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Abstract

:

The turbulence dissipation will cause the increment of energy loss in the multiphase pump and deteriorate the pump performance. In order to research the turbulence dissipation rate distribution characteristics in the pressurized unit of the multiphase pump, the spiral axial flow type multiphase pump is researched numerically in the present study. This research is focused on the turbulence dissipation rate distribution characteristics in the directions of inlet to outlet, hub to rim, and in the circumferential direction of the rotating impeller blades. Numerical simulation based on the RANS (Reynolds averaged Navier–Stokes equations) and the k-ω SST (Shear Stress Transport) turbulence model has been carried out. The numerical method is verified by comparing the numerical results with the experimental data. Results show that the regions of the large turbulence dissipation rate are mainly at the inlet and outlet of the rotating impeller and static impeller, while it is almost zero from the inlet to the middle of outlet in the suction surface and pressure surface of the first-stage rotating impeller blades. The turbulence dissipation rate is increased gradually from the hub to the rim of the inlet section of the first-stage rotating impeller, while it is decreased firstly and then increased on the middle and outlet sections. The turbulence dissipation rate distributes unevenly in the circumferential direction on the outlet section. The maximum value of the turbulence dissipation rate occurs at 0.9 times of the rated flow rate, while the minimum value at 1.5 times of the rated flow rate. Four turning points in the turbulence dissipation rate distribution that are the same as the number of impeller blades occur at 0.5 times the blade height at 0.9 times the rated flow rate condition. The turbulence dissipation rate distribution characteristics in the pressurized unit of the multiphase pump have been studied carefully in this paper, and the research results have an important significance for improving the performance of the multiphase pump theoretically.
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1. Introduction


The demand for energy is growing fast with the development of the economy and industry, thus the development of the deep-sea oil field has become an inevitable trend of social development. Deep-sea oil and gas resources are usually a mixture of oil, gas, and water, which is a kind of multiphase fluid in truth. The multiphase pump is one of the core equipment in the process of transporting such a multiphase medium [1,2]. Otherwise, micro-/nanobubbles can be generated with the aid of a multiphase pump through different formation mechanics [3,4,5,6]. It has been widely employed in numerous industries, ranging from chemistry to biology [7,8,9].



A certain energy loss is often accompanied during the transfer process due to the particularity of the structure of the multiphase pump and the complexity of the multiphase media flow [10,11]. The turbulence dissipation rate can reflect not only the energy loss in the pressurized stage directly, but also the stability and uniformity of the flow field in the pressurized stage, so it has become one of the researches focus. Numerical simulation and experimental testing methods were used mainly in the existing research on the multiphase pump.



In numerical simulation research, Jinya Zhang et al. [12] researched and analyzed the multiphase pump and obtained the flow characteristics and flow rate parameters at the impeller inlet under different operating conditions. Liu Xiaobin et al. [13] carried out the numerical simulations on the transient flow rate and dynamic characteristics of the multiphase pump and found that the flow rate conditions could be changed by the cavitation, to aggravate the unstable flow rate. Shi Guangtai et al. [14] researched the phase distribution and pressure fluctuation in tip clearance in a multiphase pump. Wenwu Zhang et al. [15] developed a Euler two-fluid model to analyze the phase interaction in the multiphase pump. In addition, more related research was carried out on the multiphase pump with numerical calculations, to obtain some valuable conclusions [16,17,18,19,20,21,22].



In the experimental research, the gas-liquid flow patterns and the flow characteristics around the impeller on the inlet section of the three-stage rotary power multiphase pump were researched with visual experiments under different operating conditions [23]. Verde W.M. [24] built an experiment facility that would allow visualization inside the impeller to study the gas-liquid flow patterns inside a centrifugal pump impeller, the effects of the gas-liquid flow pattern, bubble changes, and the flow in the impeller on the performance of the centrifugal pump were researched under different operating conditions. In addition, some related research was carried out on the multiphase pump with experimental methods, to obtain some valuable conclusions [25,26,27].



