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Abstract

:

In the process of conveying a medium, when the inlet pressure is low, the cavitation phenomenon easily occurs in the pump, especially in the gas–liquid two-phase working condition. The occurrence of the cavitation phenomenon has a great impact on the performance of the multiphase pump. In this paper, the SST (sheard stress transport) k-ω turbulence model and ZGB (Zwart–Gerber–Belamri) cavitation model were used to simulate the helical axial flow multiphase pump (hereinafter referred to as the multiphase pump), and the experimental verification was carried out. The effect of gas volume fraction (GVF) on the energy loss characteristics in each cavitation stage of the multiphase pump is analyzed in detail. The study shows that the critical cavitation coefficient of the multiphase pump gradually decreases with the increase in GVF, which depresses the evolution of cavitation, and the cavitation performance of the multiphase hump is improved. The ratio of total loss and friction loss to total flow loss in the impeller fluid domain gradually increases with the development of cavitation, and the pressurization performance of the multiphase pump gradually decreases with the development of cavitation. The results of the study can provide theoretical guidance for the improvement of the performance of the multiphase pump.
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1. Introduction


In recent years, with the increasing global energy demand and the depletion of conventional energy sources, people began to strengthen the exploitation of oil fields in order to improve the production and efficiency of oil exploitation, the technology of multiphase mixed transmission emerges at the historic moment, in which the multiphase pump is one of the core components of the mixing system, with the advantages of having a high flow rate and small volume and being insensitive to solid particles. Many scientific research institutions, oil companies, and universities have performed research on this [1,2]. As the multiphase pump is used in the transport of multiphase medium, the interaction between the phases often makes the pump pressure distribution not uniform, and the flow passage or blade surface will produce low pressure area, resulting in a low inlet pressure, which easily produces a cavitation phenomenon inside the pump. This phenomenon will not only cause the deterioration of hydraulic mechanical properties, but also damage the wall materials and cause serious harm to the stable operation of the system [3,4,5]. Therefore, it is important to develop the influence of the energy loss characteristics of each cavitation stage in the multiphase under different GVF to improve the performance of the multiphase pump.



Since the early research methods on cavitation were relatively simple and the experimental equipment was relatively undeveloped, the understanding of cavitation phenomena was limited. With the development of computational fluid dynamics and the maturity of experimental technology, it is possible to perform an in-depth study of the cavitation phenomenon. Recently, several scholars have proposed different cavitation models and investigated the applicability of cavitation models by comparing numerical calculations with experiments, which play a key role in the accuracy of cavitation phenomenon prediction [6,7,8,9]. Cavitation flow is a complex multiphase flow involving phase change, multiphase turbulence, and unsteady flow [10,11,12], and the evolution of cavitation is usually divided into three stages, which are the growth stage of the attached cavitation, the cavitation fracture and shedding stage, and the stage at which the cavitation cluster moves downstream and breaks, as found by the study of hydrofoil [13,14]. The very large velocity gradient at the end of the attached cavitation leads to the formation of reverse jets and return vortices on the surface of the hydrofoil [15,16]. Some scholars think that when the velocity gradient of the reverse jet is large, the reverse jet will move along the bottom of the cavitation to the leading edge of the hydrofoil, causing the attached cavitation to shedding or break from the surface of the hydrofoil and then move downstream [17,18]. Chen, Y. [19] believed that the break and shedding of the attached cavitation are not “cut off” by the reverse jet. However, in the process of the reverse jet moving along the front edge of the hydrofoil surface, the turbulent pulsation keeps expanding, which eventually leads to the fracture and shedding of the cavitation. Zhao, G.S. [20] found, through a study on the cavitation inside the centrifugal pump, that the reverse jet caused by the adverse pressure gradient could not break, that shedding compared with the thickness of the cavitation, and believed that the shedding of the cavitation was mainly caused by the entrapping action of the main stream. The complexity of the cavitation phenomenon also lies in the influence of many factors. Hao, J. [21,22] studied the influence of different coatings as well as different surface roughness on the flow of hydrofoil cavitation, and found that the cavitation evolution period of surface coatings of different materials is different, while the roughness of the hydrofoil surface can make the cavitation number of the transition from attached cavitation to cloud cavitation smaller, thus playing a suppressive role in the evolution of cavitation. Mousmoulis, G. [23] studied the cavitation flow of centrifugal pumps with three different blade profiles by measuring noise and vibration and found that the blade profile has a great influence on the inception and development of the cavitation. Yan, H. et al. [24,25,26] studied the cavitation evolution in the pump at different flow rates and found that when the inlet flow angle was smaller than the blade inlet placement angle, cavitation would appear on the blade suction surface. Otherwise, it would occur on the blade pressure surface. Kang, J.J. et al. [27] studied the effect of impeller geometric parameters on the cavitation performance of centrifugal pumps, and the results showed that increasing the inlet placement angle of the blades within a certain range can improve the cavitation performance of the pump. Tao, et al. [28] studied the effect of blade inlet edge shape on the cavitation performance of centrifugal pumps and found that circular and elliptical inlet edges had smaller flow separation regions, larger pressure reductions, and higher cavitation coefficients, but the cavitation evolution process was slower. Shi, W.D. et al. [29] investigated the cavitation performance of axial flow pumps with different numbers of blades. The results showed that, when the cavitation coefficients are the same, the evolution of cavitation becomes faster as the number of blades increases. Shojaeefard, M.H. [30] found that the inlet and outlet placement angle of the inducer and the hub ratio of the impeller had a great influence on the cavitation performance of the centrifugal pump through the parametric optimization of the inducer of the centrifugal pump. Azad, S. [31] studied the effect of different concentrations of polymer on the cavitation performance of centrifugal pumps, and found that with the increase in polymer concentration, the initial cavitation coefficient of the pump decreased, and the cavitation performance of the pump increased. Li, D. [32] et al. investigated the mechanism of the effect of cavitation on the turbine hump characteristics of a pump by numerical simulation, and the results show that the occurrence of cavitation leads to the blockage of the flow passage, reduces the conveying capacity of the flow passage, and induces large vortices in the adjacent flow passage.



