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Abstract

:

Tip clearance has a great effect on the flow and pressure fluctuation characteristics in a multiphase pump, especially at multiple operating points. The phase distribution and pressure fluctuation in tip clearance in a multiphase pump are revealed using the CFD (computational fluid dynamics) technology and high-speed photography methods. In this paper, the phase distribution, the gas-liquid two-phase velocity slip, and the pressure fluctuation intensity are comprehensively analyzed. Results show with the increase of the tip clearance, the multiphase pump pressurization performance is obviously deteriorated. In the meantime, the gas accumulation mainly occurs at the hub, the blade suction side (SS), and the tip clearance, and the maximum gas-liquid two-phase velocity difference is near the impeller streamwise of 0.4. In addition, the tip clearance improves the gas-liquid two-phase distribution in the pump, that is, the larger the tip clearance is, the more uniform the gas-liquid distribution becomes. Furthermore, the gas leads to the maximum pressure fluctuation intensity in the tip clearance which is closer to the tip leakage flow (TLF) outlet, and has a greater effect on the degree of flow separation in the tip clearance.
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1. Introduction


With the development of society and the further increase of energy consumption, traditional coal and onshore oil and gas resources are gradually depleted. However, the oil and gas resources in deep sea are abundant. Therefore, oil and gas exploration have shifted from onshore to ocean, especially the development and utilization of oil and gas in deep water area [1,2]. In the meantime, the deep-sea oil and gas resources are usually a mixture of oil, gas, and water, accompanied by some small solid particles, which are the three-phase state in truth. The ratio of oil and gas is often unstable and varies greatly during exploitation. Sometimes the gas void fraction even reaches 100%. If the traditional transportation method is adopted, the oil and gas pipelines are laid separately, and the oil and gas are transported separately by pumps and compressors. At this point, the investment cost is high, the management is difficult, and the economic benefits are low. Based on the above issues, this multiphase transportation technology emerges. The oil and gas mixture are transported by the same pipeline, which optimizes the layout of the oil and gas transportation system, improves economic benefits, and owns broad application prospects [3,4,5].



As the core equipment of the multiphase transportation technology, the multiphase pump is a rotor-powered turbomachine, which is composed of several pressurization units, and each pressurization unit is composed of an impeller and a diffuser [6,7]. In operation of the turbomachine, to avoid friction, a gap must be left between the impeller and shroud, namely the tip clearance [8]. Simultaneously, due to the pressure difference between the blade pressure side (PS) and suction side (SS), the tip leakage flow (TLF) is driven from the PS to SS via the tip clearance. When it flows out of the clearance, it merges with the main flow and forms tip leakage vortex (TLV) [9,10,11].



Based on the analysis above, many scholars have performed investigations on the tip clearance flow. In terms of experiment, due to the improvement of testing technology and approach, the particle image velocimetry (PIV) and high-speed photography become the crucial research methods for tip clearance flow. Wu et al. [12,13] and Miorini et al. [14] employed PIV and stereoscopic particle image velocimetry (SPIV) technology to investigate the flow characteristics of near blade tip in an axial water-jet pump. Results showed the wall jet contained many vortex structures which became the TLF. Meanwhile, the TLV near the blade tip was entrained and propagated to the adjacent blade PS. Peng et al. [15] adopted the experiment method to observe the tip flow in an elliptical hydrofoil and reveal the TLV formation process. Shen et al. [16] took advantage of the high-speed photography and transient pressure measurements to investigate the TLV, transient flow, and pressure fluctuation characteristics of TLV in the axial flow pump. Results revealed the relationship between the tip cavitation and pressure fluctuation.