At present, the study of the multiphase pump is mainly focused on the internal flow mechanism. It is difficult to measure the detail turbulent flow field due to the complexity of the structure of the pump, so there are few research studies on the turbulence dissipation rate in the multiphase pump. However, there are many research studies on the turbulence dissipation rate in other kinds of pumps. The PIV (Particle Image Velocimetry) technique was employed to study the flow characteristics in pumps and the turbulent kinetic energy dissipation rate characteristics were analyzed. N. Ertürk [28] studied the flow characteristics of an external gear pump with time-resolved PIV and estimated the dissipation rate of the turbulent kinetic energy. K.V. Sharp [29] measured the structure of turbulent motions in a region surrounding the blade tips of a Rushton turbine mixer by PIV. Other important research about the turbulence characteristics was also been carried out by PIV technologies [30,31,32].



In this paper, the turbulence dissipation rate in a multiphase pump is researched numerically. This research is focused on the effect of flow rate on the turbulence dissipation rate distribution characteristics. In order to ensure the reliability of the research results and taking into account the limits of simulation cost, only at different flow rates involved in engineering practices were followed for the research, to obtain the changes of turbulence dissipation rate with flow rate in the multiphase pump. The main research objective is the mechanism of energy lose in the multiphase pump, and to provide a theoretical basis for the design method of the multiphase pump.




2. Research Object


A six-stage spiral axial flow type multiphase pump developed by the authors is selected as the research object in the present study. The pump has a vane type structure and has the advantages of simple structure, small volume, large flow rate and it can be used for transporting fluid with a small number of particles compared with the positive displacement pump [2,33]. The main design parameters are as follows: design flow rate Q = 110 m3/h, rotational speed n = 3000 rpm, impeller blades and diffuser blades are 4 and 9, respectively. Figure 1 shows the axial flow spiral oil-gas multiphase pump, which is mainly composed of the suction chamber, the pressurized units, and the extrusion chamber. The pressurized units are composed of the rotating impeller and the static impeller.




3. Numerical Methods and Setting


3.1. Governing Equations, Numerical Methods, and Boundary Conditions


The turbulent flow in the multiphase pump is very complex, three-dimensional, random, and irregular, and changes with time and space, carrying countless vortices with different sizes and shapes depending on the geometric space of the flow field. In order to simulate such a flow accurately and efficiently, the RANS (Reynolds averaged Navier–Stokes) equations combined with k-ω SST (Shear Stress Transport) turbulence models were employed in this research, because of their good stability and applicability and which have been confirmed in a large number of examples in engineering practice and scientific research [34,35]. As the pump is one of rotating machinery, a two-dimensional simulation will reduce the accuracy of the results and lose lot information of the flow field, so a fully three-dimensional simulation is carried out in the present study as most researchers have done. Pure water is selected as the fluid medium in the pump in the present study, the compressibility of fluid has been neglected. The fluid properties are listed in Table 1.



The RANS equations are Equations (1) and (2).


    ∂    u i   ¯    ∂  x i    = 0  



(1)






     u j   ¯    ∂    u i   ¯    ∂  x j    = −  1 ρ    ∂ p   ∂  x i    +  ∂  ∂  x j      ν   ∂    u i   ¯    ∂  x j    −     u ′  i    u ′  j   ¯     



(2)







In the above equations, i, j = 1, 2, 3.      u i   ¯    is the averaged component of velocity.  p  denotes the pressure.  ρ  is the density of fluid.  ν  is the kinematic viscosity.    u i    ′    and       u ′  i    u ′  j   ¯    denote the fluctuating component of flow velocity and Reynolds stress tensor, respectively.



The k-ω SST turbulence model is a two-equation model, including turbulent kinetic energy Equation (3) and turbulent frequency Equation (4).