It can be seen that, although cavitation phenomena have been extensively studied by many scholars, there are fewer studies on cavitation under gas–liquid two-phase conditions, and even fewer studies on cavitation inside multiphase pumps under gas–liquid two-phase conditions. Therefore, this paper develops the study of the effect of GVF on the evolution of cavitation on energy loss inside multiphase pumps under different GVF, aiming to improve the cavitation performance of multiphase pumps.




2. Computational Models and Methods


2.1. Turbulence Model


The multiphase pump blade curvature is larger, the speed is higher, and the flow separation phenomenon is easy to occur within when transporting the multiphase medium, so the SST k-ω model is selected for the turbulence numerical calculation model in this paper. This model can better handle the viscous flow in the near-wall region and the turbulent flow in the far field. The specific expression of the SST k-ω model is as follows:
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where ω denotes the turbulent kinetic energy dissipation ratio; β denotes the thermal expansion coefficient; ρ denotes the medium density; μ denotes the viscosity; Pk denotes turbulent kinetic energy; σω denotes the turbulent Prandtl number with the specific dissipation rate.




2.2. Cavitation Model


In this paper, the Zwart–Gerber–Belamri cavitation model is used to calculate the cavitation flow in a multiphase pump, which can simulate the quasi-periodicity and evolution of the cavitation phenomenon more accurately. Assuming the same size of the bubbles, the total interphase mass transfer rate in the cell is calculated by the density of the number of vapor bubbles, and the interphase transfer rate for this model is shown below:



when   P ≤  P v    :
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(3)




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       



(4)







In the above equation, RB denotes the bubble diameter, 10−6 m; αnuc denotes the volume fraction of the bubble nucleus position, 5 × 10−4; and Fvap and Fcond denote the evaporation and condensation coefficients, 50 and 0.01, respectively.





3. Numerical Model Calculation


3.1. Numerical Model of Multiphase Pump


In the multiphase system, the impeller is the main energy conversion component of the multiphase pump, so the cavitation flow phenomenon in the impeller of the multiphase pump is only analyzed and studied in this paper. The calculation model consists of inlet section, impeller, and outlet section. In order to make the inlet and outlet of the impeller flow fully, the inlet section and the outlet section are, respectively, extended to two times and six times the axial length of the impeller [33], and the fluid domain of the computational model is shown in Figure 1. The design parameters of the model are: flow rate Q = 100 m3/h, rotational speed n = 3000 r/min, number of blades Z = 4, blade wrap angle 179.6°, inlet hub ratio 0.79, outlet hub ratio 0.74, and shroud diameter 230.5 mm.