Although the experiment method obtains reliable data, due to the large cost and long period, the research on blade tip clearance flow at present is mainly based on numerical simulation. Zhang et al. [17,18] applied computational fluid dynamics (CFD) software ANSYS CFX to inquiry the flow patterns and pressure fluctuation characteristics in the multiphase pump with different tip clearances. It was illustrated that TLV appeared at the leading edge (LE) of blade SS, and the dominant frequency and maximum amplitude of the pressure fluctuation gradually augmented with the increase of the tip clearance. Based on the Reynolds time-averaged Navier-Stokes equations, Shi et al. [19,20] utilized numerical simulation methods to survey the effect of inlet gas void fraction on the TLV, and revealed the TLV trajectory and dynamics characteristics. Zhang et al. [21,22], Shen et al. [23], and Feng et al. [24] made use of CFD software to look into the effect of TLF and tip clearance on pressure fluctuation in an axial flow pump. Results demonstrated that tip flow structure was closely related to the blade tip size and flow rate, and the TLV also induce cavitation. In addition, the tip clearance enhanced the pressure fluctuation strength in the impeller, however, the effect on the pressure fluctuation in the diffuser was not obvious. Based on the finite volume method (FVM), Yu et al. [25] and Zhang et al. [26] applied ANSYS CFX software to probe into the effect of tip clearance on the flow patterns and pressure fluctuation characteristics in a low specific speed mixed flow pump, and pointed out the effect of tip clearance on pump performance at large flow rate was more obvious. In the meantime, the rotor and stator interaction (RSI) was the reason for the pressure fluctuation, and the TLF had less effect on the impeller inlet and middle region within a certain range. In addition, some other scholars applied numerical simulation methods to investigate the TLF in turbomachinery such as centrifugal pumps [27,28], compressors [29,30], fans [31,32].



In brief, the TLF and pressure fluctuation characteristics in both experiment and simulation have already been conducted. The results reveal its internal mechanism. However, in terms of the multiphase pump, the investigations at present rarely involve the TLF problem with the gas-liquid two-phase case. Of course, there are fewer researches involving the comparison between the water and gas-liquid two-phase cases, and the related research is not sufficient. Therefore, taking the multiphase pump as the research object, the phase distribution, TLF, and pressure fluctuation characteristics under the water (Inlet gas void fraction (IGVF) = 0) and gas-liquid two-phase (IGVF = 10%) cases with different tip clearances (Rtc = 0.5 mm, 1.0 mm, and 1.5 mm) are investigated in this paper. Results reveal the effect of the flow and pressure fluctuation in the tip clearance.




2. Research Object


To perform the investigation conveniently, a single pressurization unit of the six-stage multiphase pump is selected in this paper. Meanwhile, the impeller inlet and the diffuser outlet are extended to ensure stable flow and reduce the effect of the boundary conditions. The model is shown in Figure 1, and the main design parameters are as follows: design flow Q = 100 m3/h, design rotational speed n = 3000 rpm, and the impeller and diffuser blades are 3 and 7, respectively. To conduct the research with different tip clearances, three different tip clearances (Rtc = 0.5 mm, 1.0 mm, and 1.5 mm) are purposefully designed. The meridian parameters are shown in Figure 2. In Figure 2, the r represents the radial direction of the impeller and diffuser. In the meantime, the z represents the rotation axis of impeller, and is also the central axis of the diffuser.




3. Numerical Methods and Settings


3.1. Mesh Arrangement


Mesh quality plays an important role in CFD simulation accuracy. Therefore, high-quality hexahedral mesh is used for all computational domains in this paper. The inlet and outlet pipes are divided by ICEM CFD, and the impeller and diffuser are divided by TurboGrid. In the process of mesh arrangement, the near wall, tip clearance, and large curvature region are refined to capture the flow details. The specific mesh is shown in Figure 3.




3.2. Mesh and Time Step Independence Verification


3.2.1. Mesh Independence Verification


To reduce the effect of the mesh number on the simulation results, 5 sets of meshes are provided and the simulation in the same operating point is performed. Then, pump head and efficiency are presented in Table 1. From Table 1, when the mesh number exceeds mesh 4, the effect of mesh number on the simulation results is negligible. After comprehensive consideration, mesh 4 is selected in final numerical simulation.




