in the multiphase pump capture and test the related performance parameters. The multiphase pump test system is shown in Figure 5. To reduce the test error caused by secondary refraction, this study used transparent plexiglass material with the shape of a pump body designed to be square outside and round inside. At the same time, in order to observe the uniform mixing effect of gas–liquid two phases, a gas–liquid mixing tank was specially assembled at the inlet of the multiphase mixing pump of the test bench, and the inlet pipeline of the mixing pump was designed as a transparent pipeline. Under sufficient illumination, FASTCAM Mini AX100 high-speed photography (as shown in Figure 6) was used to capture the flow field near the blade tip to verify the reliability of the numerical simulation.



Figure 7 shows the comparative analysis of the flow field obtained by experiment and numerical simulation. It can be seen that the experimental results is in good agreement with the numerical results, thus showing the reliability of the numerical method.




6. Results Analysis


6.1. Distribution of Gas Phase in Impeller Passage at Different Spans


To explore the influence of the change of GVF on the internal cavitation development of the multiphase pump, the gas distribution in the impeller passage at different heights was analyzed. Figure 8 and Figure 9 show the distribution nephograms of GVF in the impeller passage at the spans of 0.1, 0.5, and 0.9 at different cavitation stages corresponding to GVF = 0.1 and GVF = 0.2.



From Figure 8 and Figure 9, it is easy to see that the volume fraction and distribution area of the gas phase decreased with increasing blade height at different operating conditions. This was because the density of the gas phase was much lower than that of pure water, and thus the gas phase was much less affected by the centrifugal force of the impeller rotation. By comparing the gas phase distribution at different cavitation stages with different GVFs, it was found that the gas phase distribution was relatively small when the GVF was small. Under the same GVF condition, with the development of the cavitation stage, the volume fraction and distribution area of the gas phase in the impeller passage gradually decreased.



To quantitatively analyze the relationship between the gas phase and the cavitation distribution, the distribution of GVF at 0.5 blade height on the blade surface was analyzed to illustrate the influence of the change of GVF on the cavitation development. Figure 10 and Figure 11 show the GVF distribution at different blade surface heights at different cavitation stages when the GVF was 0.1 and 0.2, respectively.



Figure 10 and Figure 11 show that during the critical cavitation stage, along the blade height, the GVF at the blade inlet was close to 0 at the inlet of the blade SS and approximately 0.1 and 0.2 at the other positions. When it reached the stage of severe cavitation, the volume fraction of the gas phase decreased from 0.1 and 0.2 to 0 at the relative positions of 0–0.32 of the blade SS. When it came to the fracture cavitation stage, the GVF almost completely decreased to 0 at the relative positions of 0–0.65 along the SS of the blade along the flow direction. On the blade PS, when the cavitation was in the critical cavitation stage and severe cavitation stage, the GVF basically remained unchanged at the inlet cavitation. With the development of cavitation, in the relative positions of 0–0.4 along the direction of the blade PS, the volume fraction of the gas phase almost decreased to 0. With cavitation, the volume fraction of the gas phase decreased almost entirely to 0 in the 0–0.4 range along the blade PS.



Through the above analysis of gas distribution, it was found that the development of cavitation had a great influence on the gas distribution on the blade surface, especially on the SS of the blade.




6.2. Cavitation Distribution in Impeller Passage at Different Blade Heights


In order to analyze the distribution and development of cavitation in the impeller of multiphase pumps more intuitively, this study specifically analyzed the cavitation distribution laws in the critical cavitation (GVF = 0), severe cavitation (GVF = 0.1), and fracture cavitation (GVF = 0.2) stages. Figure 11, Figure 12 and Figure 13 show the contours of cavitation volume fraction at 0.1, 0.5, and 0.9 blade heights in the impeller passage under different gas phases and different cavitation stages, respectively.



As shown in Figure 12, cavitation first occurred at the inlet of the blade SS and then extended along the blade SS flow line from the inlet to the outlet due to the low pressure at the blade SS in pure water. When the blade SS reached supercavitation, the cavitation phenomenon extended to the blade PS. It was also found that from the critical cavitation stage to the fracture cavitation stage, the cavitation region and cavitation volume fraction in the impeller passage increased gradually. By comparing the distribution of the cavitation volume fraction in the impeller passage at different blade heights, it was found that the cavitation distribution area from the hub to the shroud decreased gradually. As can be seen from Figure 12 and Figure 13, when the GVF was 0.1 and 0.2, with the decrease in the cavitation coefficient  σ , the law of cavitation development in the impeller passage was the same and the law of cavitation distribution corresponding to critical cavitation stage and severe cavitation stage was the same as that when the GVF was 0. As the cavitation continued to progress to the fracture cavitation stage, supercavitation did not form on the suction side of the blade, and the bubble was extended to the pressure side of the blade.