3.2. Mesh Division and Independent Verification


Due to the large curvature of the blades of the multiphase pump, the single flow passage of the multiphase pump impeller is divided into a structural hexahedral grid first, and then the single flow grid is rotated and copied to the full flow passage through ICEM software. The ICEM software is used to divide the structural hexahedral mesh of the section of the inlet and outlet. The advantage of structural hexahedral meshing is that the mesh nodes can be adjusted to achieve the purpose of refining the local position mesh, so that the flow situation in a specific area can be displayed more clearly. The meshing of the section of the inlet and outlet and the fluid domain of the impeller is shown in Figure 2.



In order to improve the accuracy and computational efficiency of numerical analysis, grid independence was verified. The fluid domain of the multiphase pump is divided into seven sets of grids. Under the water design conditions, the fluid domains with different grid numbers are numerically calculated. It can be seen from Figure 3 that, as the number of grids increases, the head gradually decreases and gradually stabilizes. When the number of grids in the computational domain is greater than 3.38 million, the head change is only 0.31% and less than 0.5%. It can be seen that it is more appropriate to choose a grid number greater than 3.38 million, so the grid number of this calculation model is approximately 3.6 million, in which the grid number of the inlet extension is approximately 500,000, the grid number of the outlet extension is approximately 900,000, and the grid number of the impeller fluid domain is approximately 2.17 million, and the Y + values on the blade surface of the final selected grids are distributed between 1 and 80.




3.3. Boundary Condition Setting


In this paper, the SST k-ω turbulence model, Zwart–Gerber–Belamri cavitation model, and ANSYS software are used to numerically calculate the constant cavitation flow of multiphase pumps under design conditions, “transient rotor–stator” is used for the dynamic and static intersection of the impeller fluid domain and the inlet and outlet section. Among them, the inlet boundary condition is set to pressure inlet, the volume fraction of vapor phase is set to 0, and the pressure at the inlet side of the multiphase pump is gradually reduced to achieve the purpose of gradual cavitation in the pump, the outlet boundary condition is set to mass outflow. In addition, the SIMPLE algorithm with strong convergence and fast speed is adopted for the coupling between speed and pressure in the whole calculation process, the impeller hub, blade, and shroud are set to a relative no-slip wall surface, and the rest of the wall surface is selected as an absolute no-slip wall surface. The rest of the wall surface is selected as an absolute no-slip wall surface, the saturation steam pressure of water at 25 °C is set to 3170 pa, and the convergence accuracy is set to 10−5.




3.4. Numerical Method Verification


The multiphase pump test system is provided in Figure 4.



Figure 5 shows the experimental and CFD flow fields when GVFs were 0 and 10%. It can be seen that the experimental flow field near the blade tip was in good agreement with the CFD flow field, especially in the water test, which shows that the numerical method was reliable.





4. Calculation and Analysis of Results


4.1. Cavitation Characteristic Curve Prediction


Figure 6 shows the variation of head coefficient ψ with cavitation coefficient σ for the multiphase pump, and the head coefficient ψ and cavitation coefficient σ are shown in Equations (5) and (6).


  ψ =    P  o u t   −  P  i n     0.5 ρ  U 2     



(5)






  ψ =    P  i n   −  P v    ρ  U 2  / 2    



(6)







In Equation (5): Pin and Pout are the inlet and outlet pressures of the multiphase pump respectively. U is the circumferential velocity of the impeller hub, and the expression is U = πDn/60.



In Equation (6): Pv is the saturated vapor pressure of water at 25 °C, and is 3170 Pa.