3.2.2. Time Step Independence Verification


To accurately capture the unsteady flow field information, the time step independence is verified. In this verification case, the time steps are set as 5.56 × 10−5 s, 1.11 × 10−4 s, 1.67 × 10−4 s, which are the impeller rotation times of 1°, 2°, and 3°. The time history information of pressure fluctuation on PS near blade tip at impeller outlet and diffuser inlet are extracted and shown in Figure 4. For Figure 4, pressure time histories with three time steps are basically the same, which shows the effect of different time steps on the numerical results is ignored. Considering comprehensively for the simulation time and accuracy, 1.11 × 10−4 s is finally selected.





3.3. Boundary Conditions and Settings


Based on the Reynolds time-averaged Navier-Stokes (N-S) equations, the CFD software ANSYS CFX is applied to simulate the three-dimensional flow in the multiphase pump under multiple operation points. The boundary conditions and settings are as follows: the velocity and pressure are set for the inlet and outlet, respectively. The impeller wall, diffuser wall and other wall boundaries are set as non-slip wall. The turbulence model adopts SST k-ω, and the residual is set to 10−5. The interface between the stator and rotor in the pump is set to “Frozen rotor” and “Transient Rotor Stator” in the steady and transient simulations, respectively. In addition, to accelerate the convergence, the steady results are set as the initial value for the transient simulation. The transient simulation is performed for 16 cycles, and the last 6 cycles are selected for analysis.




3.4. Numerical Method Verification


The experiment rig is at the Key Laboratory of the Department of Fluid and Power Machinery of Xihua University, as shown in Figure 5. The multiphase pump test system is composed of a multiphase pump, motor, gas-liquid mixing tank, cooling system, lubrication system, control system, gas supply system, water supply system, pipelines, and valves. In the experiment, the multiphase pump with transparent glass component is installed, and the high-speed photography is also employed to capture the flow field near the blade tip, as shown in Figure 6. The camera (RDT16-4G) speed is 500 fps, and the resolution is 1280 × 1024 pixels. When the resolution is reduced, the maximum speed is 16,000 fps. The photography has 4 GB memory, which stores more than 3000 high-resolution images. The shape of the transparent glass is square outside and circle inside to reduce the test error caused by secondary refraction. The water is used for the liquid phase and air is used for the gas phase. In the process of experiment, the gas flow rate is unchanged and adjusting the liquid flow rate is employed to adjust the IGVF. When the experiment system runs stably, high-speed photography is started to photograph the flow details near the blade tip to verify the numerical simulation reliability.



Figure 7 shows the experimental and CFD flow patterns. For Figure 7, the flow patterns at blade tip in experiment and simulation are labelled in the same color. The experimental flow pattern near the blade tip is in good agreement with the CFD’s, especially in water case, which shows the numerical method is reliable.





4. Result and Discussion


4.1. Multiphase Pump Pressurization Performance


Figure 8 presents the multiphase pump pressurization performance at different flow rates. From Figure 8, the tip clearance size has a greater impact on the multiphase pump pressurization performance, and as the tip clearance increases, the pump pressurization performance decreases rapidly. Meanwhile, the IGVF also reduces the pressurization performance, and the effect of the IGVF on the pressurization performance varies with the tip clearance size. When Rtc = 0.5 mm, the IGVF has the greatest impact on the pressurization performance, which decreases most obviously. Meanwhile, the pressurization performance drops more when the flow rate exceeds 1.1 Q. When Rtc = 1.0 and 1.5 mm, the effects of the IGVF on the pressurization performance are more obvious after exceeding 1.0 Q and 0.9 Q, respectively. However, the effect of the IGVF on the pressurization performance is small at other flow rates. In the operation of the multiphase pump, several factors such as tip clearance, flow rate, and IGVF affect the pressurization performance. To keep the pump pressurization ability better, these three factors are emphatically considered in design, optimization, and operation cases.