    ∂   ρ    u i   ¯  k     ∂  x i    =  P k  −  β *  ρ k ω +  ∂  ∂  x i        ρ ν +  σ k  ρ  ν t      ∂ k   ∂  x i       



(3)






      ∂   ρ    u i   ¯  ω     ∂  x i    =    5 9   F 1  + 0.44   1 −  F 1         P k     ν t    − β ρ  ω 2                      +  ∂  ∂  x i        ρ ν +  σ ω  ρ  ν t      ∂ ω   ∂  x i      + 2   1 −  F 1      ρ  σ  ω 2    ω    ∂ k   ∂  x i      ∂ ω   ∂  x i       



(4)







The calculation of the Reynolds stress is based on the Boussinesq hypothesis in Equation (5) [36].


      u ′  i    u ′  j   ¯  = −  ν t      ∂    u i   ¯    ∂  x j    +   ∂    u j   ¯    ∂  x i      +  2 3  k  δ  i j    



(5)




where the eddy viscosity is calculated by Equation (6).


   ν t  =    α 1  k   max    α 1  ω ,   2  S  i j    S  i j      F 2       



(6)







The more detailed parameters in the above equations can be found in reference [37]. Governing equations were solved using finite volume method by the CFD software ANSYS CFX. High resolution scheme was used to discretize the governing equations. The criterion for solution convergence was chosen based on the root mean square method and was set equal to 10−5.



The inlet and outlet boundary conditions were set as follows: apply a constant pressure at the pump outlet, and a constant mass flow rate at the inlet. All walls of suction chamber, extrusion chamber, rotating impeller, and static impeller are set as the non-slip wall. The wall of the rotating impeller was rotated and the other walls were stationary in the coordinate system.




3.2. Numerical Method Verification


An experimental test was carried out to verify the reliability of the numerical results. The experimental test system for the multiphase pump included the motor, multiphase pump, gas-liquid mixing tank, lubrication system, cooling system, control system, water supply system, gas supply system, test system, pipeline, valves, and etc. The experimental system for the multiphase pump is shown in Figure 2.



The numerical results are compared with the experimental results at the same conditions. Figure 3 shows the comparison of the experimental data and simulation results, and it can be seen that the change tendencies in the numerical results and the experimental results are consistent, the water head and the efficiency of the optimal points of relative errors are both around 4.1%. The maximum relative error of the head and the efficiency is about 5%, and this shows that the results of the numerical simulations are reliable.




3.3. Mesh Generation and Mesh Independence Validation


In consideration that the turbulence distribution characteristics are similar in each stage of the pressurized unit, and for the convenience of saving computing resources, a three-stage pressurized unit model is selected for the numerical research in the next.



The three-dimensional models of rotating impeller, static impeller, suction chamber, and extrusion chamber of the multiphase pump were established, to obtain the three-dimensional flow model of the flow field in the calculation domain of the multiphase pump, as shown in Figure 4. Figure 5 is the meridian parameters of the impeller and diffuser. Figure 6 is the physical model of the rotating impeller.



The models of the suction chamber, extrusion chamber, rotating impeller, and static impeller were meshed, respectively. The internal flow flied was simpler in the suction chamber and the extrusion chamber than that in the pressurized stage units, because the suction chamber and the extrusion chamber of the multiphase pump were used to provide and eliminate the velocity circulation, respectively. Therefore, unstructured tetrahedral meshes with more adaptability were used in the suction chamber and the extrusion chamber, as shown in Figure 7.



Since the pressurized stage units of the multiphase pump were focused on in this paper, the hexahedral structural meshes were used for rotating and static impellers of the multiphase pump, as shown in Figure 8.



In the numerical simulation of the multiphase pump, the quality and the number of cells can affect the accuracy and the computational speed directly. In order to reduce the effect of the number of cells on the calculation results, different mesh sizes were set for all parts of the multiphase pump under the same conditions. The changes of efficiency and water head with the number of cells under design conditions were shown in Figure 9. As shown, when the number of cells was increased from 5.247 to 6.150 million, the water head and efficiency were only increased by 0.06% and 0.03%, respectively, which could meet the meshing independence requirements. If the number of cells was increased continuously, the time of calculation would be increased sharply, but there would be little effect on the calculation results. Therefore, based on the meshing independence verification results, 5.247 million cells were used for the simulation in the flow domain of the multiphase pump.