From Figure 6, it can be seen that, under the working condition of GVF = 0, when the cavitation coefficient σ is 0.28, the head coefficient ψ decreases by 3% compared with that without cavitation, i.e., the critical cavitation point is reached. When the cavitation coefficient σ decreases to 0.077, the corresponding head coefficient ψ decreases by 7.68%, reaching the stage of severe cavitation. At the cavitation coefficient σ of 0.051, the head is reduced by more than 20%, and the fracture cavitation stage is reached. In the case of GVF = 0.1, when the cavitation coefficient σ is 0.24, the head coefficient ψ is reduced by 3% compared with that without cavitation, i.e., the critical cavitation point is reached. When the cavitation coefficient σ is reduced to 0.057, the corresponding head coefficient ψ is reduced by 7.3%, reaching the severe cavitation stage. When the cavitation coefficient σ is 0.033, the reduction in the head exceeds 20%, reaching the stage of fracture cavitation. Under the working condition of GVF = 0.2, when the cavitation coefficient σ is 0.208, the head coefficient ψ is reduced by 3%, compared with that without cavitation, i.e., the critical cavitation point is reached. When the cavitation coefficient σ is reduced to 0.048, the corresponding head coefficient ψ is reduced by 7.4%, reaching the severe cavitation stage; when the cavitation coefficient σ is 0.029, the head reduction ψ is more than 20%, reaching the fractured cavitation stage.




4.2. Effect of GVF on Turbulent Dissipation Losses in Each Cavitation Stage


In order to analyze in detail the effect of GVF on the energy loss of each cavitation phase in the multiphase pump, 11 equally spaced cross sections, including the inlet and outlet surfaces, were used to divide the multiphase pump impeller fluid domain into 10 small areas, as shown in Figure 7.



The turbulent dissipation loss of each fluid domain of the impeller is calculated and analyzed as follows. Figure 8 shows the distribution law of turbulent dissipation loss of each fluid domain of the impeller at different cavitation stages with GVF of 0, 0.1, and 0.2, respectively, where the calculation formula of turbulent dissipation loss Ptur is shown in (7).


   P  t u r   = ∫  ρ m  ε d V  



(7)




where ρm is the density of the mixed phase and ε is the turbulent dissipation rate.



As can be seen from Figure 8, under the critical cavitation state corresponding to each GVF, the turbulent dissipation loss curve from the inlet to the outlet of the impeller fluid domain shows a trend of first sharply decreasing and then gradually decreasing, which is mainly because, near the inlet of the impeller fluid domain, the flow is more turbulent and the impact of the fluid on the blade is larger, which is consistent with the distribution of turbulent kinetic energy in the impeller flow passage. It can also be seen that, with the increase in GVF, the turbulence dissipation loss in the same fluid domain gradually decreases. As can be seen in Equation (7), this is mainly because the mixing density decreases with the increase in GVF, and the turbulence dissipation loss decreases. When cavitation develops to the second stage, the turbulent dissipation loss in the first three fluid domains of the impeller at each GVF decreases more compared to the critical cavitation, while the turbulent dissipation loss in domain four suddenly increases, and domain four corresponds to the end domain of the cavitation, where the return vortex is formed by a larger inverse pressure gradient, which intensifies the energy dissipation and makes the turbulent dissipation loss in this domain increase. When the cavitation develops to the third stage, the turbulent dissipation loss is smaller in domains one–five when the GVF is 0. The region with the largest turbulent dissipation loss is shifted to domain seven, while the domains with larger turbulent dissipation loss are shifted to domain six when the GVF are 0.1 and 0.2, and the range of the domain with larger turbulent dissipation loss becomes larger compared with the GVF of 0. In the above analysis, it can be seen that the reduction in the cavitation coefficient reduces the turbulent dissipation loss in the corresponding domain, while the presence of backflow vortices in the end domain of the cavitation leads to the increase in turbulent dissipation loss.




4.3. Effect of GVF on Friction Loss at Each Cavitation Stage


The output power of the impeller can be deconstructed into two parts. One part is the energy obtained by the fluid, namely pressure energy and kinetic energy. The second part is the energy lost, namely the energy lost by turbulence dissipation and the energy lost by friction caused by the viscosity of the fluid medium. The specific calculation formula is shown in (8) [34,35,36].


   P  o u t   = ∇  P t  +  P  t u r   +  P f   



(8)







In Equation (8), Pout is the power output by the impeller, ∇Pt is the energy obtained by the fluid medium, Ptur is the energy lost by turbulence dissipation, and Pf is the energy lost by friction.



In order to study the effect of cavitation flow on the friction loss inside the multiphase pump, the following analysis of the friction loss in each fluid domain of the impeller is carried out, and the equation for the friction loss is obtained by the transformation of (8), as shown in (9).


   P f  = ∫  F  f r i   ⋅ v d s =  P  o u t   − ∇  P t  −  P  t u r    



(9)







In Equation (9), Ffri is the frictional force on the wall and v is the relative velocity in the near-wall region.