4.2. Gas Distribution in the Multiphase Pump Pressurization Unit


Figure 9 displays the gas distribution in the impeller with different tip clearances at IGVF = 10% and the isosurface with IGVF = 30% is selected for display. Meanwhile, Figure 10 shows the three sections in impeller, and Figure 11 illustrates the gas distribution on the different sections. Combining Figure 9 and Figure 11, the three-dimensional (3D) gas distribution in impeller is preferably revealed as follows. The gas in the impeller accumulates in different degrees under different tip clearances, and the accumulation phenomenon mainly occurs at the hub, blade SS, and tip clearance. With the increase of the tip clearance, the gas accumulation on the SS near the trailing edge (TE) becomes more and more serious. In the meantime, the gas accumulation phenomenon occurs near the impeller inlet when the tip clearance Rtc = 1.5 mm. In the process of gas-liquid two-phase transportation, the main cause of gas accumulation is the physical properties of the gas and liquid phases, especially the large difference in density. Because of its low density, the centrifugal force on gas is less, and the gas is pushed to the hub by the liquid. In addition, a small amount of gas accumulation occurs on the PS near the impeller inlet.



Figure 12 demonstrates the gas distribution in the meridian plane of the pressurization unit under different tip clearances. From Figure 12, when the tip clearance Rtc = 0.5 mm, the gas accumulation mainly occurs near the diffuser hub. However, the gas accumulation near the impeller shroud is less. With the increase of the tip clearance, the gas accumulation phenomenon in the impeller is improved, the gas-liquid two-phase distribution gradually becomes uniform, and the gas-liquid two-phase distribution in the diffuser is also improved, especially at the hub near the rotor stator interface. In general, the tip clearance size has a greater effect on the gas-liquid two-phase distribution in the multiphase pump. The larger the tip clearance is, the more uniform the gas-liquid distribution in the multiphase pump becomes. However, an excessively large tip clearance increases hydraulic loss. Therefore, it is necessary to weigh the phase distribution and hydraulic loss to determine the optimal tip clearance.



To further reveal the gas flow patterns near the blade tip, a line is specially set near the blade tip (In Figure 13), and the three-dimensional gas streamlines are released here to uncover the gas flow law, as shown in Figure 14. For Figure 14, with the increase of the tip clearance, the initial point of the gas streamline gradually moves along the blade profile to the blade TE, and the leakage separation angle (Angle between the TLV and the blade profile) suddenly becomes smaller at the Rtc = 1.5 mm case. In addition, when the tip clearance is small (Rtc = 0.5 mm), the gas near the blade tip is less, so the TLF and TLV are not obvious. With the increase of the tip clearance (Rtc = 1.0 mm), the TLF increases significantly, and the TLF and the main flow are entrained in the flow passage. Then, the TLV is formed and moved downstream in the flow passage. When the tip clearance increases to 1.5 mm, a small amount of streamlines near the blade leading edge (LE) deflect to the blade PS, and most of the remaining streamlines are entrained as TLV and extend downstream on the blade SS side. Furthermore, the TLV velocity is small when it is first formed, and gradually increased, and finally decreased. This is related to the blade load distribution on the PS and SS.




4.3. Gas-Liquid Two-Phase Velocity Slip in the Pressurization Unit


Figure 15 is the velocity difference between the gas and liquid along the streamwise in the pressurization unit with different tip clearances. To facilitate the analysis, 0, 1, and 2 are employed to represent the impeller inlet, rotor, and stator interface and diffuser outlet, respectively. The velocity difference between gas and liquid is defined as follows.


  Δ v =  v g  −  v l   



(1)




where Δv denotes the velocity different between gas and liquid. m/s. vg and vl denote the gas velocity and liquid velocity, respectively. m/s.