4. Analysis


4.1. Effects of the Flow Rate on Turbulence Dissipation Rate Distribution at Different Heights of Blade


4.1.1. Effect of the Flow Rate on the Turbulence Dissipation Distribution Rate at the Hub of First-Stage Rotating Impeller


The turbulence dissipation rate distribution of the pressure surface and suction surface of the blade at the hub of the first-stage rotating impeller under different flow rates is shown in Figure 10. It could be seen that a large turbulence dissipation rate occurred at the inlet of the pressure surface of the rotating impeller and increased with the increase in flow rate, while a very small turbulence dissipation rate occurred from the inlet to the middle of the outlet of the static impeller blade at different flow rates, the turbulence dissipation rate on the suction surface had the same trend with that on the pressure surface of the rotating impeller and the larger turbulence dissipation rate was mainly located at the inlet and outlet of the rotating impeller.




4.1.2. Effect of the Flow Rate on the Turbulence Dissipation Rate Distribution at 0.5 Times of the Blade Height on the First-Stage Rotating Impeller


The flow rate distribution diagram at 0.5 times the blade height on the multiphase pump is shown in Figure 11. The turbulence dissipation rate distribution on the pressure surface and suction surface of the blade on the first-stage rotating impeller at 0.5 times the blade height and at different flow rates is shown in Figure 12. It could be seen from both figures that a large turbulence dissipation rate occurred at the inlet of the pressure surface of the rotating impeller and increased with the increase of the flow rate in the multiphase pump, while a very small and uniform turbulence dissipation rate occurred from the inlet to the middle of the outlet of the static impeller blade at different flow rates, the turbulence dissipation rate on the suction surface had the same trend with that on the pressure surface of the rotating impeller and the larger turbulence dissipation rate was mainly located at the inlet and outlet of the rotating impeller. However, the value of the turbulence dissipation rate on the suction surface of the rotating impeller blade was greater than that on the pressure surface of the rotating impeller blade at the same position, because the area with large flow rate changes was mainly distributed on the suction surface of the rotating impeller blade, which indicated that the flow on the suction surface was not as stable as that on the pressure surface of the rotating impeller blade.




4.1.3. Effect of the Flow Rate on the Turbulence Dissipation Rate Distribution Law at the Rim of Blade on the First-Stage Rotating Impeller


The flow rate distribution diagram at 0.8 times the blade height of the multiphase pump is shown in Figure 13 and the turbulence dissipation rate distributions on the pressure surface and suction surface at the rim of the blade on the first-stage rotating impeller under different flow rates is shown in Figure 14. It could be seen from Figure 14 that a large turbulence dissipation rate occurred at the inlet of the pressure surface of the rotating impeller and increased with the increase in flow rate in the multiphase pump, while a very small turbulence dissipation rate occurred from the inlet to the middle of the outlet of the static impeller blade at different flow rates, the turbulence dissipation rate on the suction surface had the same trend with that on the pressure surface of the rotating impeller and the larger turbulence dissipation rate was mainly located at the inlet and outlet of the rotating impeller. It could be seen from Figure 13 and Figure 14 that there was an area with a local small flow rate on the suction surface of blade on the rotating impeller, resulting in uneven flow rate distribution and turbulent flow. Therefore, there were some obvious fluctuations in the turbulence dissipation rate on the suction surface of the rotating impeller.





4.2. Effect of the Flow Rate on the Turbulence Dissipation Rate on Different Radial Sections of the First-Stage Rotating Impeller


In this paper, the flow rate on each-stage pressurized unit of the multiphase pump was calculated. However, because that the first-stage rotating impeller of the multiphase pump was more sensitive to the flow rate changes, it was selected for the research on the turbulence dissipation rate.