Through the above analysis, it was found that under different GVF conditions, with the development of flows, cavitation first appeared at the inlet of the SS of the blade and then extended from the inlet to the outlet along the streamline of the blade. The volume fraction of the cavitation and the distribution range of the cavitation increased gradually. When the cavitation ratio was 0, the cavitation phenomenon completely occupied the SS and then extended to the blade PS. However, under the condition of gas, when the SS of the blade did not reach supercavitation, the cavitation phenomenon continued to extend to the PS of the blade. In addition, by comparing the cavitation distribution in the impeller passage at different blade heights, it was found that from the critical cavitation stage to the fracture cavitation stage, although the cavitation distribution at different blade heights was different, the change trend was roughly the same.



In order to further quantitatively analyze the cavitation volume distribution on the blade surface of the multiphase pump, the cavitation volume fraction at 0.5 blade height on the blade surface of the multiphase pump was quantitatively analyzed. Figure 14, Figure 15 and Figure 16 show the distribution of cavitation volume fraction on the blade PS and SS at 0.5 blade height along the blade streamline direction when GVF = 0, 0.1, and 0.2, respectively.



As can be seen from Figure 15 to Figure 17, at the critical cavitation stage when the GVF was 0, cavitation only appeared at the inlet of the SS of the blade. The cavitation volume fraction was close to 1 only at the inlet and was basically 0 at other positions. When cavitation developed to severe cavitation stage, the cavitation phenomenon extended from the inlet to the relative position of about 0.32 along the flow direction of the SS of the blade. In the relative position of 0–0.32, the volume fraction of the cavitation was about 0.9, and at this time, there was almost no cavitation on the PS. When cavitation continued to develop to the fracture cavitation stage, the SS and PS of the blade were covered by cavitation in the range of 0–0.9 and 0.05–0.62 along the streamline of the blade, respectively, and the cavitation volume fraction in the cavitation area was 1, reaching the state of complete cavitation. When the GVF was 0.1 and 0.2, with the development of cavitation, the distribution of cavitation volume fraction on the blade surface along the streamline direction was almost the same. In the critical cavitation stage, the cavitation phenomenon only appeared at the inlet of the blade SS. In the severe cavitation stage, the cavitation phenomenon extended to the relative position of about 0.35 along the streamlines of the SS of the blade, and the cavitation volume fraction within the cavitation range was close to 1. In the fracture cavitation stage, the SS and PS of the blade were covered by cavitation in the range of 0–0.7 and 0.05–0.38, respectively, along the streamline direction, and the cavitation region almost reached the state of complete cavitation.




6.3. Influence of GVF on the Volume Fraction of Cavitation in Impeller Fluid Domain


To minutely analyze the influence of gas phase distribution on the cavitation development under different cavitation stages corresponding to each GVF, the impeller fluid domain of the multiphase pump was divided into 10 small regions using 11 sections with equal axial spacing, including the inlet and outlet surface, as shown in Figure 18.



In this study, the cavitation process was divided into three stages: critical, severe, and fracture using a 3, 7.7, and 20% drop in head coefficient as the judging criteria [28]. Figure 19a–c shows the distribution curves of cavitation volume fraction in each fluid domain of the impeller corresponding to each GVF at different cavitation stages. In Figure 8,  α  stand for the cavitation coefficient  σ .



As can be seen from Figure 19, in the critical cavitation stage corresponding to each GVF, the cavitation phenomenon existed only in impeller region 1 (impeller inlet region), and the cavitation volume fraction was relatively low. As the cavitation progressed further to the severe cavitation stage, the phenomenon extended to domain 5 (the front half of the impeller), where the cavitation volume fraction increased faster than the critical cavitation, especially in domains 1 and 2, where the cavitation volume fraction was about 0.3. When the cavitation progressed to the stage of fracturing cavitation, when the GVF was 0, the cavitation phenomenon extended to the entire fluid domain of the impeller. In the range of domains 2–6, when the GVF was 0.1 and 0.2, the bubble volume fraction was up to about 0.7, and the cavitation phenomenon extended to domain 7. In the range of domains 2–4, the bubble accounted for more than 50% of the region. At the same time, it was also found that in the critical cavitation stage, the cavitation volume fraction was the smallest when the GVF value was 0.1 and the largest when the GVF values were 0 and 0.2. The results showed that the effect of GVF on the cavitation volume fraction had no regular distribution. In the severe cavitation stage, the larger the gas phase, the greater the influence of cavitation volume fraction. In the fracture cavitation stage, increasing the gas phase decreased the cavitation volume fraction.