For Figure 15, the velocity difference between the gas and liquid in impeller is large, and in the diffuser it is basically the same. This is because the impeller is the main energy conversion component, and the gas-liquid two-phase medium needs to complete the energy conversion. The velocity and pressure are changed greatly. However, the diffuser is the rectification component, and the pressure variation is relatively small. In addition, the gas velocity is greater than the liquid velocity at the impeller inlet, rotor, and stator interface and diffuser outlet. However, the gas velocity is less than the liquid velocity at the other locations. The gas is more susceptible to disturbance, so its velocity is greater than that of the liquid. The liquid velocity in the impeller increases gradually along the streamwise, and the velocity difference between gas and liquid reaches the maximum at streamwise of 0.4, and then begins to gradually decrease. The gas velocity is slightly greater than the liquid velocity near the rotor and stator interface. The trend of the gas-liquid two-phase velocity difference under different tip clearances is basically the same. However, with increase of the tip clearance, the minimum value of the velocity difference between the gas and liquid is gradually decreased. In the diffuser, except for the drastic variation of the velocity difference between the gas and liquid at the diffuser inlet in the tip clearance Rtc = 1.5 mm case, the trend of the gas–liquid velocity difference under different tip clearances is basically the same at other locations. The gas-liquid velocity difference first decreases, then increases, and finally begins to decrease at the diffuser outlet. Through the analysis above, to enhance the gas-liquid two-phase transportation capacity of the multiphase pump, the impeller is especially optimized to prevent the gas-liquid separation phenomenon.




4.4. Pressure Fluctuation Intensity in the Tip Clearance


To quantitatively analyze the variation of pressure fluctuation, the pressure fluctuation intensity and pressure fluctuation coefficient are defined as follows:


    p ¯  =  1 N    ∑  i = 1  N    p i      



(2)






     p ′  ¯  =    1 N    ∑  i = 1  N      (   p i  −  p ¯   )   2        



(3)




where N stands for the number of the sample points in the statistical period, pi stands for the pressure at each time step,   p ¯   denotes the arithmetic average value in the statistical period. To conveniently contrast, it is nondimensionalized as follows:


    I  pf   =     p ′  ¯     1 2  ρ  U  t i p  2      



(4)






    C p  =    p i  −  p ¯     1 2  ρ  U  t i p  2      



(5)




where Utip stands for the circumferential velocity near blade tip at Rtc = 1.0 mm, the value is 24.96 m/s, and ρ stands for the water density.



TLF flows through the tip clearance and deteriorates the flow stability and increases the pressure fluctuation intensity. To further analyze the effect of the TLF on the pressure fluctuation intensity, a series sections near the impeller blade tip are set, as shown in Figure 16. The effect of the TLF on the pressure fluctuation intensity is investigated by analyzing the pressure fluctuation intensity on each section. Figure 17 demonstrates the pressure fluctuation intensity and liquid velocity vector on each section from the starting point of the TLV to the blade TE under water (IGVF = 0) and gas-liquid two-phase (IGVF = 10%) cases when the tip clearance Rtc = 1.5 mm. In Figure 17, at the beginning of the TLV formation, when the TLF enters the tip clearance, a tip separation vortex (TSV) is formed near the blade tip, and the TSV range is larger with gas-liquid two-phase case than that in water case. In the meantime, the larger pressure fluctuation with water case is near the TLF inlet. However, in the gas-liquid two-phase case, it is slightly before the TLF inlet. As the flow flows toward the blade TE, the TSVs are both enhanced under water and gas-liquid two-phase cases. In addition, the larger pressure fluctuation intensity range with water case is expanded near the TLF inlet. However, the larger pressure fluctuation intensity with gas-liquid two-phase case moves forward, and its range is also increased. At section TC3, the maximum pressure fluctuation intensity with water case slightly decreases, and its range is reduced. However, the maximum pressure fluctuation intensity with gas-liquid two-phase case sharply decreases, and the flow separation penetrates the entire tip clearance. In the water case, as the fluid flows to the TE, the flow separation is gradually increased. Meanwhile, the pressure fluctuation intensity is gradually decreased. The pressure fluctuation intensity near the TLF inlet is relatively low, and its range is gradually expanded. In gas-liquid two-phase case, the pressure fluctuation intensity in the tip clearance gradually increases, and near the TLF inlet it also increases slightly. In general, the presence of gas mainly affects the degree of flow separation and the range of the pressure fluctuation intensity in the tip clearance.