4.2.1. Effect of the Flow Rate on the Turbulence Dissipation Rate from the Hub to the Rim on the Inlet Section of the First-Stage Rotating Impeller


The turbulence dissipation rate from the hub to the rim on the inlet section of the first-stage rotating impeller of the multiphase pump at different flow rates is shown in Figure 15. It could be seen that the turbulence dissipation rate was increased gradually from the hub to the rim on the inlet section of the first-stage rotating impeller of the multiphase pump, its value at a large flow rate was greater than that at a small flow rate generally from the hub to 0.5 times the blade height, while its value at a small flow rate was greater than that at a large flow rate generally from 0.5 times the blade height to the rim, which indicated that there was a more turbulent flow near the hub at a large flow rate and near the rim at a small flow rate on the inlet section of the first-stage rotating impeller of the multiphase pump.




4.2.2. Effect of the Flow Rate on the Turbulence Dissipation Rate from the Hub to the Rim on the Middle Section of the First-Stage Rotating Impeller


The turbulence dissipation rate from the hub to the rim on the middle section of the first-stage rotating impeller of the multiphase pump at different flow rates is shown in Figure 16. It could be seen that the turbulence dissipation rate was decreased firstly and then increased from the hub to the rim on the middle section of the first-stage rotating impeller of the multiphase pump, its value was fluctuated greatly at a large flow rate and slightly at a small flow rate, there were two turning points near the 0.2 times and 0.8 times the blade height, its value at the rim was greater than that at the hub, and its value at the large flow rate was obviously greater than that at a small flow rate from the hub to the rim, which indicated there was a more turbulent flow at a large flow rate and a relatively smooth flow at a small flow rate on the middle section of the first-stage rotating impeller of the multiphase pump.




4.2.3. Effect of the Flow Rate on the Turbulence Dissipation Rate from Hub to Rim on the Outlet Section of the First-Stage Rotating Impeller


The turbulence dissipation rate from the hub to the rim on the outlet section of the first-stage rotating impeller of the multiphase pump at different flow rates is shown in Figure 17. It could be seen that the turbulence dissipation rate was decreased firstly and then increased from the hub to the rim on the outlet section of the first-stage rotating impeller of the multiphase pump, its value at the hub was greater than that at the rim, and its value at a small flow rate was greater than that at a large flow rate generally, which indicated that the flow rate at a small flow rate was more turbulent than that at a large flow rate, and the flow rate at the hub was more turbulent than that at the rim on the outlet section of the first-stage rotating impeller of the multiphase pump. There was the maximum turbulence dissipation rate at the flow rate of 90 m3/h, which indicated that there was the largest energy loss from the hub to the rim on the outlet section of the rotating impeller at this flow rate.





4.3. Effects of the Flow Rate on the Circumferential Turbulence Dissipation Rate at Different Blade Heights on the Outlet Section of the First-Stage Rotating Impeller


It could be seen from Figure 17 that the turbulence dissipation rate was fluctuated greatly with the changes in the flow rate on the outlet section of the first-stage rotating impeller, which indicated that there was relatively turbulent flow and relatively large energy loss here. Therefore, the outlet section of the first-stage rotating impeller was mainly selected for research and analysis of the effect of the flow rate on the circumferential turbulence dissipation rate at different blade heights on the outlet section of the first-stage impeller.



4.3.1. Effect of the Flow Rate on the Circumferential Turbulence Dissipation Rate at the Hub on the Outlet Section of the First-Stage Impeller


The circumferential turbulence dissipation rate at the hub on the outlet section of the first-stage rotating impeller at different flow rates is shown in Figure 18. It could be seen that the turbulence dissipation rate was unevenly distributed in the circumferential direction and the area with larger turbulence dissipation rate was biased to one side at the hub on the outlet section of the first-stage rotating impeller of the multiphase pump, and its value was up to the maximum at the flow rate of 90 m3/h, and then decreased at the flow rate of 110, 130, 70, and 150 m3/h successively and these values could directly reflect the turbulence dissipation losses, which indicated that when there were the maximum and the minimum turbulence dissipation losses at the flow rate of 90 and 150 m3/h at the hub on the outlet section of the first-stage rotating impeller of the multiphase pump.