Based on the analysis of the above results, it is clear that GVF has a certain inhibitory effect on the evolution of cavitation development in multiphase pumps, i.e., the cavitation performance of multiphase pumps in gas–liquid two-phase conditions is better than in pure water conditions.





7. Conclusions


(1) At different cavitation stages, with the increase in blade height, the GVF and distribution area decreased gradually. In the same condition, with the development of cavitation stage, the GVF and distribution area in the impeller passage also decreased gradually. The development of cavitation had a great influence on the distribution of the gas phase on the blade surface, especially on the SS.



(2) Under different gas conditions, cavitation first appeared at the inlet of the blade SS. The volume fraction of cavitation was close to 1 only at the inlet and was basically 0 at the other positions. Then, it extended from the inlet to the outlet along the streamline of the blade, and the volume fraction of the cavitation and the distribution range of the cavitation increased gradually. When the GVF was 0, the cavitation phenomenon first fully occupied the blade SS and then extended to the blade PS. Under the working condition of gas, the phenomenon of cavitation in the SS of the blade did not reach supercavitation as it had already extended to the PS. From the critical cavitation stage to the fracture cavitation stage, although the cavitation distribution at different blade heights was different, the change trend was roughly the same.



(3) In the critical cavitation stage corresponding to each GVF, the cavitation phenomenon existed only in the impeller inlet region, and the cavitation volume fraction was low. When cavitation developed to severe cavitation stage, the cavitation phenomenon extended to the front half of the impeller, and the volume fraction of the cavitation in this range increased more than that of the critical cavitation. When cavitation developed to the fracture cavitation stage, the cavitation phenomenon extended to the entire impeller fluid domain when the GVF was 0 and extended to the latter part of the impeller region when the GVF was 0.1 and 0.2.



(4) The existence of the gas phase had a certain inhibitory effect on the development of cavitation in multiphase pumps, that is, the cavitation performance of multiphase pumps in the gas–liquid two-phase condition was better than that in the pure liquid condition.
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Figure 1. Outline dimensions of impeller. 






Figure 1. Outline dimensions of impeller.
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Figure 2. Three-dimension model of multiphase pump. 
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Figure 3. Mesh generation of impeller fluid domain. 
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Figure 4. The validation of mesh independence. 
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Figure 5. The multiphase pump test system. 
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Figure 6. High-speed photography. 
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Figure 7. Numerical method verification. 






Figure 7. Numerical method verification.
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Figure 8. The distribution of air fraction within flow path of impeller at different blade heights under GVF = 0.1 condition. 
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Figure 9. The distribution of air fraction within flow path of impeller at different blade heights under GVF = 0.2 condition. 
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Figure 10. The distribution of air fraction on the blade surface at 0.5 blade height under GVF = 0.1 condition. 
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Figure 11. The distribution of air fraction on blade surface at 0.5 blade height under GVF = 0.2 condition. 
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Figure 12. The distribution of bubble within impeller passage at different blade heights under GVF = 0 condition. 
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Figure 13. The distribution of bubble within impeller passage at different blade heights under GVF = 0.1 condition. 
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Figure 14. The distribution of bubble within impeller passage at different blade heights under GVF = 0.2 condition. 
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Figure 15. The distribution of vapor volume fraction on blade surface at 0.5 span under GVF = 0 condition. 
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Figure 16. The distribution of vapor volume fraction on blade surface at 0.5 span under GVF = 0.1 condition. 
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Figure 17. The distribution of vapor volume fraction on blade surface at 0.5 span under GVF = 0.2 condition. 
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Figure 18. The division of impeller domain. 
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Figure 19. The distribution curves of cavitation volume fraction in each fluid domain of the impeller corresponding to each GVF at different cavitation stages. 
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Table 1. Design parameters.
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	Parameters
	Symbol
	Value
	Unit





	Design flow rate
	Qd
	110
	m3/h



	Design speed
	N
	3000
	rpm



	Inlet hub ratio
	      d 1   —    
	0.79
	(-)



	Outlet hub ratio
	      d 2   —    
	0.74
	(-)



	Impeller diameter
	D
	230.5
	mm



	Blade number
	Z
	4
	(-)



	Blade wrap angle
	    φ 0    
	179.6
	°
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