Figure 9 shows the friction losses in each domain of the impeller at different GVFs. In Figure 9, it can be seen that, in the critical cavitation stage, the friction losses in the same domain at each GVF have the same trend, except for the friction losses in fluid domain one, corresponding to GVFs of 0.1 and 0.2, which are larger than those of GVF of 0. When the cavitation develops to the second stage, the friction loss in each GVF corresponding to domains one–four becomes larger compared to the critical cavitation, and the friction loss increases more in domain four. When the cavitation develops to the third stage, because the dynamic pressure power in Section 1, Section 2 and Section 3 corresponds to the domain one–two increases compared with the critical cavitation state, the friction loss in domains one–two corresponding to GVF increases, and the large velocity gradient caused by the backflow vortex at the end of the cavitation increases the friction loss in the six–nine domain corresponding to the GVF of 0 and domains four–seven corresponding to GVFs of 0.1 and 0.2. The above analysis shows that, as the cavitation coefficient decreases, the return vortex formed by the larger inverse pressure gradient in the end region of the cavitation makes the friction loss in the corresponding domain increase.




4.4. Impeller Domain Flow Loss Comparison Analysis


Figure 10 shows the energy loss distribution law of the impeller fluid domain at different GVFs. As can be seen from Figure 10 that, with the development of cavitation, the friction loss inside the impeller of the multiphase pump gradually increases, and the turbulent dissipation loss shows a trend of gradually decreasing when the GVF is 0, while the turbulent dissipation loss corresponding to the GVFs of 0.1 and 0.2 shows a trend of first decreasing and then increasing.This is because in the corresponding third stage of cavitation in the case of gas, when the suction surface of the blade does not reach supercavitation, the cavitation has extended to the pressure surface of the blade, resulting in the formation of two backflow vortices near the suction surface and the pressure surface, which intensifies the turbulence dissipation. In the critical cavitation stage, the loss in the impeller fluid domain is mainly caused by turbulent dissipation. When cavitation developed to the second stage, with the increase in GVF, the friction loss accounted for 56, 71, and 72% of the total loss, while in the third stage cavitation, the proportion was 76.8, 67, and 67%, respectively. Through the above analysis, it can be seen that, when cavitation does not occur inside the multiphase pump or the cavitation state is weak, the flow loss is mainly turbulent dissipation loss. With the development of cavitation, the total loss inside the multiphase pump increases, in which the proportion of turbulent dissipation loss to the total loss gradually decreases, while the friction loss and its proportion to the total loss gradually increases, and when cavitation develops to a certain degree, the internal flow loss of the multiphase pump is mainly friction loss.





5. Conclusions


(1) The continuous increase in GVF can not only make the critical cavitation coefficient of multiphase pump gradually reduce, but also inhibit the growth rate of cavitation, which has a certain inhibitory effect on the evolution of cavitation and can improve the cavitation performance of multiphase pump.



(2) The reduction in the cavitation coefficient leads to a reduction in the turbulent dissipation losses in this range domain, while the backflow vortices are formed at the end domain of the cavitation by the inverse pressure gradient, which increases the turbulent dissipation loss in the domain corresponding to the end of the cavitation. Moreover, the backflow vortices formed at the end domain of the cavitation will also increase the friction loss, which eventually leads to the total loss in the impeller fluid domain and the proportion of the friction loss to the total flow loss gradually increasing with the development of cavitation.



(3) As the power output of the impeller domain gradually decreases with the development of cavitation, and the internal flow loss gradually increases with the development of cavitation, the net energy obtained by the fluid gradually decreases, leading to a decrease in the pressurization performance of the multiphase pump with the development of cavitation.
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Figure 1. The three-dimension model of multiphase pump. 
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Figure 2. The grid division of calculated domains. (a) Inlet section; (b) Outlet section; (c) Impeller. 
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Figure 3. The validation of grid independence. 
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Figure 4. The multiphase pump test system. 
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Figure 5. The experimental and CFD flow fields. 
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Figure 6. The cavitation characteristic curve. 
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Figure 7. The division of impeller domain. 
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Figure 8. Turbulent dissipation losses in each domain of the impeller. 
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Figure 9. Friction loss within each domain. 
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Figure 10. The distribution of loss within impeller. 
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