4.3.2. Effect of the Flow Rate on the Circumferential Turbulence Dissipation Rate at 0.5 Times of the Blade Height on the Outlet Section of the First-Stage Rotating Impeller


The circumferential turbulence dissipation rate at 0.5 times of the blade height on the outlet section of the first-stage rotating impeller at different flow rates is shown in Figure 19. It could be seen that the turbulence dissipation rate was unevenly distributed in the circumferential direction at 0.5 times the blade height on the outlet section of the first-stage rotating impeller of the multiphase pump, and there were four turning points that were the same as the number of impeller blades on the turbulence dissipation rate distribution at the flow rate of 90 m3/h, indicating three larger values and one smaller value.




4.3.3. Effect of the Flow Rate on the Circumferential Turbulence Dissipation Rate at the Rim on the Outlet Section of the First-Stage Rotating Impeller


The circumferential turbulence dissipation rate at the rim on the outlet section of the first-stage rotating impeller at different flow rates is shown in Figure 20. It could be seen that the turbulence dissipation was unevenly distributed in the circumferential direction at the rim on the outlet section of the first-stage rotating impeller of the multiphase pump, especially there was an obvious maximum value at the flow rate of 90 m3/h, and the turbulence dissipation rate at this flow rate was obviously greater than those at other flow rates. In the case of the 90 m3/h flow rate, the operational point was just deviating from the optimal point, the flow field became more turbulent. When the flow rate is 70 m3/s, the velocity decreased with the decrease of flow rate, the turbulence intensity decreased, also the turbulence dissipation rate.





4.4. Effect of the Flow Rate on the Turbulence Dissipation Rate on the Axial Section of the Booster Unit


The axial flow rate distributions at different blade heights in the compression stage of the multiphase pump are shown in Figure 21, Figure 22 and Figure 23 and the turbulence dissipation rate from the inlet of the first-stage rotating impeller to the outlet of the last-stage rotating impeller at different flow rates is shown in Figure 24. It could be seen from Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21, Figure 22, Figure 23 and Figure 24 that the axial vortices were mainly distributed in the static impeller of the multiphase pump, the flow rate was relatively turbulent in the static impeller and relatively uniform in the rotating impeller of the multiphase pump, so the overall turbulence dissipation rate in the static impeller was greater than that in the rotating impeller. At a small flow rate, there was a flow separation in the axial direction at the inlet of the rotating impeller and the vortices were filled in the entire channel of the static impeller. As the flow rate was increased, the flow separation disappeared in the rotating impeller and the vortices were decreased in the static impeller gradually, so the turbulence dissipation rate was reduced gradually. It could also be seen from Figure 21 that the turbulence dissipation rate was relatively large at the inlet and outlet but relatively small at the middle of the rotating impeller and the static impeller, which indicated that the turbulence dissipation rate was increased due to the nonuniform flow at the inlet and outlet of the rotating and static impellers.





5. Conclusions


(1) At different flow rate, the areas with greater turbulence dissipation rate were mainly located at the inlet and outlet of the rotating impeller and static impeller. The main reason is due to the rotor–stator interaction. The turbulence dissipation rate at the suction and pressure surfaces of blade on the first-stage rotating impeller was increased with the increase of flow rate, the turbulence dissipation rate from the inlet to the middle of the outlet was almost zero, and the turbulence dissipation rate on the suction surface was increased gradually from the hub to the rim of the blade. The overall turbulence dissipation rate in the static impeller was greater than that in the rotating impeller and was decreased with the increase in the flow rate gradually. The main reason is that the sizes of vortices in the static impeller are much larger than that in the rotating impeller. However, the sizes of vortices both in the static and rotating impeller are decreased with the decrease of flow rate due to the enhancement of the impeller binding effect to fluid.



(2) On the inlet section of the first-stage rotating impeller of the multiphase pump, the turbulence dissipation rate was increased gradually from the hub to the rim, on the middle and outlet sections, the turbulence dissipation rate was decreased firstly and then increased from the hub to the rim. From the hub to 0.5 times the blade height on the inlet section and from the hub to the rim on the middle section of the first-stage rotating impeller of the multiphase pump, the turbulence dissipation rate at a large flow rate was greater than that at a small flow rate generally, while the opposite trend appeared from 0.5 times the blade height to the rim on the inlet section and from the rub to the rim on the outlet section.