5. Conclusions


	
As the tip clearance increases, the pump pressurization performance decreases rapidly. Meanwhile, when Rtc = 0.5 mm, the increase of the IGVF reduces the pump pressurization performance at all simulated operating points. However, when Rtc = 1.0 and 1.5 mm, the increase of the IGVF obviously reduces the pump pressurization performance only at large flow rate. In addition, the gas accumulation in the pump mainly occurs at the hub, blade SS, and tip clearance. Meanwhile, as the tip clearance increases, the gas accumulation in the tip clearance near the impeller blade TE becomes more serious, and the starting point of the gas TLV gradually moves backward.



	
Under different tip clearances, the velocity difference between the gas and liquid in the impeller is relatively large. However, in the diffuser it is relatively small. The maximum velocity difference between the gas and liquid is mainly near the impeller streamwise of 0.4. In the meantime, the tip clearance improves the gas-liquid two-phase distribution in the pump, that is, the larger the tip clearance is, the more uniform the gas-liquid two-phase in the pump becomes. However, an excessively large clearance increases hydraulic loss, so the optimal tip clearance needs comprehensive weight.



	
The gas leads the maximum pressure fluctuation intensity in the tip clearance closer to the TLF outlet, and the flow separation also penetrates the entire tip clearance in advance. In addition, the flow separation degree in the tip clearance is largely affected by the gas.
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Figure 1. Numerical model. 






Figure 1. Numerical model.
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Figure 2. Impeller and diffuser meridian parameters. 
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Figure 3. Computational mesh. 






Figure 3. Computational mesh.
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Figure 4. Time step independence verification. 
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Figure 5. Multiphase pump test system. 
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Figure 6. High speed camera and transparent glass component. 
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Figure 7. Experimental and computational fluid dynamic (CFD) flow patterns. 






Figure 7. Experimental and computational fluid dynamic (CFD) flow patterns.



[image: Processes 09 00556 g007]







[image: Processes 09 00556 g008 550] 





Figure 8. Multiphase pump pressurization performance. 
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Figure 9. Gas distribution in the impeller at IGVF = 10%. 
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Figure 10. Sections in impeller. 
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Figure 11. Gas distribution on different sections. 
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Figure 12. Gas distribution in the impeller and diffuser meridian plane. 
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Figure 13. Line near blade tip. 
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Figure 14. Gas streamlines near impeller blade tip. 
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Figure 15. Gas-liquid velocity difference in impeller and diffuser along streamwise. 
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Figure 16. Sections near the impeller blade tip. 
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Figure 17. Pressure fluctuation intensity and liquid velocity vector in tip clearance. 
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Table 1. Mesh independence verification.






Table 1. Mesh independence verification.





	Parameters
	Mesh 1
	Mesh 2
	Mesh 3
	Mesh 4
	Mesh 5





	Mesh number
	2,490,070
	2,921,104
	3,251,592
	3,676,610
	4,726,647



	Head
	6.628
	6.771
	6.747
	6.750
	6.831



	Efficiency
	35.88%
	37.09%
	37.14%
	37.22%
	37.83%



	Head/Head 1
	1
	1.0215
	1.0179
	1.0183
	1.0306



	Efficiency/Efficiency 1
	1
	1.0337
	1.0349
	1.0373
	1.0542
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