(3) On different outlet sections of the first-stage rotating impeller of the multiphase pump, the turbulence dissipation rate was unevenly distributed in the circumferential direction, with the maximum at 0.9 times the design flow rate and the minimum at 1.5 times, and there were four turning points which is the same as the number of impeller blades on the turbulence dissipation rate distribution at 0.9 times the design flow rate and at 0.5 times the blade height. This phenomenon indicates that the number of rotating impellers has great influence on the value of the turbulence dissipation rate.



(4) For the purpose of increasing the efficiency of the multiphase pump in the next design and optimization process, an important issue that needs direct attention is the optimization of the diffuser blade shape, since the present study found that a large intensity of the turbulence dissipation rate is mostly in the area of the diffuser.
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Figure 1. The six-stage multiphase pump. 






Figure 1. The six-stage multiphase pump.
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Figure 2. The multiphase pump test system. 1. Water tank; 2. Water supply pump; 3. Flow meter; 4. Outlet valve; 5. Inlet valve; 6. The motor; 7. Torque meter; 8. Gas-liquid mixing tank; 9. Outlet pressure gauge; 10. Inlet pressure gauge; 11. Multiphase pump; 12. Check valve; 13. Air compressor; 14. Gas flow meter; 15. Gas pipeline. 
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Figure 3. Comparison of experimental data and numerical results. 
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Figure 4. The three-dimensional model of the multiphase pump. 
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Figure 5. Meridian parameters of the impeller and diffuser. 
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Figure 6. Physical model of the rotating impeller. 1. Hub, 2. 0.5 Span, 3. Shroud. 
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Figure 7. Tetrahedral meshes of the suction chamber and extrusion chamber. 
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Figure 8. Hexahedral meshes of the pressurized unit. 
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Figure 9. The grid independence verification. 
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Figure 10. The turbulence dissipation rate distribution pattern of the pressure surface and the suction surface of the first-stage impeller blade at the hub with different flow rates. 
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Figure 11. Contour of the velocity at 0.5 span. 
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Figure 12. The turbulence dissipation rate distribution pattern of the pressure surface and the suction surface of the first-stage impeller blade at the 0.5 span under different flow rates. 
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Figure 13. Contour of the velocity at 0.8 span. 
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Figure 14. The turbulence dissipation rate distribution pattern of the pressure surface and the suction surface of the first-stage impeller blade at the shroud under different flow rates. 
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Figure 15. The variation of turbulence dissipation rate from the hub to the shroud of the first impeller inlet section under different flow rates. 
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Figure 16. The variation of turbulence dissipation rate from the hub to the shroud of the first impeller middle section under different flow rates. 
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Figure 17. The variation of turbulence dissipation rate from the hub to the shroud of the first impeller outlet section of the multiphase pump under different flow rates. 






Figure 17. The variation of turbulence dissipation rate from the hub to the shroud of the first impeller outlet section of the multiphase pump under different flow rates.



[image: Processes 09 00886 g017]







[image: Processes 09 00886 g018 550] 





Figure 18. The variation of the circumferential turbulence dissipation rate at the outlet section hub within the first impeller under different flow rates. 
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Figure 19. The variation of the circumferential turbulence dissipation rate at the outlet section 0.5 span within the first impeller under different flow rates. 
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Figure 20. The variation rule of the circumferential turbulence dissipation rate at the outlet section shroud within the first impeller under different flow rates. 
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Figure 21. Axial streamline distribution at 0.2 span of the compressor stage. 
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Figure 22. Axial streamline distribution at 0.5 span of the compressor stage. 
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Figure 23. Axial streamline distribution at 0.8 span of the compressor stage. 
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Figure 24. The variation of turbulence dissipation rate from the inlet of the first-stage rotating impeller to the outlet of the last-stage rotating impeller at different flow rates. 
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Table 1. Fluid properties.
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	Variables
	Value





	density ρ/(kg/m3)
	1000.0



	kinematic viscosity ν/(m2/s)
	1.01 × 10−6



	compressibility
	None
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